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Dual-Path Mach—Zehnder Interferometers With
Unequal Geometrical Path Length for Ultrasensitive
Refractive Index Sensing

Yipeng Liao”, Hongcheng Wang

Abstract—High-sensitivity fiber-optic interferometric refractive
index sensors (FIRSs) have been of interest to researchers due to
their potential to fabricate specific physical, chemical, and biolog-
ical sensors. Fabricating interferometers working near the disper-
sion turning point (DTP) is an effective approach to improve the
sensitivity of FIRSs. However, the group effective refractive index
(RI) difference approaching 0 and the ratio of the variation of the
effective RI difference to the external RI change being —1 cannot
be simultaneously realized in low RI sensing, which restricts the
further improvement of sensing sensitivity. Here, dual-path Mach-
Zehnder interferometers (MZIs) with unequal geometrical path
length are proposed for ultrasensitive RI sensing. The dual-path
MZIs contain fiber path and sample path of different geometrical
lengths to form the optical path difference. The dual-path MZIs
can not only show a turning point where the sensing sensitivity
tends to be infinite, which is similar to the previously reported
DTP, but also get the constant value —1 for the RI response factor,
leading to the result that the dips within an over-500-nm band width
around the turning point can achieve high sensitivity reaching
105 nm/RIU level or higher. Ultrahigh sensitivity of —1.26 x 10°
nm/RIU has been experimentally demonstrated at the RI around
1.35022. The dual-path MZIs proposed here may enlighten new
ideas for developing high-sensitivity FIRSs.
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1. INTRODUCTION

IGH-SENSITIVITY fiber-optic refractive index (RI) sen-
H sors have been of interest to researchers for a long time
since RI is a fundamental optical parameter of materials or
medium, and RI is not only related to numerous physical pa-
rameters such as temperature [1]-[3], deformation [4], and strain
[5], but also to various chemical parameters such as humidity
[6], [7] and concentration of gas or biomolecule [8]-[10], hence
the construction of high-sensitivity fiber-optic RI sensor will
further promote the development of specific fiber-optic physical,
chemical, biological, and environmental sensors.

Currently, a variety of fiber-optic RI sensors have been pro-
posed, mainly including fiber Bragg grating-based sensors [11],
[12], microfiber resonators [13]-[15], fiber-optic surface plas-
mon resonance (SPR) sensors [16], and fiber-optic interferomet-
ric sensors [17]-[20]. Benefitting from the simple fabrication
process, low-cost manufacturing equipment and the convenience
of not requiring the assistance of a metal film, fiber-optic inter-
ferometric RI sensors (FIRSs) have become one of the most
important and promising categories of fiber-optic RI sensors.

In order to fabricate high-sensitivity FIRSs, a great deal of
schemes on the geometry of FIRSs have been proposed in recent
years [21]-[23], such as fabricating interferometers by using
fiber segments with special structure (including side-polished
fiber [24], microfiber [25], thin-core fiber [26], etc.), or design-
ing special geometries for sensor structures (including bending
[27], offsetting [28], etc.), or fabricating interferometers by the
combination of them [29]. Among all the schemes, fabricating
interferometers working near the dispersion turning point (DTP)
has been proven to be a very effective approach to significantly
improve sensitivity since the sensitivity at the DTP tends to
be infinite [30], and thus numerous FIRSs working near the
DTP have been proposed, such as the circular microfiber-based
in-line modal interferometers (MMIs) [31], [32], the microfiber
couplers (MFCs) [33]-[35], the in-fiber Mach-Zehnder interfer-
ometer (MZI) formed by a microfiber-assisted U-shape cavity
(MFA-USC) [36], and the optofluidic interferometer [37]. In
terms of MMIs and MFCs, the DTP can be potentially achieved
within a wide RI range by adjusting the microfiber diameter.
However, the absolute value of the ratio of the variation of the
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Fig. 1.  Schematic diagram of the dual-path MZIs.

effective RI difference between two propagation modes to the
external RI change is less than 0.5 at the DTP, which restricts
the further improvement of sensing sensitivity. Furthermore,
since the DTP is already near the cut-off wavelength of the
higher order mode, the above-mentioned ratio will decrease
rapidly as the probing wavelength moves away from the DTP
to shorter wavelength, and thus the sensing sensitivity will
dramatically decrease as well, finally reducing the band width
to achieve high sensitivity. As for the MFA-USC and optofluidic
interferometer, although the ratio of the variation of the RI
difference between two paths to the external RI change has been
optimized to be —1, the DTP can only be obtained when the
external Rl is around 1.454 [36] and 1.4 [37], respectively. When
it comes to the common low RI sensing applications within
1.333-1.35, the sensing sensitivity will fall to the magnitude
of 10* nm/RIU because of the relatively large RI difference
between silica/polydimethylsiloxane (PDMS) and the sample.

To break through the limitation mentioned above, dual-path
MZIs with unequal geometrical path length are proposed and
optimized to perform RI sensing in this paper. The dual-path
MZIs can not only show a turning point where the sensing
sensitivity tends to be infinite within a wide RI range, which
is similar to the previously reported MMI [32] and MFC [34],
but also gets the constant value —1 for the RI response factor.
As a result, the dual-path MZIs show superior sensitivity near
the turning point, and the dips within an over-500-nm band
width around the turning point can achieve high sensitivity
reaching 10° nm/RIU level or higher. In particular, an ultrahigh
sensitivity up to the magnitude of 10® nm/RIU has been experi-
mentally demonstrated in low RI sensing for the first time. The
dual-path MZIs and the strategy of unequal geometrical path
length proposed here may provide a reference for developing
high-sensitivity FIRSs.

II. DUAL-PATH MACH-ZEHNDER INTERFEROMETERS DESIGN
AND THEORETICAL ANALYSIS

The schematic diagram of the dual-path MZIs is shown in
Fig. 1. The dual-path MZIs consist of two arms, one of which is
entirely formed by single mode fiber (SMF) and the other one
contains a section of the solution to be measured as the optical
path, and the geometrical length of these two arms satisfies /1 +
ly = I3 + I3 and [y;#[,4. The output intensity of the dual-path
MZIs I is obtained by the superposition of intensities /; and /o
of the two arms [36], [38]:

I = I1 + IQ + 2\/ .[1]2 COS (27’(’ (’nefflfl — nsalsa)/k + QD())
ey

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 8, APRIL 15, 2021

where n.¢ and n,, denote the effective RI of fundamental mode
and the RI of sample, respectively, and ¢y is the initial phase of
the interference. The position of the interference dips A p can be
expressed as

(m =+ 1/2 - 900/(271-)) AD = nefflfi — Nsalsa (2)

Here, m is an integer. Let An = n gla/loa—ns,, and thus (2)
can be rewritten as

(m+1/2—po/(2m))Ap = An -y, 3)

By taking an infinitesimal variation with respect to the RI of
sample from (3), we have

(m +1/2 = ¢/ (2m)) dip = lsad (An) @

By solving (3) and (4), the sensing sensitivity expression of
the dual-path MZIs can be deduced as

g d\p B AD a(An)
" dns, An—Aip0d(An)/Orp  Ons,
)"D 8 (An)

= : )
nf}fflfi/lsa — TLZU‘ ansa

Here, n,4" and n,** denote the group effective RI of fundamen-
tal mode and the group RI of sample, respectively, 0(An)/On, is
called as the RI response factor, and its value is constantly equal
to —1. It can be seen from (5) that the sensing sensitivity of the
dual-path MZIs is highly dependent on the value of geometrical
parameter [5/l;,. By adjusting [4/l,, into a suitable value, the
value of n, 1/l 5,—n,* can be tuned to 0 at a certain wavelength
(i. e., the turning point), and thus the sensing sensitivity will tend
to be infinite, which is similar to that at the DTP of the MMI
[32] and MFEC [34].

In order to study the conditions for achieving the turning
point and the spectral characteristics near the turning point,
the theoretical simulation was performed. Since the sensitivity
characteristics are not affected by ¢, here ¢y was assigned as 0
to simplify the analysis. To calculate n.fr, SMF was considered as
a circular waveguide with 8.2-um-diameter 4% (mole fraction)
GeOs-doped silica core and pure silica cladding, and the RI
of silica and GeOs-doped silica has been given in Ref. [39].
Assuming that the dual-path MZIs with the same I; (4000 ptm)
but different /,, (4320-4370 pm) are immersed in pure water,
and the simulated normalized transmission spectra of them are
shown in Fig. 2(a). It can be seen that the turning point at a shorter
wavelength can be achieved in the case of a larger /4, and the free
spectral range (FSR) decreases as the wavelength moves away
from the turning point, which is similar to that of the MFC [34].
More specifically, the dependence of the turning point position
on ly4/ly; ranging from 1.078 to 1.094 is shown in Fig. 2(b),
which indicates that the turning point at a shorter wavelength
can be obtained in the case of a larger /,,/ly;. Theoretically, for
any value of [y;, it is always possible to find the suitable value
of 4, to make the turning point appear in the probing band, and
the turning point position can be further tuned by adjusting /.

Then the spectral response to RI variation and the performance
of the dual-path MZIs near the turning point are studied. In the
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Fig. 2. (a) Simulated normalized transmission spectra of the dual-path MZIs
with [; = 4000 pm and different /s, in pure water. (b) The dependence of the
turning point position on [s4/l.

theoretical model, /g and [,, were firstly set as 4000 pm and
4350.4 pum, respectively, and thus the turning point is at 1482
nm when the dual-path MZI is immersed in pure water. Fig. 3(a)
shows the normalized transmission spectra under different exter-
nal RI change ranging from 0 to 0.00025 in steps of 0.00005. As
the external RI increases, the dip at the turning point is gradually
broadened and deepened. As the external RI keeps increasing,
the broad dip at the turning point splits into two dips on both
sides, and these two dips tend to shift backwards to the turning
point. The closer the dips are to the turning point, the greater the
shifts are. Meanwhile, a broad peak is formed at the turning point
and will be broadened and split into two peaks on both sides.
It can also be seen that the interference dips at the wavelength
shorter than the turning point shift toward shorter wavelength
as the external RI increases, which means that their sensitivity
are negative, whereas the sensitivity of the interference dips at
the wavelength longer than turning point are positive. Fig. 3(b)
shows the sensitivity of the dual-path MZIs with /,,/l; = 1.0876
versus wavelength under different external RI (1.3159-1.3219).
For a dual-path MZI with specific geometrical parameters, only
a series of scatters on the wavelength-sensitivity curve can be
obtained, however any point on that curve can be potentially
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Fig. 3. (a) Simulated normalized transmission spectra of the dual-path MZI
with /[ = 4000 pm and /s, = 4350.4 pm as the external RI increases. The
initial sample is pure water. (b) RI sensing sensitivity of the dual-path MZIs with
lsallf; = 1.0876 versus wavelength under different external RI. (c) Calculated
normalized transmission spectra of the dual-path MZIs with the same value of
Lsallf; (1.0876) but different value of /.

achieved by adjusting the detailed values of [y, and [5. It can
be noticed from Fig. 3(b) that the sensitivity at the turning point
tends to be infinite, and the nearer the dips are to the turning
point, the higher sensitivity can be achieved. Although the
sensitivity will decrease as the probing wavelength moves away
from the turning point, the dual-path MZISs still exhibits superior
performance within 1200—1700 nm, where the dips can achieve
high sensitivity reaching 103 nm/RIU level or higher, and the
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Fig. 4. Comparison for the absolute value of sensitivity of the dual-path MZI
and the MMI. The DTP of MMI and the turning point of dual-path MZI are
tuned into 1482 nm.

dips within an over-70-nm band width around the turning point
can even achieve ultrahigh sensitivity reaching 10° nm/RIU level
or higher. It can also be found that the turning point shifts to
shorter wavelength with the increasing of external RI, which
indicates that not only the turning point can be easily tuned
by adjusting the external RI, but also a dual-path MZI with
certain structure parameters has the capacity to achieve ultrahigh
sensing sensitivity for a small range of the external RI rather than
a certain external RI. Besides, in the case of a certain value of
lsallgi, the dips at a same position, i. e., the same sensitivity, can
be obtained under numerous sets of detailed values of I, and /;,
whereas these dips show different full width at half maximum
(FWHM), suggesting an effective approach to improve the figure
of merit (FOM). Fig. 3(c) shows the calculated normalized
transmission spectra of the dual-path MZIs with [,,/I; = 1.0876
but different value of /y; (1970-7880 ym). It is clear that the dips
at the same wavelength show a narrower FWHM under a larger
lt;, and thus the FOM can be improved by increasing the value of
If; (154 should be increased in proportion as well). More exactly,
the FOM of dip A in Fig. 3(c) is estimated to be —3143 RIU!,
whereas the FOM of dip B rises to —9720 RIU~!. On the other
hand, the interference spectra of the dual-path MZIs are typically
sine wave-like, and the FWHM of dips is approximately equal to
half of the FSR. It is known that the dynamic range of fiber-optic
interferometric sensors is generally determined by the FSR [40].
Therefore, the improvement of FOM will usually accompany by
the decrease of dynamic range. For instance, although the FOM
of dip B is higher than dip A, the measurement range of RI
variation of dip B is only about 0.00020, which is smaller than
that of dip A (0.00062). There is a tradeoff between the FOM
and dynamic range of the dual-path MZIs.

Given the similarity between the sensitivity property of the
dual-path MZIs and the previously reported MMI [32] and MFC
[34], it is necessary to make a comparison for them. In fact, the
sensitivity property of the MFC [32] is very similar to the MMI
[34], and thus here we only make the comparison for the absolute
value of sensitivity between the MMI and the dual-path MZI,
as shown in Fig. 4, both the DTP of MMI and the turning point
of dual-path MZI are adjusted into 1482 nm. It can be seen
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that the sensitivity of both configurations theoretically tends
to be infinite at 1482 nm, however the dual-path MZI shows
significantly higher sensitivity than MMI if they working at a
same wavelength near the turning point/DTP. Compared with
the sensitivity of the MMI, the sensitivity of the dual-path MZI
also shows a much more moderate tendency to decrease as the
probing wavelength shifts away from the turning point. The
main reason can be explained as follows: the property of the
term 1,14/l 5—ng* of the dual-path MZI is highly similar to
that of the group effective RI difference of the MMI in the
whole band, which leads to the similar inverse proportional
function-like change tendency of sensitivity. Nevertheless, the
RI response factor of the dual-path MZI is constantly equal
to —1, which is more than twice as much as the ratio of the
variation of the effective RI difference between two propagation
modes to the external RI change of the MMI at the DTP, and
the difference between them further increases as the probing
wavelength shifts toward shorter wavelength, finally resulting
in the considerable difference in sensitivity. Since the dual-path
MZI show high sensitivity reaching 10> nm/RIU level or higher
within an over-500-nm band width, which is much broader than
that of the MMI or MFC (about 50 nm), the dual-path MZI may
maintain high sensitivity within a larger measurement range. In
addition, the more moderate changing tendency of sensitivity
of the dual-path MZI also indicates the better linearity of the
response to RI variation.

Similarly, as we previously mentioned, there are also some
FIRSs whose ratio of the variation of the RI difference between
two paths to the external RI change has been optimized to be
—1, such as the on-chip optofluidic interferometer [37]. How-
ever, the sensing sensitivity of the optofluidic interferometer
is unchanged for a certain external RI; although the sensing
sensitivity theoretically tends to be infinite when the external
RI is around 1.4, it will dramatically decrease in the common
low RI sensing applications since the RI difference between
PDMS and sample solution increases with the decrease of RI
of sample solution. In contrast, the term ng"ﬂ lfillso—n 4™ of the
dual-path MZIs can be optimized to approach 0 within a wide
range of the external RI by adjusting the ratio of /, to /. Here,
we calculated the sensing sensitivity of the dual-path MZIs with
different value of /,,/l; ranging from 1.00 to 1.08 and repro-
duced the sensing sensitivity of the optofluidic interferometer at
1500-nm wavelength, as shown in Fig. 5. It can be seen that the
ultrahigh sensing sensitivity up to the magnitude of 10° nm/RIU
can be achieved for any external RI within 1.3159-1.4447 by
adjusting [4./ly;, and the sensing sensitivity of a dual-path MZI
can be much higher than the optofluidic interferometer in low
RI sensing applications by adjusting /,,/l; into suitable values.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

To verify the high sensing sensitivity of the dual-path MZIs,
the relevant experimental works were carried out. The experi-
mental RI sensing system, containing a broadband source (BBS)
and an optical spectrum analyzer (OSA), was built as shown in
Fig. 1, and the free ends of SMF were bonded on the silica
glass substrate by UV glue to enhance the robustness of the
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Fig. 6. (a) The photograph of the bonded free ends region of a dual-path MZI
(synthesized by 4 optical micrographs). (b) The dip position fluctuation within
10 hours.

dual-path MZIs, as shown in Fig. 6(a). First of all, in order
to assess the stability of the dual-path MZIs, the dip position
fluctuation of a dual-path MZI was recorded at 25.0°C for 10
hours, as shown in Fig. 6(b). It can be found that the dual-path
MZI exhibits a small dip position fluctuation, which indicates the
good stability to perform the subsequent RI sensing experiments.
Then, a dual-path MZI with /5 = 2290.4 psm and [, = 2450 pm
was fabricated to perform the RI sensing experiments. In this
case, the measurement range of RI variation for the dip which
is nearest to the turning point is theoretically estimated to be
0.00055. To realize the tiny change of RI, the RI was changed
by the use of sodium chloride solution with different mass
fraction, and the real RI of the solutions ng, was calculated
by using the relation ng, = 1.3326 + 1.717 x 107*M (M is
the mass fraction in %o), which is previously established by
using an Abbe refractometer. Since the value of /,4/lf is about
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1.0697, the turning point is at a wavelength longer than 1700
nm in pure water environment, which is out of the probing
band. Fig. 7(a) shows the transmission spectra of the dual-path
MZI when taking pure water as the initial sample. With the
increase of RI of solution, the interference dips shift toward
shorter wavelength, which is in agreement with the theoretical
simulation. Because of the strong absorption of water in the
infrared band, not all of the interference dips in Fig. 7(a) show
sufficiently high quality to be tracked, and the sensitivity of 4
sets of high-quality interference dips marked in Fig. 7(a) has
been calculated, as shown in Fig. 7(b); the sensitivity of these 4
sets of dips reaches or exceeds the magnitude of 10* nm/RIU. To
tune the turning point to the available probing band, according
to the discussion for Fig. 3(b), the RI of solution was gradually
increased. The turning point was tuned to 1627 nm, 1479 nm,
and 1341 nm when the RI of solution was increased to 1.338610,
1.345478, and 1.350113, respectively. Likewise, Fig. 7(c), (e),
and (g) show the spectral variation as the RI of solution changes
in the above-mentioned three situations, respectively, and the
high-quality dips marked in Fig. 7(c), (e), and (g) have been
plotted in in Fig. 7(d), (f), and (h), respectively. It is noteworthy
that a complete and clear evolution process of the turning point
can be observed at 1341 nm in Fig. 7(g) and is in accordance
with the theoretical simulation, and dip A in Fig. 7(g) shows an
ultrahigh sensitivity of about —1.26 x 10® nm/RIU, which is
the highest sensitivity among all the dips in that it is the nearest
dip to the turning point among all the dips. Compared with the
previously reported FIRSs working near the DTP, the sensitivity
of the dual-path MZI shows a significant improvement, as shown
in Fig. 8. To the best of our knowledge, the ultrahigh sensitivity
demonstrated here is also the highest sensitivity which has been
experimentally demonstrated in low RI sensing for FIRSs and
breaks through the magnitude of 10® nm/RIU for the first time.

The temperature cross-sensitivity of the dual-path MZI was
also evaluated. By taking an infinitesimal variation with respect
to temperature from (3), we have

(m +1/2 — 0/ (21)) dhp = Lead (An) + And (Isa)  (6)

By solving (3) and (6), the temperature sensing sensitivity
expression of the dual-path MZI can be deduced as

g _ dip _ AD
T7dT T An = apd (An)/drp
d(An) An dls,
( Tl dT) M

Here, T denotes temperature. Due to the fact that /,, is formed
by bonding the free ends of SMF on the silica glass substrate
and the thermal expansion effect of silica can be considered
to be hardly affected by the polymer glue with much smaller
Young’s modulus [34], we have dl;, = als,dT, here o (5.4 x
1077/°C) denotes the thermal expansion coefficient of silica [41].
Therefore, the temperature sensing sensitivity can be expressed
as

St + aAn

®)

_ AD . &dneff B dngg
B Anf)»Da(An)/é')\D lsa dT dT
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Fig. 7. Variation of the experimental transmission spectra as the RI of solution increases when the turning point is at (a) a wavelength out of the probing band,
(c) 1627 nm, (e) 1479 nm, and (g) 1341 nm. (b), (d), (f), and (h) Dip wavelength shift versus the RI of solution change corresponding to (a), (c), (e), and (g),

respectively.

Here, dns,/dT (—1.24 x 10~/°C) denote the thermo-optic
coefficient (TOC) of water [41]. Compared with the expression
of RI sensing sensitivity, the temperature sensing sensitivity can
be also expressed as

_ &dneff _dnm
Sp =-S5 (lw T aT + aAn) ©)

Since dng/dT is approximately equal to the TOC of silica
(1.18 x 107/°C [41]), the temperature cross-sensitivity is ap-
proximately proportional to the RI sensing sensitivity; higher RI
sensing sensitivity involves higher temperature cross-sensitivity,
and the temperature cross-sensitivity is estimated to be about
172 nm/°C when the RI sensing sensitivity is —1.26 x 10°
nm/RIU. Thus, the accurate temperature compensation is needed
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Fig. 8. The reported sensitivity of several typical FIRSs working near the
turning point. The values in brackets are the external RI.

for the dual-path MZI in the actual RI sensing applications.
From another point of view, the high cross-sensitivity also shows
the potential of the dual-path MZI to fabricate high-sensitivity
temperature sensors.

IV. CONCLUSION

In conclusion, this paper proposes dual-path MZIs with un-
equal geometrical path length for ultrasensitive RI sensing. The
dual-path MZIs contain fiber path and sample path of different
geometrical lengths to form the optical path difference. The sen-
sitivity of the dual-path MZIs is highly dependent on the length
ratio of fiber path and sample path. By adjusting the length ratio,
the dual-path MZIs can show a turning point where the sensing
sensitivity tends to be infinite within the wavelength range of
1200-1700 nm for any external RI within 1.3159-1.4447, which
is similar to the previously reported MMI [32] and MFC [34].
Since the RI response factors of the dual-path MZIs are equal
to —1, the dual-path MZIs show superior sensitivity near the
turning point, and the dips within an over-500-nm band width
around the turning point can achieve high sensitivity reaching
10° nm/RIU level or higher. Experimentally, an ultrahigh sensi-
tivity up to —1.26 x 10° nm/RIU has been demonstrated, and
it is the highest sensitivity in low RI sensing for FIRSs and
reaches the magnitude of 10® nm/RIU for the first time. The
dual-path MZIs proposed in this paper will enlighten new ideas
for developing high-sensitivity FIRSs, and they may be further
combined with polymers, magnetic fluids, etc. to develop high-
performance temperature and magnetic field sensors. Finally, it
should be noted that due to the use of couplers, the structure of the
dual-path MZlIs is rather loose, especially compared with MFC
[34] or the on-chip sensor [37], therefore, fabricating dual-path
MZIs without couplers by using the advanced manufacturing
technology such as femtosecond laser processing technology or
developing on-chip structure may be a good strategy to develop
high-sensitivity and compact FIRSs in the future.
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