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Abstract

The interaction effect of the fundamental mode in a special photonic crystal fiber (PCF) with a thin-film absorbing
coating deposited on a surface of a fiber cladding on the optical transmission of the PCF is theoretically studied. It
is shown that the transmission has a multi-peak spectrum that is determined by the resonance capture of the
fundamental PCF mode energy by the coating. In some cases, this capture is explained by a resonance coupling
between the fundamental core mode and leaky modes of the coating, or between the fundamental PCF mode and
cladding modes located between PCF air channels and the coating. Examples are presented of using this effect to
develop fiber-optic sensors of refractive index or pressure, and to sense a nanoscale adsorption layer of ammonia
molecules deposited on a coating surface contacting air.
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Introduction
Fiber-optic physical and chemical sensors using lossy
mode resonance (LMR) have been intensively investi-
gated [1, 2]. The LMR occurs due to the interaction of
the light propagating through an optical fiber coated
with an absorbing film of appropriate optical properties.
If coating modes are in phase matching with fiber
modes, then the fiber modes may couple to the coating
modes, generating a lossy mode. LMR will suffer a vari-
ation if either a variation in the properties of the LMR
support film (either refractive index or thickness) or
changes in the optical properties of the surrounding
media occur. These variations result in a detectable
modulation of the fiber transmission spectrum, which is
a sensory effect.
In most cases, such devices use standard optical fibers,

in which mode propagation constants exceed the refract-
ive index of the cladding. Then the phase matched

modes of the fiber and the film have evanescent fields in
the fiber cladding. The coupling of these modes implies
a close contact between the fiber core and the absorbing
film. It is achieved by removing the cladding (or a part
of it) in a segment of the fiber and using a different coat-
ing material to substitute for it [1, 2].
In this paper, we theoretically consider another possi-

bility of realizing the LMR, which is provided by the use
of a special photonic crystal fiber (PCF) [3]. If PCF is
formed by a finite number of air channels in a dielectric
matrix, then propagation constants of PCF modes are
usually less than the refractive index of the matrix [3, 4].
As a result, if the matrix is unbounded, then fields of
these modes leak from the fiber core, that is, the modes
suffer confinement losses [3, 4]. In real PCFs with
bounded claddings and absorbing film coatings, such
leaky modes can be phase matched only with the leaky
ones of the film coatings. The coupling of leaky modes
of different waveguides may take place at a significant
distance between the waveguides. This makes it possible
to obtain the LMR due to the coupling between modes
of a PCF core and modes of an absorbing film coating
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applied directly to the outer surface of the fiber cladding
without a local modification of the cladding [5]. Since at
the current level of technology, PCFs can be easily fabri-
cated by single-mode ones [3], the described LMR has
the advantages of enabling the single-mode operation of
sensors and leading to the almost complete elimination
of diffraction losses at irregularities of the PCF.
The LMR in PCFs was first investigated in [5], where

the interpretation of the experimentally observed quasi-
periodic transmission spectrum of a regular PCF with an
absorbing polymer coating was given. The purpose of
this work is to assess features for using the LMR in PCFs
for sensing applications. Numerical estimates are pre-
sented both for modal properties of PCFs with absorbing
coatings and for transmission spectra of PCFs in sensing
refractive index of a liquid, pressure in the liquid and an
adsorption nanoscale layer. The modeling is performed
with the use of the method of integral equations [5],
which is the full vectorial mode solver. It is formulated
with respect to the transverse components of the mag-
netic field within a PCF, and makes it possible to per-
form a rigorous calculation of the fields and propagation
constants of guided and leaky modes of PCFs with lay-
ered coatings.

LMR in PCFs
To study regular and adiabatically tapered PCFs with ab-
sorbing coatings, calculations are performed for the time
factor exp. (iωt). The special PCF used in our calcula-
tions consists of a solid core surrounded by three rings
of air channels arranged in a hexagonal pattern. The
PCFs material is quartz glass. Its refractive index ns is
supposed to be real and described by the well-known
three-term Sellmeier formula [6]. Parameters of the
untapered PCF are following: cladding diameter D0 =
123.4 μm, diameter of the air holes a0 = 3 μm, photonic
crystal pitch Λ0 = 8.8 μm [7]. The structure of the

adiabatically tapered PCF is presented in Fig. 1. At taper
fabrication, the diameter of holes a and the pitch Λ
within the taper waist are modified according to the rule
[8] a = (2Aw/D0)a0, Λ = (2Aw/D0)Λ0. For taper calcula-
tions, we used 2Aw = 44 μm and L = 3 cm as values (see
Fig. 1); the selected values for the parameters correspond
to single-mode PCFs [3, 7]. Therefore, in what follows,
the PCF modes are understood as the PCF fundamental
modes.
We will consider two types of PCF modes: modes of

the first type are leaky modes of PCFs with an infinite
cladding, and we will call them PCF core modes,
whereas modes of the second type are modes of a PCF
with a bounded cladding and an absorbing coating, and
we will simply call them PCF modes. Modes of the first
and second types have different imaginary parts of the
propagation constants, but almost coinciding real parts
of the propagation constants and transverse field distri-
butions within the PCF core [5].
Figure 2 refers to the untapered PCF (2Aw = D0). It

illustrates modal dispersion β(λ), where β are dimen-
sionless complex propagation constants of PCF modes
of both the above types and modes of the absorbing
film coating, and λ is the light wavelength. The PCF
is supposed to be coated with multifunctional butyl
acrylate, having a complex refractive index nc = 1.54-
i0.00002 (below that is the polymer coating), and sur-
rounded by water ( εw ¼ n2w , nw = 1.33, see Fig. 1).
‘Loss’ in Fig. 2a means 4π107|Imβ|/(λln10), where
Imβ is the imaginary part of the propagation constant
of the PCF mode.
Figure 2b shows spectral dependences of the refractive

index for quartz glass, the complex propagation con-
stants of the PCF core mode and the modes of the ab-
sorbing coating. It allows one to qualitatively explain the
non-monotonic character of the dependence shown in
Fig. 2a.

Fig. 1 An adiabatic taper of the PCF with three hexagonal rings of air channels and an absorbing coating of length L and thickness d around the
taper waist of diameter 2Aw
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The PCF core mode was calculated on the assumption
that εw ¼ εc ¼ εs ¼ n2s . According to Fig. 2b, for this
mode, Reβ < ns; that is, it leaks from the PCF core. At
the same time, as Reβ > nw, the PCF mode field experi-
ences total internal reflection at the outer boundary of
the PCF coating. Therefore, and also since Im ns = 0, loss
of the PCF mode in Fig. 2a is entirely caused by

dissipation of its energy in the coating. The correspond-
ing solid curve in Fig. 2a and curves 2, 2′ in Fig. 2b are
computed through the method of integral equations [5].
Curves 3–6 and 3′ – 6′ in Fig. 2b are the results of a

numerical solution by means of contour integration
method [9] of the dispersion equation for modes of a
planar dielectric waveguide [10].

Fig. 2 Spectral dependencies of mode propagation constants for an untapered PCF with a polymer coating of thickness d = 20 μm, surrounded
by water; a -loss of the PCF mode, b -phase diagram. Curve 1 - quartz glass refractive index, 2 and 2′ – Reβ and Imβ of the PCF core mode, 3
and 3′, 5 and 5′- Reβ and Imβ of TE modes of different orders for the coating, 4 and 4′, 6 and 6′ - Reβ and Imβ of TM modes of the same orders
for the coating. Dashed lines indicate wavelengths of phase synchronism of the PCF core and coating modes. They correspond to intersection
points of curves 3, 4, 5 and 6 with curve 2
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modeling the absorbing coating of thickness d. These
curves are computed based on the reasons that, from the
point of view of the ray optics, the fundamental mode of
the PCF is mainly formed by meridional rays [5]. When
considering a reflection of such rays from the coating,
the latter can be approximately replaced by a plane-
parallel layer of thickness d. In this approximation, the
coating modes should be understood as the modes of
the planar dielectric waveguide. Due to hybrid
polarization of the PCF core mode, it can be coupled
with both TE and TM modes of the coating [5].
In Fig. 2b, segments of curves 3–6 located above curve

1 correspond to guided modes of the planar dielectric
waveguide, and those below curve 1 correspond to leaky
modes of the waveguide. The transition in the mode
type from guided to leaky occurs as the wavelength in-
creases [10]. At the moment of this transition at the crit-
ical wavelength λ = λc, the mode propagation constant β
coincides with the refractive index of the quartz glass,
ns. In this case -Imβ reaches its minimum. As the differ-
ence λ − λc grows, the value of -Imβ increases sharply
due to the leakage effect (see Fig. 2b).
At the same time, curve 2 passes everywhere below

curve 1 in Fig. 2b; so, the PCF core mode is always leaky.
As a result, this mode can be phase matched with only
leaky modes of the coating at resonance wavelengths in-
dicated in Fig. 2 by vertical dashed lines (at these wave-
lengths, real parts of the propagation constants of the
modes coincide); in Fig. 2a, the loss of the PCF mode
sharply grows in the vicinity of these wavelengths. As
observed in Fig. 2a, a quasi-periodic spectrum of the
PCF mode loss can be explained by the resonance coup-
ling of the PCF core mode with leaky modes of the ab-
sorbing coating [5]. This coupling leads to a resonance
capture of the PCF mode energy by the coating, and to
the release of heat in it.
It should be noted that there is a large difference of

about 5 orders of magnitude between the imaginary
parts of the propagation constants of the PCF core mode
and the absorbing coating modes in the vicinity of the
resonance wavelength in Fig. 2b. This mismatch of
propagation constants negatively affects the coupling

noted. Since the attenuation of the coating modes
sharply decreases with decreasing wavelength (see Fig.
2b), it causes a left shift of the centers of gravity of the
attenuation peaks relative to the dashed lines in Fig. 2a.
This shift increases with an increase in attenuation of
the coating modes (see below).
Note also that the simple qualitative coupling model

described does not allow us to fully explain the complex
multi-peak loss dependence (λ) in Fig. 2a.
When using untapered PCFs, the mentioned coupling

of leaky modes can be rather weak. As a result, it can
only be observed when sufficiently long pieces (of the
order of meters) of coated untapered PCFs are used (this
conclusion follows from Fig. 2a). Besides, to realize the
LMR, it is necessary to keep the coating thickness d con-
stant along the entire sensitive piece of the PCF, with a
tolerance of 0:075λ=

ffiffiffiffiffiffiffiffiffiffiffiffi
n2c−n

2
s

p
[5]. For long PCF pieces

and thick coatings, this requirement is difficult enough
to fulfill. It is suggested that the use of thinner coatings
(less than 20 μm) and adiabatic PCF tapers with a length
of a sensitive region (taper waist) of the order of centi-
meters will overcome these difficulties.
Modal properties of untapered and tapered PCFs with

the coating of the same polymer but with a thickness of
5 μm are shown in Figs. 3 and 4. These Figs. have the
same sense as Fig. 2, but with decreasing d, the spectral
intervals between the dispersion curves of the coating
modes are increased [5]. As a result, in the spectral
range of Figs. 3 and 4, there are only two (one TE and
one TM) coating modes that can be resonance coupled
with the PCF core modes.
In Fig. 3, resonance wavelengths are located in the

vicinity of λ = 1.24 μm. As can be seen from Fig. 3a, the
peak attenuation of the untapered PCF mode remains
comparable with the one in Fig. 2a. This means that it is
determined mainly by the confinement losses of the PCF
core mode, which are the same in both cases. But in the
vicinity of the resonance wavelengths values of -Imβ in
Fig. 3b, they are approximately 3 times greater than the
analogous values in Fig. 2b. Thus, the decrease in the
coating thickness increases the mismatch of the complex
propagation constants of the PCF core mode and coating
modes. It causes a more pronounced left shift of the
centers of gravity of the attenuation peaks relative to the
dashed lines in Fig. 3a in comparison with the analogous
shift in Fig. 2a. To explain this shift quantitatively, we
have calculated the wavelengths that correspond to the
minima of the moduli β׀ – βTE׀ and β׀ – βTM׀, using
the phase diagram presented in Fig. 3b. Here β, βTE
and βTM are dimensionless complex propagation con-
stants of the PCF core mode, TE and TM mode of
the coating, respectively. These wavelengths are indi-
cated in Fig. 3a by dotted lines (the left of the lines
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refers to min β׀ – βTM׀, right – to min β׀ – βTE׀). As
can be seen, they are correlated well with the main
loss maxima.
To enhance the coupling of the PCF core and coating

modes and, respectively, the attenuation of the PCF
mode, it is possible to use an adiabatic PCF taper (see
Fig. 4). According to Figs. 3a and 4a, such a device al-
lows a more pronounced influence of the absorbing
coating on PCF transmission. In particular, in Fig. 4a the

maximum of the Loss dependency (λ) is an order of
magnitude greater than the analogous maximum in Fig.
3a, which allows a decrease of an order of magnitude in
the length of the fiber segment with the LMR; however,
in accordance with Figs. 3b and 4b, the transition to ta-
pered PCF leads to a decrease in Reβ and an increase in
-Imβ of the PCF core mode, leading to a further mis-
match of the complex propagation constants of the PCF
core mode and coating modes. As a result, the above

Fig. 3 Spectral dependencies of mode propagation constants for an untapered PCF with a polymer coating of thickness d = 5 μm surrounded by
water; a -loss of the PCF mode, b -phase diagram. Curve 1 - quartz glass refractive index, 2 and 2′ – Reβ and Imβ of the PCF core mode, 3 and 3′
- Reβ and Imβ of TE mode of the coating, 4 and 4′ - Reβ and Imβ of TM mode of the coating. Dashed lines indicate wavelengths of phase
synchronism of the PCF core and coating modes. They correspond to intersection points of curves 3 and 4 with curve 2. Dotted lines refer to
minima of β׀ – βTM׀ and β׀ – βTE׀
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mentioned simple coupled mode model cannot com-
pletely explain transmission properties of the adiabatic-
ally tapered PCF. Indeed, in Fig. 4a two sharp loss peaks
located in the vicinity of resonant wavelengths λ =
1.285 μm and λ = 1.299 are significantly shifted relative
to these wavelengths. Dotted lines in Fig. 4a, which have
the same meaning as in Fig. 3a, better match with these
peaks, but they also are not aligned with the peaks in de-
tail. Besides, along with the marked peaks a number of

other broader attenuation peaks are observed. These
additional peaks can be attributed to a resonance coup-
ling of the PCF core mode with modes of the PCF clad-
ding that are concentrated in the area between air
channels and the absorbing coating [8], and therefore,
effectively interact with the coating.
Figure 5a and b refer to the loss maxima observed at

wavelength λ = 1.244 μm, which is far from the pair of
dashed lines in Fig. 4, and at wavelength λ = 1.279 μm;

Fig. 4 Spectral dependencies of mode propagation constants for the tapered PCF with a polymer coating of thickness d = 5 μm surrounded with
water; a -loss of the PCF mode, b -phase diagram. Curve 1 - quartz glass refractive index, 2 and 2′ – Reβ and Imβ of the PCF core mode, 3 and 3′
- Reβ and Imβ of TE mode of the coating, 4 and 4′ - Reβ and Imβ of TM mode of the coating. Dashed lines indicate wavelengths of phase
synchronism of the PCF core and coating modes. They correspond to intersection points of curves 3 and 4 with curve 2. Dotted lines refer to
minima of β׀ – βTM (left line) and β׀ – βTE׀ (right line)
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that can be attributed to the direct coupling between the
tapered PCF mode and modes of the absorbing coating
(see Fig. 4).
This mechanism is confirmed by considering Figs. 5

and 6, which compares the normalized intensity distri-
butions Sz(x, y)/Szmax for the tapered PCF mode, related
to different wavelengths. Here Sz(x, y) is the z- compo-
nent of the Poynting vector of the PCF mode field (axis
0Z is directed along the PCF).
It should be noted that on the linear scale of Sz(x, y)/Sz

max representation used in Fig. 5, with the exception of a
narrow vicinity of wavelength λ = 1.244 μm, distributions

Fig. 5 Optical densities of the tapered PCF fundamental mode,
related to wavelengths 1.244 μm (a) and 1.279 μm (b). Arrows E
indicate the main orientation of the PCF mode electric field vector.
Small circles are cross sections of air channels surrounding the
PCF core

Fig. 6 Distributions of the tapered PCF fundamental mode intensity
Sz(x, 0)/Szmax at wavelengths 1.244 μm (a), 1.26 μm (b) and 1.279 μm
(c). Dashed lines indicate polymer coating boundaries
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of the optical density for the PCF mode in the entire spec-
tral range of Fig. 4 visually coincide and look like in Fig.
5b; more detailed information on the distribution of the
mode intensity at different wavelengths is given in Fig. 6,
which shows distributions Sz(x, 0)/Szmax on a logarithmic
scale (the orientation of the coordinate axes 0x and 0y
relative to the PCF cross section is clear from Fig. 5).
The plots in Fig. 6a and c are detailed distributions of the

mode intensities shown above, in Fig. 5a and b, respectively,
and Fig. 6b corresponds to the intermediate wavelength be-
tween the loss maxima in Fig. 4a. As follows from Fig. 6,
the mode loss maxima at wavelengths 1.244 μm and
1.279 μm in Fig. 4a are provided by a relatively high nor-
malized intensity of the PCF mode in the absorbing poly-
mer coating. In particular, averaged intensities in Fig. 6a
and b, enclosed between dashed lines, are over 4 orders of
magnitude higher than the similar intensity in Fig. 6b.
It should also be noted that the optical field between

the PCF core and the absorbing coating in Figs. 5a and 6
has the shape of standing waves, which is natural, since
coupling between the PCF core and PCF coating is pro-
vided by propagating waves.
Thus, intensity distributions presented in Fig. 6 con-

firm the connection between the formation of the spec-
tral peaks for the PCF mode losses and the resonant
capture of the mode energy by the absorbing coating.

Sensor applications
Since the modal properties of the PCF absorbing coating
can be influenced by the environment, changes in pa-
rameters of the environment will lead to a modulation
of the leaky modes’ propagation constants for the ab-
sorbing coating and, due to the coupling of these modes
with the PCF mode, to the modulation of the fiber trans-
mission in the vicinity of the resonance wavelengths.
Figures 7 and 8 refer to the adiabatic PCF taper with

the polymer coating of thickness d = 5 μm, surrounded
by water, studied in the previous section. They illustrate
the use of the LMR corresponding to the direct coupling
of the PCF mode with leaky coating modes that take
place in the vicinity of λ = 1.28 μm (see Fig. 4a). Figure 7
shows application of the discussed PCF taper as a re-
fractive index sensor for liquids, such sensors may be
used, for example, for bio-chemical sensing [11, 12].
In this case, the sensor efficiency can be characterized

by the sensitivity parameter dλmin/dnw, where dλmin is
the resonance wavelength shift corresponding to an in-
finitesimal increment in the refractive index of the envir-
onment dnw, and by a resonance spectral width δλ0.5,
which affects the signal-to-noise ratio [13]. The depend-
ence of these parameters on the thickness of the poly-
mer coating is shown in the Table 1. Here, λmin is the
resonance wavelength, Transmission (λmin) is the corre-
sponding PCF transmission at the initial environment

refractive index nw = 1.33, δλ0.5 is the resonance spectral
width determined as δλ0.5 = λ2– λ1, where λ2 and λ1(λ2 >
λ1) are roots of the equation.

Transmission λð Þ ¼ 0:5 1þ Transmission λminð Þ½ �:

Fig. 7 Shift of the transmission spectrum of the adiabatic taper of
the PCF with length L = 3 cm and a polymer coating of thickness
5 μm in dependence on changes of refractive index in the
surrounding liquid

Fig. 8 Shift of the transmission spectrum of the adiabatic taper of
the PCF with length L = 3 cm and a polymer coating of thickness
5 μm in dependence on changes of pressure in the
surrounding liquid
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Values of these parameters calculated for different
thicknesses of the polymer film are given in the Table 1.
The tabular data allow us to conclude that in compari-

son with multimode sensors, in which the absorbing
polymer coating is applied directly to the silica fiber core
[14], the devices under consideration are less sensitive to
changes in the refractive index of the surrounding liquid,
but have more than an order of magnitude lower spec-
tral width of resonances; in addition, in contrast to the
refractive index sensors studied in [14], the sensitivity of
the described PCF sensors decreases as the thickness of
the absorbing coating increases. These differences are a
consequence of the peculiarities of the interaction of the
leaky coating modes with the environment and the
single-mode operation of the sensor.
Figure 8 shows the possibility of using the polymer

coated adiabatically tapered PCF as a sensor of pressure
in a liquid. The liquid pressure sensor may be used, for
example, in petroleum pipelines, water conservancy and
hydropower applications, hydraulic machinery, etc.
On calculating the pressure sensor, we took into ac-

count that the change in pressure results in a change in
the coating thickness Δd and also in the photo elastic
shift Δnc of the coating refractive index. Both these fac-
tors influence the propagation constants of the coating
leaky modes. According to the theory of elasticity [15],
the relationship between the increment in a coating
thickness and the increment in pressure ΔP in the envir-
onment is given by the formula

Δd ¼ −
ΔPB B2−A2

w

� �
1þ σð Þ 1−2σð Þ

E B2 þ A2
w 1−2σð Þ� � ; ð1Þ

where B =Aw + d, E is Young’s modulus, σ is Poisson’s
ratio for the coating. Photo elastic shift Δnc was esti-
mated by the formula Δnc = KΔP, where K is Brewster’s
coefficient. For butyl acrylate, we used σ = 0.3, K = 10−
101/Pa, E = 7 ⋅ 108Pa. Because of the Young’s modulus of
quartz glass is greater than the last value by two orders,
we neglect the slow phase effects caused by PCF clad-
ding and core deformation. In this case, the pressure in-
crements in the surrounding liquid lead to the direct
modulation of the PCF transmission. As follows from
Fig. 8, the sensitivity of the described pressure sensor

can be estimated as dλmin/dP = 4·10− 5 μm/atm. Accord-
ing to Eq. (1), the sensitivity can be changed by varying
the thickness of the polymer coating (it will increase
with increasing d).
According to Figs. 7 and 8, sensors of the type de-

scribed, with the absorbing polymer coating, are well
suited to testing parameters in liquids.
Many different absorbing coatings for silica fibers are

currently known [1, 2], and our calculations have shown
that most of such coatings can be used in sensors of the
type considered here. However, the described effect of
the leaky mode resonance coupling manifests itself in
different ways, when low-refractive and high-refractive
absorbing coatings are used; this is confirmed by data
presented in Figs. 9 and 10. They refer to the coating of
tin dioxide doped with antimony (7 wt%), selectively
adsorbing ammonia molecules from air. Calculations are
performed for the adiabatic taper with the above-
mentioned parameters, but surrounded by air instead of
water. The SnO2 coating thickness is 0.6 μm, its complex
refractive index nc = 1.90819-i0.00042, an adsorption
layer of ammonia molecules on the outer surface of
the coating has a thickness of 0.37 nm and a refract-
ive index na = 1.355. The parameters of the coating
and NH3 molecular layer adsorbed on it are chosen
in accordance with the experimental data, obtained
using the prism - coupler scheme [16]. Figures 9 and
10 refer to the initial state of the sensor (in the ab-
sence of an adsorption layer).
Comparing Figs. 4b and 9b, one can conclude that the

transition from the low-refractive coating to the high-
refractive coating leads to the significant increase in the
attenuation of coating modes at wavelengths corre-
sponding to the intersection points of curves 3 and 4
with curve 2. The resulting stronger mismatch of the
complex propagation constants of the PCF core mode
and coating modes makes the above coupling - mode
model even coarser. This may explain the presence of
not two as earlier, but only one loss peak in the vicinity
of the dashed curves in Fig. 9a.
Figure 10 compares the PCF mode intensity distribu-

tions at the resonant (λ = 1.297 μm) and distant from the
resonant (λ = 1.26 μm) (see Fig. 9a) wavelengths. It has a
meaning similar to Fig. 6.
An analysis of Fig. 10 allows one to draw conclu-

sions similar to those that were made above when
analyzing Fig. 6.
Figure 11 shows the shift of the transmission spectrum

for the SnO2 coated adiabatically tapered PCF upon a
deposition on the coating of the adsorption layer of am-
monia molecules. It is known that the thickness of an
adsorption layer of ammonia molecules depends on am-
monia concentration in the atmosphere. It is necessary
also to remember that ammonia can become a

Table 1 Characteristics of the adiabatically tapered PCF with
the polymer coating as a refractive index sensor. RIU stands for
Refractive Index Unit

d, μm λmin, μm Transmission (λmin) dλmin/dnw, μm/RIU δλ0.5, μm

1.5 1.3073 0.65 0.81 5.0·10−4

5 1.2787 0.41 0.31 4.5·10−4

10 1.2538 0.89 0.10 4.0·10−4
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threatening gas that pollutes the atmosphere when too
much of it is suddenly exhausted [17].
According to Figs. 9, 10 and 11, sensors of the type de-

scribed with the high-refractive absorbing coating can be
used to detect nanoscale adsorption layers.

Conclusions
We have theoretically investigated the LMR that was
generated by the use of special single-mode PCFs with
absorbing thin-film coatings of different thickness and
refraction. This LMR has been explained as a result of

coupling between fundamental leaky modes of the PCF
core and coating. Analysis of intensity distributions for
the PCF fundamental mode showed that the interaction
of the PCF core mode with the absorbing coating ap-
plied to the outer surface of the PCF is carried out not
by exponentially decreasing waves, but by waves propa-
gating in the fiber cladding and forming standing waves
in the cladding. As a result, the LMR in PCFs can be re-
alized if thin-film coating is applied directly to the outer
surface of the PCF cladding without a local modification
of the cladding. The LMR results in a multi-peak

Fig. 9 Spectral dependencies of mode propagation constants for the tapered PCF with the SnO2 coating of thickness 0.6 μm surrounded by air; a
-loss of the PCF mode, b -phase diagram. Curve 1 - quartz glass refractive index, 2 and 2′ – Reβ and Imβ of the PCF core mode, 3 and 3′ - Reβ
and Imβ of TE mode of the coating, 4 and 4′ - Reβ and Imβ of TM mode of the coating. Dashed lines indicate wavelengths of phase
synchronism of the PCF core and coating modes
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spectral transmission of the PCF. Two mechanisms for
qualitative implementation of such transmission have
been proposed. In the first one, the leaky fundamental
mode of the PCF core is resonance coupled with leaky
modes of the coating. This coupling leads to a resonance
capture of the fundamental PCF mode energy by the
coating and the release of heat in it. The second mech-
anism is more complicated and can be observed in PCFs
with sufficiently small cladding diameters that can be re-
alized in adiabatically tapered special PCFs. It consists of
a resonance coupling of the leaky fundamental PCF
mode with cladding modes located between air channels
and the absorbing coating. In comparison with the last
mechanism, the first one allows narrower spectral ab-
sorption bands to be realized; for this reason, it is more
attractive for sensor applications. It has been shown, for

sensor examples of refractive index, pressure and ammo-
nia molecular adsorption layer, that a small modulation
in refractive index and (or) the PCF absorbing coating
thickness leads to a detectable modulation of the spec-
tral shift of the PCF transmission in the vicinity of res-
onance wavelengths. In comparison with known LMR
sensors using standard multimode fibers, in which the
absorbing coating is applied directly to the fiber core,
the investigated sensors are less sensitive to changes in
the refractive index of the surrounding liquid, but they
have spectral widths of resonance that are more than an
order of magnitude lower. The advantages of the sensors
considered here are their single-mode operation and the
possibility of achieving almost complete elimination of
diffraction losses of light energy in the PCF sensitive
segment.
In this work, we tried to estimate the fundamental

features of the appearance of LMR in PCFs with ab-
sorbing coatings, and did not set out to investigate in
detail the possibilities of optimizing sensors. The cor-
responding research and experimental implementation
of the considered devices will be presented in a sep-
arate publication.
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