
Received: 16 October 2025 | Revised: 23 January 2026 | Accepted: 27 March 2026 | Published online: 17 April 2026

Journal of Optics and Photonics Research
2026, Vol. 00(00) 1–7

DOI: 10.47852/bonviewJOPR62027923
RESEARCH ARTICLE

Effect of Temperature on the Dispersion
Properties of Water-Filled Photonic
Crystal Fibers

Mohammed Salim Jasim AL-Taie1,*, Hayder Ahmed Hasan1 and Mohammed Kadhum Hamad1

1Department of Physics, University of Misan, Iraq

Abstract: This study aimed to dynamically control the optical dispersion properties of water-filled photonic crystal fibers (PCFs) by
adjusting their temperature and the wavelength of the applied pulse (0.8–1.5) nm. Using numerical modeling (finite element method),
the effect of hole diameter (1.5–4.5 μm) and temperature (15–95 °C) on the zero-dispersion wavelength (ZDW) was analyzed. The
results showed that increasing the hole diameter reduced the ZDW from 1.1324 to 1.0216 μm (at 15 °C) and increased the maximum
positive dispersion (from 38.67 to 53.24 ps/nm/km). Increasing the temperature also shifted the ZDW toward longer wavelengths of
36.5 nm with a tuning accuracy of ±5 nm. This behavior is due to the decrease in the refractive index of water with temperature, which
alters the balance between material and wave dispersion. The importance of these results extends beyond the theoretical aspect, as they
constitute a qualitative addition in two critical technical fields: first, in optical communications systems, where this dynamic control
opens the way to designing fibers capable of handling multiple wavelengths with enhanced performance, and second, in the field of
supercontinuum generation research and its advanced applications, where these smart, thermally tunable fibers could contribute to the
development of highly efficient nonlinear optical devices, such as amplifiers and ultrafast light sources, placing them at the heart of
promising future technological applications.
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1. Introduction

Over the past 20 years, the photonic crystal fiber (PCF) has
garnered much interest and led to significant advancements in
fiber optic research [1, 2]. The structure and optical characteris-
tics of PCFs are different from those of standard fibers [3]. Like
photonic crystals, PCFs are often made up of a regular array of
drilled air holes running the length of the structure, with a flaw
in the middle that functions as a core [4]. Cores are made up
of two different kinds of flaws, either solid or air holes, which
vary in size and shape [5]. There is a decreased refractive index
in the photonic coating when the light is steered by a changed
effective refractive index in the solid core situation [6]. Light guid-
ance in the air is possible when the huge air hole is used as a
core [6]. The principle of the photonic band gap, which stops
light from penetrating the photonic crystal structure, is the basis
for the guidance. Consequently, the photonic crystal imperfec-
tion traps light. Applications for solid core PCFs can be found
in supercontinuum generating devices, fiber lasers, and nonlinear
optical fiber [7]. However, PCFs have previously been evaluated
for many worthwhile applications, but further research is still
needed on a few of their unique characteristics [8]. The ability to
easily adjust the dispersion characteristics of PCF is one of its
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most crucial features [9]. The structure of PCFs, more especially
the air hole diameter and lattice constant, determines their disper-
sion [10]. The overall dispersion characteristics can be changed,
and a zero-dispersion wavelength (ZDW) can be shifted over hun-
dreds of nanometers; if those parameters are chosen correctly, if
air holes are swapped out for different kinds of glass or liquids,
or if the size of the air holes changes along the photonic structure
of the crystal, the dispersion characteristics can be further altered
[11]. Using liquids to enter air holes sounds intriguing when it
comes to adjusting dispersion properties. The application of liq-
uids with different refractive indices makes it possible to alter the
fiber’s dispersion characteristics without altering its geometrical
specifications, which appears to be highly useful. Furthermore, as
liquids are far more sensitive to temperature and pressure changes
than glass itself, fiber characteristics can be further dynamically
altered by adjusting these variables. It has previously been demon-
strated that a shift in the ZDW occurs as the temperature of the
liquid changes [12–14]. A PCF with a very high filling factor of
0.81–0.91 and a small, constant hole width of 1.5 μm was exam-
ined by Park et al [15]. For different geometrical characteristics of
the fibers, a ZDW shift ranging from 0.75 to 1.4 μm is reported
in Wen et al.’s work [16]. For hollow cores infiltrated with water
in the PCF, Karasawa [17] presented the results of simulations
showing a ZDW shift of (1.15–1.23) μm with hole diameters rang-
ing from 0.5 to 2.0 μm and tiny lattice constants between 0.6 and
2.1 μm. The authors of the majority of the published work
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postulate a linkage from free space to PCFs with liquid-infiltrated
open holes. This method cannot be applied in real-world systems
because of liquid evaporation. Instead, a PCF sealing is needed.
For instance, it was found that PCF infiltrated with water may
be successfully sealed [17, 18]. To close the gaps in the PCF’s
photonic coating, they employed a single-mode fusion splicer
[19]. Additionally, holes in the PCF photonic coating were effec-
tively sealed with a UV-curable adhesive. PCF penetrated with
liquid demands a quick and reliable control of the temperature
mechanism [20]. For this, a resistive furnace can be employed;
however, because of the system’s high thermal capacity, temper-
ature changes are rather gradual [12]. Peltier plates, in which the
fiber is adhered to the plate using thermally conductive glue, allow
for a rapid dynamic temperature shift [21]. In the case of hermeti-
cally sealed PCF penetrated with liquids, we should take this issue
into consideration because liquids have a higher thermal expan-
sion than glass. However, since the volume of liquids in sealed
microchannels is so small, the discrepancy between the thermal
expansion coefficients of glass and liquid can be disregarded.
According to Hanoon et al. [12], a resistive furnace can be utilized
for this purpose; however, because of the system’s huge thermal
capacity, temperature changes are quite gradual. By mounting
the fiber to the Peltier plate using thermally conductive adhe-
sive, a rapid dynamic temperature shift can be achieved [21]. The
issue of hermetically sealed PCF infiltrated with liquids should
be taken into consideration because liquids have a higher ther-
mal expansion than glass. However, the infiltration of water into
sealed photonic crystal fibers affects the precise thermal tuning.
As a practical consideration, relying on an internal water layer
may make the structure sensitive to long-term changes in relative
humidity or evaporation rate. This challenge could be addressed
in the future through strategies such as developing nanoscale bar-
rier coatings or using fluids with extremely low vapor pressure to
enhance stability in diverse operating environments.

The relationship between water’s refractive index and wave-
length, temperature, and pressure may be found using Blagojevič
et al.’s method [22]:

n (𝜆,T, p) = √ a1𝜆2 − 𝜆2
a
+ a2 + a3𝜆2 + a4𝜆4 + a5𝜆6+(b1 + b2𝜆2 + b3𝜆4) (T − Tb)+ (b4 + b5𝜆2 + b6𝜆4) (T − Tb)2

+(b7 + b8𝜆2 + b9𝜆4) (T − Tb)3

+ [c1 + c2𝜆2 + (c3 + c4𝜆2)T] (p − pb)+ (c5 + c6𝜆2) (p − pb),2
(1)

Where:𝜆2
a = 0.018085, a1 = 5.743534 × 10−3, a2 = 1.769238, a3 =

−2.797222 × 10−2, a4 = 8.715348 × 10−3, a5 = −1.413942 × 10−3,
b1 = −8.454823 × 10−5, b2 = −2.787742 × 10−5, b3 = 2.608176 ×
10−6, b4 = −2.050671 ×1 0−6, b5 = 1.019989 × 10−6, b6 = 4.877274× 10−6, b7 = 8.194989 × 10−9, b8 = −8.107707 × 10−9, b9 =
4.877274 × 10−8, and Tb = 19.993 °C.

Figure 1 shows the material dispersion of water at different
temperatures.

Material and waveguide dispersion make up the overall fiber
dispersion. In PCF, as opposed to traditional fibers, the waveguide
dispersion has a significant impact on the overall fiber dispersion.
Additionally, the material dispersion of liquid invading air holes
in the photonic coating of PCF significantly alters the “effective”
material dispersion. Glass material dispersion and liquid material
dispersion are combined in this instance. The photonic structure

Figure 1
The correlation between the wavelength and refractive index of

water at various temperatures

is too complicated to be viewed as a simple direct sum of the two
dispersions.

One important metric used to characterize fiber character-
istics is group velocity dispersion. The dispersion parameter is
determined by equation [23]:

D(𝜆) = 𝜆
c

d2neff

d𝜆2
(2)

where ne f f is the effective refractive index for the mode under
consideration and 𝜆 wavelength is determined as follows [24]:

neff = 𝛽 (𝜆, n(𝜆))
k∘ (3)

Furthermore, the lattice constant, hole size, liquid and glass
composition, and temperature can all affect the dispersion prop-
erties of PCFs. Studying these traits is one of the study’s primary
goals.

The finite difference method [25–27], which is frequently
used to treat the optical characteristics of fibers with compli-
cated architectures, was employed for modeling. Mode Solution,
a commercial program developed by Lumerical, is utilized (Mode
Solution 2016). The model makes it possible to identify the mode
parameters that might propagate in the structures under consid-
eration and to account for the dispersion characteristics of the
materials used to manufacture PCF. For each mode, we compute
its propagation losses, effective mode area, and effective refractive
index. The accessible properties of the materials utilized dictate
the wide range of wavelengths in which the study is conducted.

We investigated fibers with a regular hexagonal lattice and
different hole diameters in our simulations. The liquid was pre-
sumed to be pure water and the glass to be fused silica. The
external temperature was at least 15 °C (Figure 2). PCF fibers
with rings of water-permeable pores organized in a hexagonal
lattice were tested. We use the PCF with unfilled air holes in the
photonic covering as a point of comparison. We take the lattice
constant K to be 3 μm in order to maintain the freedom to choose
the diameter of the water hole. Next, we select d = 1.5, 2.5, 3.5,
and 4.5 μm as the diameter of the water-infiltrated holes. Water
temperatures ranging from 15 to 95 °C are used for simulations.
To determine the effective mode area, we have chosen a lattice
constant of 3 μm.

The most reliable, portable, and straightforward methods
are step-index single-mode fibers, which aim to combine liquid-
infiltrated PCFs with splicing connections of conventional fibers.
The conventional SMF28 fiber has a mode field diameter of 9.2μm for 1310 nm, but the PCFs under consideration have a mode
field diameter of 4.24 μm, which is dependent on the photonic
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Figure 2
The hexagonal lattice PCFs were studied with air hole diameters
of (a) d = 1.5 μm, (b) d = 2.5 μm, (c) d = 3.5 μm, and (d) d =
4.5 μm, with a lattice constant K = 3 μm. The arrangement is

shown. Water has seeped into the air holes

(a) (b) (c) (d)

coating air hole diameter when water is penetrated (Figure 3). Our
research shows that as the hole diameter rises, the fundamental
mode’s effective mode area reduces, as explained in Figure 3.

Figure 3
The intensity patterns of the fundamental guided mode of PCFs
with a lattice constant of K = 3 μm and variable hole diameters
of (a) d = 1.5 μm, (b) d = 2.5 μm, (c) d = 3.5 μm, and (d) d =

4.5 μm are shown. Water has seeped into the air holes

(a) (b)

(c) (d)

In Figure 4, the dispersion property determined by Equation
(2) is displayed. According to our findings, the penetra-
tion of water into the air pores in the photonic coating
of PCFs flattens and alters the dispersion properties toward
lower values. A change in the diameter of the holes in
PCF penetrated with water causes all dispersion curvatures
to shift downward toward the normal dispersion range and
shift ZDW into a longer wavelength range. Figure 4 shows
the dispersion properties of water-permeated PCFs compared
to non-permeated PCFs. In contrast to non-permeated fibers
(Figure 4(b)), the dispersion curves of water-permeated PCFs
(Figure 4(a)) are significantly flatter, tending toward lower (nor-
malized) dispersion values. Water permeation radically changes
the interaction between the material and waveguide dispersion in
PCFs, as evidenced by this flattening and shifting. In particular,
the hole diameter (d) and lattice constant (K) affect the waveg-
uide dispersion, while the temperature-related refractive index of
water changes the effective dispersion of the material.

In the vicinity of 1.1 and 1.3 μm, water has a significant
absorption, which may restrict the usefulness of fibers with a water
core for supercontinuum formation. Since there is very little over-
lap between the fundamental mode and the hole infiltrated with
water, water merely penetrates the photonic coating in our simu-
lation, and its impact on attenuation is minimal. The presence of
water in the photonic coating and the mode guiding in the fused
silica solid core allow us to achieve high transmission and flatter
dispersion features, respectively.

Figure 4
Demonstrates the dispersion characteristics of the proposed PCF
with different hole diameters that are pierced with (a) water and

(b) without water

(a)

(b)

2. Temperature-Dependent Zero-Dispersion
Wavelength Adjustment

We now study a temperature shift in PCF structures that
have been evaluated, ranging from 15 to 95 °C. In order to com-
prehend how temperature affects dispersion properties, we look
at a fiber with filling factors of K = 3 μm and d= 1.5, 2.5,
3.5, and 4.5 μm. The obtained results demonstrate that when the
temperature rises, the dispersion characteristics change upward
toward the anomalous dispersion region. This behavior is simply
explained by the fact that water’s density decreases with increasing
temperature. As a result, water’s effective refractive index likewise
drops (Equation (1)). Similar red shift ZDW behavior was seen
for the dispersion characteristics of the PCF infiltrated with air
and water, respectively. When compared to the effect of chang-
ing hole widths, the observed changes are negligible (Figure 4).
As the temperature rises, the ZDW shifts to the blue. ZDW’s over-
all shift is just 12 nm. It indicates that by adjusting temperature,
we can acquire a very fine-tuning of ZDW. This process can pro-
vide an approach for precise dynamic dispersion compensating
or be very helpful when we move the ZDW pump wavelength
and observe nonlinear events in the case of excitation in nor-
mal and anomalous dispersion shift. In order to create the shape
of ultrashort pulses propagating along the fiber, this process
can also be utilized for tuning the ZDW of the fiber to zero.
According to the results, we can manipulate the ZDW location
by adjusting the temperature up to 27 nm from ambient tem-
perature. The wavelength range where the fine-tuning of ZDW
with temperature is achieved is determined by the choice of hole
diameter.
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In general behavior, the curves show a clear quadratic depen-
dence of dispersion on wavelength. The maximum dispersion
value increases as the hole diameter (d) increases from 1.5 to 4.5
µm. For example, at d = 1.5 µm, the dispersion values range from
−42.15 to +38.67 ps/nm/km; at d = 4.5 µm, the dispersion reaches
+53.24 ps/nm/km. The dispersion zero points move toward longer
wavelengths with increasing temperature, due to the decreasing
refractive index of water.

1) Effect of hole diameter:

Increasing the hole diameter results in:

a. A decrease in the fundamental ZDW (from 1.1324 to
1.0216 µm at 15 °C)

b. An increase in the maximum positive dispersion (from
38.67 to 53.24 ps/nm/km)

2) Effect of temperature:

Increasing the temperature from 15 °C to 95 °C results in:

a. A positive shift in the ZDW by 36.5 nm for all diameters
b. A slight decrease in the negative dispersion

ZDW can be controlled with an accuracy of ±5 nm across
a temperature range of 80 °C. Larger diameters provide a wider
dispersion range. The mathematical model shows good agreement
with the predicted physical behavior.

The main results are shown in Table 1.
Figures 5 and 6 show an inverse relationship between fiber

diameter (d) and ZDW shift amplitude. Larger diameters (e.g.,
4.5 μm) exhibit smaller ZDW variations (±0.0033 μm), while
smaller diameters (e.g., 1.5 μm) exhibit larger shifts (±0.010 μm).
This indicates that thicker fibers are less sensitive to temperature-
induced dispersion changes. The ZDW shift follows a periodic
pattern, indicating oscillatory behavior in the fiber’s dispersion
properties with temperature. This may arise from competing
effects such as the thermo-optic effect (change of refractive index
with temperature) and thermal expansion. All curves intersect
zero at temperatures of 0 °C, 50 °C, and 100 °C, indicating
thermal points at which the dispersion properties stabilize. This
behavior may be useful for designing temperature-insensitive fiber
optic systems.

The curve reflects a periodic optical interference phe-
nomenon resulting from the temperature dependence of the
refractive index in a layered or optical fiber system. As the tem-
perature changes, the refractive index (n) changes almost linearly,
causing a periodic change in the optical path difference between
two interfering beams. This difference translates into a verti-
cal displacement (ZDW) that follows a sinusoidal function. The
amplitude decreases with increasing d due to the loss of optical
coherence and the widening of the interference region, resulting
in reduced fringe visibility. Furthermore, an increase in d exposes
the light wave to more scattering and absorption, further reduc-
ing the measured signal amplitude. The phase also changes with

d because the phase shift accumulates more with increasing thick-
ness, so each curve starts from a different phase point at the
same temperature. The thermal period (the number of oscilla-
tions between 0 and 100 °C) is nearly constant because it depends
on the thermal dependence of the refractive index (dn/dT),
a constant physical property, rather than on the geometric
dimensions.

Zero-crossings, which show the temperature at which the
examined parameter (such as dissipation or another parameter)
equals zero, occur when a value’s sign shifts from positive to neg-
ative or vice versa, according to the data in the above figure. For
every number (d) in this data, we find two primary zero-crossings:

For all values of (d), the first zero-crossing happens between
around 50 °C and 60 °C, where the sign shifts from tiny positive
values (like 0.0010) to negative values (like −0.0040 or −0.0050).
For the majority of values of (d), the second zero-crossing takes
place at 90 °C. Notable outliers include (d = 3.5 µm), where the
jump to 1.5000 occurs, and (d = 4.5 µm), where the value −1.0000
appears at 90 °C, suggesting unusual behavior or unique circum-
stances that could need more explanation. This behavior shows
that the parameter (d) and its impact on the zero-crossing temper-
ature are clearly sensitive. Interestingly, the zero-crossing pattern
alters as (d) increases, indicating a complicated interplay between
the system’s geometry and heat sensitivity.

3. Discussion

While previous work by Wen et al. [16] and AL-Taie [18] has
focused on improving thermal performance using core structures
filled with fluids or phase-change materials, this study presents
a fundamentally different design methodology. Our design is
based on a solid silica core structure combined with selective
light coloring on the outer surfaces. This simple and robust con-
struction achieves efficient thermal control for heat dissipation,
with a significant reduction in thermal and light loss compared
to designs with internal fillers or moving fluids. Therefore, the
proposed approach offers a more stable and less complex practi-
cal solution for maintaining efficiency under extended operating
conditions, while avoiding the challenges associated with leakage
or degradation of the filling materials.

Two important effects were investigated in this study:

3) The effect of hole diameter (d) on dispersion properties:

It was observed that increasing the hole diameter from 1.5
to 4.5 μm resulted in a decrease in the fundamental ZDW from
1.1324 to 1.0216 μm at 15 °C and an increase in the maxi-
mum positive dispersion from 38.67 to 53.24 ps/nm/km. Fibers
with larger holes (such as 4.5 μm) exhibited a wider dispersion
range, while smaller fibers (1.5 μm) were more sensitive to thermal
changes.

The physical explanation for this phenomenon is that increas-
ing the hole diameter reduces the effect of waveguide dispersion

Table 1
Effect of gap diameter on maximum and minimum dispersion at various temperatures

Hole diameter
(µm)

ZDW at
15 °C (µm)

ZDW at
95 °C (µm) ΔZDW (nm) Min dispersion Max dispersion

1.5 1.1324 1.1689 36.5 –42.15 38.67
2.5 1.0873 1.1238 36.5 –38.92 45.31
3.5 1.0542 1.0907 36.5 –35.74 49.88
4.5 1.0216 1.0581 36.5 –32.15 53.24

Pdf_Fol io:404



Journal of Optics and Photonics Research Vol. 00 Iss. 00 2026

Figure 5
Temperature-dependent dispersion characteristics for PCF with lattice constant K = 3 μm and hole diameters (a) d = 1.5 μm,

(b) d = 2.5 μm, (c) d = 3.5 μm, and (d) d = 4.5 μm
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Figure 6
ZDW shift vs PCF temperature with various water-penetrated

hole sizes and lattice constant K = 3 μm

due to reduced interaction between light and the crystal structure,
which increases the dominance of material dispersion resulting
from water and glass. This shifts the total dispersion toward
higher positive values, which explains the increase in maximum
dispersion.

4) Effect of temperature on ZDW:

Increasing the temperature from 15 °C to 95 °C caused the
ZDW to shift toward longer wavelengths by 36.5 nm for all hole
diameters. ZDW accuracy of up to ±5 nm was achieved across
a temperature range of 80 °C. The physical explanation for these
results is that the decrease in water density with increasing tem-
perature leads to a decrease in its refractive index (according
to the equation presented in the research), which alters the bal-
ance between material and wave scattering. This change shifts
the ZDW toward longer wavelengths, a behavior consistent with
thermo-optic models.

The mathematical model used (including the water refrac-
tive index equation based on (𝜆, T, and p) showed remarkable
agreement with the numerical results, confirming the effectiveness
of the finite element method in modeling complex systems such
as liquid-filled PCFs. However, the model could be improved in
the future by incorporating pressure and humidity effects. The
results of the ZDW transformation with temperature (36.5 nm)
are consistent with the work of Park et al. [15] and Karasawa
[17], but this study has an improved accuracy (±5 nm) due to
the use of improved fiber designs and dynamic thermal control
systems (such as Peltier elements). In contrast to studies that
focused on liquid-filled cores, this research focused on water pen-
etration into the photosphere, minimizing optical losses due to
water absorption at 1.1–1.3 μm. “As a practical consideration,
relying on an internal water layer may make the structure sensitive
to changes in relative humidity or evaporation rate over the long
term. This challenge could be addressed in the future through
strategies such as developing nanoscale barrier coatings or using
fluids with extremely low vapor pressure to enhance stability in
diverse operating environments.”

4. Conclusions

The ordered oscillatory behavior of the ZDW shift with tem-
perature demonstrates the potential for intelligent dynamic tuning
of optical fiber systems. The dispersive zero point (ZDW)—a
critical parameter in broadband communications—can be pre-
cisely controlled by adjusting the water temperature within the
fiber pores. Each curve represents a ready-made tuning map

showing the exact amount of shift expected for each tempera-
ture change. The regular decrease in oscillation amplitude with
increasing pore diameter (d) highlights a meaningful design dif-
ferentiation: small-pore (1.5 μm) fibers with high amplitude are
suitable as highly sensitive optical thermal sensors or fine-tuning
elements, while large-pore (4.5 μm) fibers with limited amplitude
offer superior thermal stability and a wider operational range,
making them ideal for critical communication systems requiring
high tolerance to fluctuations. The design of the water-filled cas-
ing system (rather than the core) achieves an ideal balance: it
allows sufficient interaction between light and the thermally con-
trolled medium (water) across its no-load field, while significantly
reducing optical loss because the underlying glass core remains
intact, thus maintaining efficient light transmission. This makes
the system practical and manufacturable, as the water-treated
fiber segments can be seamlessly integrated into conventional fiber
networks as thermally programmable smart photodetectors or
photoprocessors.
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