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Abstract
Photonic crystal fibers (PCFs) have recently attracted compelling attention because of their 
numerous applications, particularly in the mid-infrared (mid-IR) wavelength region. In this 
paper, we have presented and analyzed mid-IR optical modulator based on phase-chang-
ing material (PCM) known as germanium-antimony-tellurium (GST) and D-shaped PCF. 
The modulation process can be performed as the GST material’s phase undergoes a transi-
tion between amorphous (on) and crystalline (off) states. To analyze the proposed design 
numerically, full vectorial finite element method (FVFEM) is employed. Further, we stud-
ied the light propagation through the suggested structure using 3D finite difference time 
domain (FDTD) method. The optical losses of the fundamental transverse electric (TE) 
mode supported by the reported structure in the two GST states are studied. The obtained 
extinction ratio (ER) of the proposed modulator approaches 302.61 dB, whereas the inser-
tion loss (IL) is less than 0.00014 dB throughout the wavelength range from 3 to 5.8 μm 
at a device length  (LD) of 0.2 mm. Therefore, the suggested modulator can be utilized in 
photonic integrated circuits that require high ER, very low IL, and large optical bandwidth.
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1 Introduction

Optical modulators (Dawood et  al. 2021; Heidari et  al. 2021) are essential components 
in photonic circuits due to their effectiveness in manipulating the light travelling charac-
teristics through photonic/optical circuits/systems. In current photonic integrated circuits 
(PICs), optical modulators with low transmission loss, immunity to external electromag-
netic interference, and large data capacity play a vital role. Due to exceptional light con-
trol mechanisms of photonic crystal fibers (PCFs), efficient PCF optical modulators have 
recently been designed (Dawood et al. 2021; Huang et al. 2019). PCF is a class of opti-
cal fiber based on the properties of  photonic crystals. They are periodic microstructures 
based on 2D photonic crystals with air holes usually arranged in hexagonal, square, cir-
cular, or rectangular lattice. PCFs (Hameed et al. 2011a; Hameed and Obayya 2009) have 
been widely used in different applications including biomedical sensors (Azab et al. 2017; 
Hameed et  al. 2016), polarization rotators (Hameed et  al. 2011b; Hameed and Obayya 
2010) and optical modulators (Dawood et  al. 2021; Huang et  al. 2019). In this context, 
Dawood et al. (2021) have proposed a silicon D-shaped PCF-based optical modulator with 
 VO2 as a phase changing material (PCM) to at λ = 5 µm. Additionally, a tunable electro-
optical modulator based on selectively infiltrated PCF with liquid crystal has been reported 
in Huang et al. (2019).

Phase changing materials (PCMs) have a growing interest due to their low energy con-
sumption, fast switching speed, and scalability (Cao and Cen 2019). The phase/state of 
a PCM can be switched by changing the temperature or an external applied electric field 
(Chen et  al. 2015). Germanium-Antimony-Tellurium (GST) is a well-known PCM that 
has two different phases; the crystalline (off) phase, which exhibits extremely high opti-
cal attenuation, and the amorphous (on) phase of a very low light absorption. The phase 
transition from the amorphous (on) to the crystalline (off) state takes only few nanosec-
onds and the desired time for the reverse transition is within the range of picoseconds (Wu 
et al. 2017). The desired time for the phase transition in other PSMs (like  VO2 material) is 
quite large within the range of milliseconds to nanoseconds (Zhou et al. 2013). Therefore, 
GST-based devices are faster than those depend on  VO2 as a PCM. In addition, GST-based 
devices have the advantage of low power consumption due to the non-volatile phase transi-
tion of GST and the stability of its state without extra power input (Carrillo et al. 2016). 
The phase of GST can be controlled via the Joule-heating mechanism by applying a proper 
voltage between two electrical contacts (Shadmani and Miri 2019). In order to switch the 
state of GST from amorphous (on) to crystalline (off), it should be heated to a temperature 
between its crystallization point and melting point, i.e.: 413°K < T < 891°K. On the other 
hand, the crystalline (off) to amorphous (on) GST phase transition is induced by heating 
to a temperature above its melting point (T > 891°K) (Shadmani and Miri 2019). The GST 
has been used in nanophotonic structures to provide efficient devices such as optical modu-
lators (Shadmani et al. 2019; Shadmani and Miri 2019), tunable and switchable plasmonic 
perfect absorbers (Tian et al. 2020).

The mid-infrared (mid-IR) wavelength range is crucial for both research and industry 
(Lavchiev and Jakoby 2016). Additionally, Optical communication systems with ultra-
compact and high-speed photonic integrated circuits (PICs) based optical devices are 
in great demand. Therefore, the development of high-speed optical modulators would 
also have a great impact on free space optics (FSO) communication applications in the 
mid-infrared range that contains two atmospheric transparency windows (i.e., 3–5 and 
8–14 μm) (Luzhansky et al. 2015; Montesinos-Ballester et al. 2022; Su et al. 2018). Thus, 
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the proposed optical modulator fits the first atmospheric transparency window in FSO. 
In addition, many optical devices have been reported in literature (Hossain et  al. 2021; 
Hui et al. 2018; Sadeghi et al. 2020; Zheng 2021) to work in the same wavelength range 
(3–5.8 μm). Due to silicon’s low loss in the mid-IR regime (Soref 2010), it has a grow-
ing interest in optical communication systems, that enables photonic circuits to migrate to 
mid-IR wavelength regime. Further, carrier control in silicon allows for a variety of use-
ful applications, including optical modulators (Yamada et al. 2014). Liu et al. (2004) have 
proposed a high-speed silicon optical modulator based on a metal–oxide–semiconductor 
capacitor. Additionally, in the mid-IR regime (8–14 µm), an effective acousto-optical light 
modulation has been developed in Sopko et al. (2020). In this context, a dual polarization 
GST-on-silicon nitride optical modulator has been presented with an IL of 1.15 dB and 
ER of 8.12 dB for the TE mode (Shadmani and Miri 2019). However, the IL, and ER are 
0.57 dB and 1.75 dB, respectively for the TM mode (Shadmani and Miri 2019). Addition-
ally, Shadmani et al. (2019) have proposed an ultra-wideband multi-level optical modulator 
based on GST with low power consumption and small footprint with IL of 1.9 dB. Further, 
Jeyaselvan et al. (2020) have designed an optical modulator using microstrip heater with a 
 VO2 patch that achieved an IL below 1.4 dB and an ER of 1.4 dB.

In this paper, an efficient optical modulator is designed and analyzed based on silicon 
D-shaped PCF and GST (GST-D-PCF) as a PCM. The background material of the GST-D-
PCF is silicon. The air holes of the silicon GST-D-PCF are arranged in hexagonal lattice. 
The GST material in the reported GST-D-PCF modulator is used to modulate the input 
signal. The modulator has a very low IL in its ON state when GST is in the amorphous 
(on) phase. However, the modulator will be in the OFF state with high loss because of the 
GST material’s phase transition into the crystalline (off) phase. Full vectorial finite ele-
ment method (FVFEM) (Rajarajan et  al. 2000) is employed to calculate the characteris-
tics of the supported modes through the PCF structure i.e., loss and effective index  (neff). 
Additionally, the 3D finite difference time domain (3D-FDTD) method (Oskooi et al. 2010) 
is employed to study the light propagation throughout the longitudinal direction. Further, 
the geometrical parameters of the reported GST-D-PCF modulator are optimized through-
out the whole wavelength regime from 3 to 5.8 µm to achieve an extremely high ER of 
1547 dB/mm and ultra-low IL that is less than 0.002 dB/mm. The obtained modulator has 
high ER and comparable IL to those previously reported in the literature (Dawood et al. 
2021; Jeyaselvan et al. 2020; Shadmani et al. 2019; Shadmani and Miri 2019).

2  Design considerations

Figure  1 depicts the 2D cross sectional of the GST-D-PCF optical modulator and 3D 
views. The suggested PCF has a hexagonal arrangement of five air holes rings in a back-
ground of Silicon (Si) material that is optically transparent at high levels in the mid-IR 
region (Zhang et al. 2014). The air holes have a diameter of d = 0.8Λ where Λ is the dis-
tance between the centers of two adjacent air holes and it is fixed to 2.3 µm as depicted 
in Fig. 1. The distance between the polished surface of the D-shaped PCF and the upper 
surface of the air holes (h) equals 150 nm. To obtain the process of modulation, a thin 
layer of GST material with a thickness  tg of 70 nm is deposited on top of a thin calcium 
fluoride  (CaF2) with thickness  tc = 10  nm as a spacer. Calcium fluoride  (CaF2) mate-
rial has a wide transparency window that spans from λ = 0.15 μm to λ = 9 μm (Doualan 
et al. 2007; Liu et al. 2014) as well as it provides higher index contrast when utilized 
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with silicon based waveguides. Thus,  CaF2 appears a suitable substrate material for 
many devices in the mid-infrared region including polarization splitters (Kumari et al. 
2019; Wang et al. 2022), polarization rotators (Kumari et al. 2018; Wang et al. 2021), 
optical absorbers (Bakan et al. 2018; Peng et al. 2020), and optical modulators (Alrayk 
et al. 2021). In addition, silicon-on-CaF2 platform is common in different applications 
in the mid-infrared wavelength regime as reported in Alrayk et  al. (2021), Businaro 
et al. (2012) and Chi et al. (2019). In the proposed D-PCF structure, a thin  CaF2 layer is 
deposited on the polished surface of the D-shaped PCF as a spacer to isolate the silicon 
core from the GST layer. Regarding the fabrication process, it is easy to deposit the 
 CaF2 layer on silicon which has been extensively implemented in the literature (Wen 
et al. 2020).The GST and  CaF2 layers have the same width of 5d where d is the diameter 
of the air holes. Moreover, the GST layer is deposited on the PCF’s polished surface 
near the core region to simplify the interaction with the incoming light. Consequently, 
the process of modulation is improved. The refractive index (n) and extinction coeffi-
cient (ĸ) of the GST material through the considered wavelength range from 3 to 5.8 μm 
are reported in (Vassalini et al. 2021). It is worth mentioning that there is a significant 
difference (~ 2) in the real part of the refractive index (n) of the GST material between 
the crystalline and amorphous states. However, the extinction coefficient (ĸ) in the 
amorphous GST state is very small (~ zero). On the other hand, in the crystalline GST 
phase, ĸ is larger and generally increases by increasing the wavelength. For example, at 
λ = 3 μm, ĸ is approximately zero in GST amorphous state, whereas in the crystalline 
GST state, ĸ is ~ 0.5. This reveals the high absorption that occurs in the crystalline GST 
state when compared to that in the amorphous GST state. At λ = 3 μm, n in the amor-
phous GST state is ~ 4, and in the crystalline GST state is ~ 6. These large differences 
in n and ĸ between the two GST phases are exploited to induce the required modulation 
behavior. Through the whole wavelength range from 3 to 5.8  μm, n is approximately 
constant and equal to 4, while in a crystalline state, n is slightly varying around a value 
of 6. However, ĸ in the amorphous state is nearly constant (~ zero) in the studied wave-
length range from 3 to 5.8  μm, but in the crystalline state, ĸ generally increases by 
increasing wavelength.

The Sellmeier equation calculates the Si material dispersion in the mid-IR region as 
in Chandler-Horowitz and Amirtharaj (2005):

Fig. 1  (a) 3D, and (b) 2D Cross sectional views of the reported GST-D-PCF optical modulator with a GST 
layer deposited above  CaF2 spacer
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where λ is the wavelength in microns. In addition, the wavelength-dependent Sellmeier 
equation utilized to determine  CaF2’s refractive index is reported in Malitson (1963):

To obtain high ER optical modulator, the optical loss in the ON state (amorphous GST 
phase) or IL should be minimized, while the optical loss in the OFF state (crystalline GST 
phase) should be maximized. The geometrical parameters of the proposed design, such as 
GST thickness  (tg),  CaF2 thickness  (tc), the distance between the air holes’ upper surface 
and the polished surface (h), the hole pitch (Λ), and air holes’ diameter (d) depicted in 
Fig. 1(b) are studied separately to optimize the IL and ER of the proposed design.

PCF fabrication and drawing technology has become extremely mature. Then, D-shaped 
PCFs can be fabricated by side polishing the conventional PCF (Xie et al. 2017). Further-
more, the side polished length can be controlled accurately as proposed in Xie et al. (2017), 
which can meet the requirements of different designs. For the GST deposition process, both 
physical vapor deposition (PVD) and chemical vapor deposition (CVD) can be applied 
(Suda et al. 2013). The phase of the GST layer can be controlled through the Joule-heating 
mechanism and by applying a proper voltage pulse to the electrical contacts (Shadmani and 
Miri 2019) as shown in Fig. 1(a). In light of this, the  CaF2 layer below the GST layer can 
be created using an ion milling transfer of photoresist lenses which is fabricated by three 
different techniques; a melting resist technique (Flamm et al. 2000), a gray scale lithogra-
phy (Flamm et al. 2000) and hot-pressing technique (Zhou et al. 2014). Accordingly, the 
suggested GST-D-PCF optical modulator can be fabricated using the current technologies 
(Lyeo et al. 2006).

3  Results and discussion

The study and analysis of the suggested GST-D-PCF modulator are performed using 
FVFEM (Obayya et  al. 2002) via COMSOL Multiphysics software package (https:// 
www. comsol. com). The fundamental mode characteristics i.e., optical loss and effective 
index  (neff) of the supported modes are analyzed. It is worth mentioning that the simula-
tion domain is truncated from all transverse directions by a perfectly matched layer (PML) 
(Koshiba and Tsuji 2000) as an absorbing boundary condition. The reported structure is 
divided into tiny triangular elements with non-uniform meshing capabilities. In addition, 
extensive convergence tests are performed for the proposed structure to make sure that the 
results are stable and numerically accurate. According to the numerical results, the con-
vergence occurs when the thickness of PML is larger than 0.3 µm with a maximum mesh 
element size that is less than 3.0 µm. To ensure stable performance, a 1.0 m thick PML and 
a maximum mesh element size of 0.5 µm are employed. Additionally, to guarantee enough 
mesh in GST and  CaF2 thin layers, a minimum mesh element size of 2 nm is applied.

The field distributions of the transverse electric (TE) and transverse magnetic (TM) 
modes supported by the core region of the GST-D-PCF, are shown in Fig. 2. The initial 
geometrical parameters utilized to perform this study are depicted in Table 1. As shown in 
Fig. 2(a), the fundamental TM core mode is sufficiently confined in the PCF core and has 

(1)n
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�2
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a very low optical loss. By switching the phase of GST material, thanks to the externally 
applied voltage, from amorphous (on) to crystalline (off), the optical loss of the fundamen-
tal TM mode is not significantly affected, as shown in Fig. 2(b). On the other hand, the 
TE mode suffers high optical absorption at the same GST phase, as depicted in Fig. 2(c) 
and (d). As may be seen in Fig. 2(c), the TE mode is well confined with low optical loss 
in the amorphous (on) phase. Though, in the crystalline (off) phase, Fig.  2(e), the plas-
monic behavior of the GST material in this case causes the TE core mode to be attracted 
toward the GST layer with a significant optical loss. The reason behind that is the phase 
matching between the TE core mode (Fig. 2(d)) and a TE surface plasmon modes (SPMs) 
constructed on the surface of the crystalline (off) GST layer, Fig. 2(e). Accordingly, the 
energy of the TE core mode is transferred to the SPM with high loss. Figure  3 depicts 
the dispersion spectra of the TE core mode and the SPM. As shown in Fig. 3, there is a 
strong coupling between the core mode and the SPM which leading to a distinct loss peak 
at λ = 3.9 µm. At this wavelength, the effective indices of the TE core mode and SPM are 
equal, Fig. 3. Therefore, the TE mode effectively achieves the modulation behavior.

Figure 4(a) shows the calculated optical loss of both TE and TM core modes in OFF 
State (crystalline GST) and ON State (amorphous GST) through 3–5.8  µm wavelength 
range. It is worth noting that the extinction coefficient ( � ) of crystalline (off) GST is 
extremely high ( � = 0.7157 at λ = 3.9 µm) while it is very low when GST is in its amor-
phous (on) phase. As may be seen from Fig. 4(a), in OFF state (crystalline GST), the prop-
agation loss of the TE mode is remarkably greater than the TM mode. This is because 
the TE core mode and the SPM are strongly coupled. Additionally, the phase matching 
between the TE mode and SPM occurs at λ = 3.9 µm with an optical loss of 1025 dB/mm. 
In the ON state (amorphous GST), the optical loss of the TE mode is slightly higher than 

Fig. 2  The field distributions of the (a) TM core mode for at amorphous (on) GST phase, (b) TM core 
mode at the crystalline (off) GST phase, (c) TE core mode at the amorphous (on) GST phase, (d) TE core 
mode at the crystalline (off) GST phase, and (e) SPM at the crystalline (off) GST phase. The utilized geo-
metrical parameters in this study are depicted in Table 1

Table 1  The reported structure’s 
initial geometrical parameters

Parameter tg tc H D Λ LD

Value 70 nm 10 nm 150 nm 0.8Λ 2.3 µm 0.1 mm
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that of the TM mode, Fig. 4(a). It may be seen from Fig. 4(b) that the TE mode has higher 
ER than that of the TM mode. In optical modulators, it is required to maintain a very low 
loss at the ON State (minimize IL) while suppressing the operating mode at the OFF State. 
This will increase ER  (LossOFF−state–LossON−state). Thus, our main objective is to demon-
strate that the TE mode is completely suppressed in the OFF State, regardless of the value 
of the loss.

The 3D-FDTD simulations via Lumerical software package (https:// www. lumer ical. 
com) are then performed to investigate the propagation properties of both TE and TM 
modes of the reported GST-D-PCF structure. The reported modulator is supposed to have 
an initial device length of 50 µm. In this study, the simulation domain is discretized with 
∆x, ∆y, and ∆z of 0.09 μm, 0.01 μm, and 0.6 μm, respectively while PML boundary con-
ditions are applied to all transverse directions. In Fig. 5, the field evolution along the pro-
posed structure’s longitudinal direction is shown at amorphous (on) and crystalline (off) 
phases of GST at λ = 3.9 µm. As may be seen in Fig. 5(a) and (c), the propagation loss 
of both TE and TM cores modes is very low throughout the device length when the GST 
material is in its amorphous (on) phase. Additionally, the TM core mode is slightly affected 
by the phase transition of GST material and still exhibits small propagation loss through 

Fig. 3  Dispersion and loss spec-
tra of the TE core-guided mode 
and SPM mode. The utilized 
geometrical parameters in this 
study are depicted in Table 1

Fig. 4  (a) The optical loss spectra of the TE and TM core modes in the OFF and ON states; dashed lines 
denote the TM mode, and solid lines represent the TE mode, and (b) the calculated wavelength depend-
ent ER of the fundamental TE and TM core modes. The utilized geometrical parameters in this study are 
depicted in Table 1

https://www.lumerical.com
https://www.lumerical.com
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the modulator length, Fig. 5(b). On the other hand, in crystalline (off) GST phase, the TE 
core mode is greatly absorbed by the lossy GST layer due to strong coupling with the SPM, 
as shown in Fig. 5(d). As a result, only the TE mode is considered in the subsequent studies 
in this work.

To investigate the impact of different geometrical parameters on the implementation of 
the suggested modulator, a separate analysis to the effect of each geometrical parameter 
on the ER and IL is executed. In each study, one parameter is studied where all other geo-
metrical parameters are kept to their initial values summarized in Table 1. First, the effect 
of GST thickness  (tg) is investigated. Figure  6(a) and (b) show the wavelength depend-
ent ER and IL of the suggested modulator, respectively at various GST thicknesses. Fig-
ure  6(a) shows that by increasing  tg, the ER slightly increases. However, the resonance 
peak position of ER is shifted from λ = 3.4 µm at  tg = 60 nm to λ = 5.4 µm at  tg = 100 nm. 
This shift is due to the fact that the phase-matching between the core mode and SPM is a 
wavelength sensitive process. When the GST thickness is changed, the SPM optical char-
acteristics changes and the phase matching wavelength accordingly changes. As may be 
seen in Fig. 6(b), by increasing  tg through wavelengths between 3 and 5.8 µm, IL slightly 
increases. While in all studied GST thicknesses, the IL is still lower than 0.0015 dB/mm 
through the whole wavelength range. However, the maximum value of IL is less than 
0.002 dB/mm as the extinction coefficient of GST in amorphous (on) phase is very low. As 
a result,  tg is set to 100 nm to sustain the balance between the ER and IL of the reported 
modulator. At  tg = 100  nm, the ER is 1186  dB/mm while an IL below 0.002  dB/mm is 
obtained at λ = 5.5 µm.

The Si core and GST layer are effectively separated by the low index  CaF2 layer. Thus, 
 CaF2 dielectric spacer plays a pivotal role in controlling the performance of the presented 
modulator. Accordingly, the effect of  CaF2 layer thickness  (tc) on the ER and IL is studied 

Fig. 5  Light propagation of the (a) TM mode at amorphous (on) GST phase, (b) TM mode at crystalline 
(off) GST phase, (c) TE mode at amorphous (on) GST phase, and (d) TE mode at crystalline (off) GST 
phase at � = 3.9 μm . The utilized geometrical parameters in this study are depicted in Table 1
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in detail. All geometrical parameters in this study are maintained at their initially set values 
summarized in Table 1 except  tg that is set to 100 nm. Figure 7(a) and (b) illustrate the ER 
and IL as a function of the wavelength at different values of  tc. As may be seen in Fig. 7(a), 
the resonance peak position of ER is shifted to longer wavelengths by decreasing  tc. Fur-
ther, by increasing  tc, the IL does not change as shown in Fig. 7(b). At longer wavelengths, 
a trade-off occurs between the IL and ER as the increase in ER is accompanied with the 
increase in IL. However, the maximum value of IL is still less than 0.002 dB/mm. There-
fore,  tc is fixed to 5 nm, where the ER and IL are equal to 1274 dB/mm and 0.002 dB/mm, 
respectively at λ = 5.5 µm.

It is also important to investigate how the reported modulator behaves in regard to the 
change in PCF filling factor (d/Λ). In this investigation,  tg and  tc are set to 100 and 5 nm, 
respectively while all other geometrical parameters are fixed to their initial values depicted 
in Table 1. Figure 8 shows the wavelength dependent ER and IL at different values of d/Λ 

Fig. 6  Wavelength dependent (a) ER and (b) IL of the suggested GST-D-PCF modulator at different  tg val-
ues while all other geometrical parameters are kept at their initial values summarized in Table 1

Fig. 7  Wavelength dependent (a) ER and (b) IL of the suggested GST-D-PCF modulator at different  tc val-
ues. All other geometrical parameters are kept at their initial values summarized in Table 1 while tg is fixed 
to 100 nm
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throughout the wavelength regime from 3 to 5.8 µm. As shown in Fig.  8(a) and (b), by 
increasing d/Λ, the ER and IL increase while the maximum value of IL is still less than 
0.002 dB/mm. To have the highest allowable ER and keep IL at small values, d/Λ = 0.85 
is chosen. At this value, the calculated ER and IL of the proposed modulator are 1513 dB/
mm and 0.002 dB/mm, respectively at λ = 5.5 µm.

Figure 9 depicts the ER and IL spectra at different h values. It is important to note that, 
as shown in Fig. 1, h is the distance between the polished surface and the upper surface 
of the air holes. It could be noted that as h increases, the GST layer places far from the 
core region, which reduces the core field’s absorption. As depicted in Fig. 9(a) and (b), 
ER decreases and IL is approximately fixed as h is increased over the studied wavelength 
range. However, the fabrication process will get more difficult if h is reduced to 100 nm or 
below. To have the highest allowable ER and keep IL at small values and to ensure the ease 
of fabrication, h = 150 nm is chosen. At h = 150 nm, the calculated ER and IL values are 
1513 dB/mm and 0.00069 dB/mm, respectively at λ = 5.5 µm.

Fig. 8  Wavelength dependent (a) ER and (b) IL of the suggested GST-D-PCF modulator at different values 
of PCF filling factor. All other geometrical parameters are kept at their initial values summarized in Table 1 
while tg and  tc are set to 100 and 5 nm, respectively

Fig. 9  Wavelength dependent (a) ER and (b) IL of the suggested GST-D-PCF modulator at different values 
of PCF filling factor. All other geometrical parameters are kept at their initial values summarized in Table 1 
while  tg,  tc and d/Λ are set to 100, 5 nm, and 0.85, respectively



Optical mid‑infrared modulator based on D‑shaped photonic…

1 3

Page 11 of 15 765

Using the FDTD method (Oskooi et al. 2010) via Lumerical software package (https:// 
www. lumer ical. com), the TE core mode propagation through the modulator structure 
is investigated as a function of device length  (LD) at λ = 5.5 µm. The calculated ER and 
IL as a function of  LD are depicted in Fig.  10. The optimized geometrical parameters 
 tg = 100  nm,  tc = 5  nm, h = 150  nm, d = 0.85, and Λ = 2.3  m are used in this study. The 
results in Fig. 10 indicate that ER increases by increasing  LD where it reaches 1513 dB at 
 LD = 1 mm. Additionally, the obtained IL of the proposed modulator is in the order of  10–6 
with slight changes according to the change in  LD. Therefore, to keep ER at high levels and 
keep the compactness of the reported modulator,  LD is set to 0.2 mm with an ER and IL of 
302.61 dB and 0.00014 dB, respectively at λ = 5.5 µm.

In order to show the significance of the presented modulator, it is compared to those 
previously reported in the literature in terms of the main platform, the active material 
employed, operating wavelength, ER, and IL. When compared to the results reported in 
(Dawood et al. 2021; Fu et al. 2020; Jeyaselvan et al. 2020; Sadeghi et al. 2020; Shadmani 
et  al. 2019), the suggested GST-D-PCF modulator has a high ER with very small IL as 
depicted in Table 2. It is worth mentioning that the reported modulator has a comparable 
ER and much smaller IL than that reported in (Dawood et al. 2021) based on the same plat-
form but with  VO2 as a PCM. However, GST material has faster switching speed than  VO2 
(Cao and Cen 2019).

4  Conclusion

An optical modulator based on D-shaped PCF and GST material as a PCM is numerically 
analyzed via FVFEM and 3D FDTD. The reported D-shaped PCF is composed of a silicon 
background material and a GST layer that is deposited on top of a  CaF2 spacer to get the 
modulation behavior. By electrically switching the phase of GST material from amorphous 
(on) to crystalline (off), the TE mode can be significantly suppressed by means of strong 
coupling with the SPM constructed on the GST layer’s surface. Thus, the modulated signal 
is obtained. With a device length of 0.2 mm, the simulation results reveal that throughout 
the mid-IR wavelength regime of 3 to 5.8 µm, the reported modulator provides an ultrahigh 
ER of 302.61 dB and very low IL of less than 0.00014 dB. In comparison to other PCF 

Fig. 10  Variation of ER and IL 
with the device length at the opti-
mized geometrical parameters 
and at λ = 5.5 µm
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based modulators that were previously reported in the literature, the suggested modulator 
achieves a very low IL, high ER, and large bandwidth with a compact  LD.
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