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Abstract: This paper proposes a mid-infrared (mid-IR) Ge20Sb15Se65-based photonic crystal fiber (PCF) with hexagonally latticed dual-rhombic air holes to deliver single-polarization single-mode (SPSM) over a broad waveband. The properties of SPSM bandwidth, confinement loss, birefringence, effective mode area and nonlinear coefficient are investigated in 2μm-7μm region by utilizing the finite difference time domain method (FDTD) together with anisotropic perfectly matched layer (PML). The results reveal that for the optimized geometric parameters of Λ=2.6μm, D=2.4μm, d=1.2μm, D1=2.2μm, and d1=0.4μm, the proposed PCF is a low-loss SPSM-PCF within the wavelengths ranging from 4.0338μm to 7μm, where only the x-polarization mode exists with the highest nonlinearity coefficient of 1468 w-1km-1 (at 4.0338μm). It will become an outstanding candidate for mid-IR optical fiber sensing/detection/ imaging/monitoring and nonlinear fiber optics. 
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1. Introduction
 Single-mode optical fiber has a small core diameter through which only one mode can propagate,  which provides higher transmission speed and longer transmission distance compared to multimode fiber, and plays a crucial role in the booming optical fiber communication or sensing systems. Nevertheless, polarization mode dispersion and polarization crosstalk are always unavoidable in such optical fiber system, which will degrade the performance of current optical fiber network. To solve the problem, single-polarization single-mode (SPSM) fibers are suggested, which ultimately improve the performance of optical fiber transmission system. The most typical characteristic of SPSM fibers is that they can guide single linearly polarized fundamental mode within a particular wavelength region [1-3]. This property makes them very useful in many practical applications fields including high-precision label-free optical sensors (e.g., fiber hydrophones and fiber gyroscopes) [4-5], high-definition imaging (e.g., optical coherence tomography) [6-7], ultrahigh-speed optical fiber communications (e.g., Tbit/s coherent Nyquist pulse transmission, linearly polarized Raman fiber lasers/fiber amplifiers) [8-12], supercontinuum sources[13], coherent Doppler radar [14] and ultrafast all-optical signal processing devices (e.g., flip-flop memory/data packet router/photonic logical gate ) [15-16]. In general, SPSM fibers can be obtained by two methods[17]: The first is that the fiber can be designed so that one polarization component of the fundamental mode is unable to guide in the fiber core, because the effective refractive index of this linearly polarized fundamental mode is less than that of the corresponding fundamental space-filling mode (FSM). Hence, the total internal reflection (TIR) cannot be satisfied. At the same time, the effective refractive index of the orthogonal polarization fundamental mode is higher than that of the corresponding FSM. So the orthogonal polarization fundamental mode will meet the law of TIR and can guide in the core. The second is based on the loss difference between the two orthogonal polarization components of the fundamental mode. One polarization component of the fundamental mode leaks quickly owing to the high confinement loss. And the other one (orthogonal polarization component of fundamental mode) remains. To obtain SPSM operation in a fiber, high birefringence is usually required to separate the two orthogonally polarized fundamental modes, which usually can be attained by using asymmetric geometries or material anisotropy [18].
 In the last twenty years, photonic crystal fibers (PCFs) have become the subject of much interest owing to their excellent features including free single mode transmission, variable mode field area, tailorable chromatic dispersion, large nonlinearity and high birefringence [19-20]. Compared with traditional fibers, it has been indicated that the PCFs have ability to realize better SPSM property because of their high index contrast and manufacturability of asymmetric microstructure [21-25]. Until now, various methods (such as changing air hole size, pitch or shape) to realize SPSM-PCF have been proposed and investigated [26-37]. For example, in 2003, Kunimasa reported a low-loss SPSM-PCF with the operational wavelengths from 1.48µm to 1.6 μm [26]. In [27], Kubota et al. proposed a SPSM-PCF with a polarization-dependent loss of 196 dB/km at 1.55 μm. Folkenberg et al. experimentally demonstrated an SPSM-PCF that supports only one polarization state in a 220-nm broad spectral region [24]. Lu et al. designed a PCF with ultra-broad SPSM bandwidth of 1600 nm (from 0.406μm to 2.304μm) using all circular air holes set in a hexagonal lattice [28]. On the other hand, elliptical air holes are also employed to modulate the core/cladding region of a circular air-hole fiber. The SPSM bandwidth of 420 nm, 1540 nm, and 2400nm are achieved by Masashi et al. [29], Lin et al. [30], and Lu et al. [31], respectively. It is worth noting that all above mentioned SPSM-PCF are based on hexagonal/triangular lattice. Actually, SPSM operation in rectangular/square-lattice PCFs have also been obtained by Zhang et al. [32] (with SPSM operation wavelengths ranging from 1.20μm to 1.66μm), Chen et al. [33] (with SPSM operation wavelengths ranging from 1477 to 1776 nm), and Kumar et al. [34] (with SPSM operation wavelengths ranging from 1.3 to 1.6μm). Even a method of selectively infiltrating liquid into air holes has been suggested, and the results show that the corresponding SPSM operation range can be 0.23 octaves [35]. In 2016, Chiles et al. proposed and demonstrated silica-based anchored-membrane waveguides (T-Guides) with wideband SPSM properties over a range of 1.27 octaves [36] and 2.75 octaves (1.2-8.1μm ) [37]. All the above schemes show a significant improvement in SPSM-PCF design. These newly emerging SPSM fibers/waveguides have potential applications in polarization manipulation photonic system. Nevertheless, they all employ the typical optical fiber material of silica, which usually works below 2μm due to its unnegligible intrinsic material absorption loss beyond 2μm. 
The mid-infrared (mid-IR) optical spectra region has recently attracted significant attention since this region involves distinctive molecules vibration-absorption and typical atmospheric windows, which makes it crucial for various military/civil applications including biological/chemical sensor, mass spectrographic analysis, medical diagnosis, environmental monitoring, food quality inspection and precision metrology [38]. Previous researches showed that chalcogenide materials are remarkable candidates for this waveband due to their negligible free-carrier absorption/two-photon absorption, large nonlinear coefficients, and high transparency in the mid-IR region [39]. Several mid-IR optics devices including frequency comb [40], optical parametric oscillator [41], Brillouin fiber lasers [42], wavelength converter[43], fiber sensors [44] and fiber couplers[45] have been demonstrated based on dispersion engineered chalcogenide fibers. Recently, the emerging Ge-Sb-Se chalcogenide glass has shown a superior combination of higher third-order nonlinearity, low optical loss, and superior stability [46]. Thus there has been a growing interest in employing it to design PCF. A on-chip SC source has been successfully demonstrated based on Ge11.5As24Se64.5-based PCF [47]. However, the SPSM-PCF based on Ge11.5As24Se64.5 has not been reported until now. As a matter of fact, a mid-IR SPSM PCF with large SPSM bandwidth and low confinement loss is thirsty for practical engineering project. It will pave the way for the applications of compact and low-cost mid-IR photonics. 
In this paper, a new Ge20Sb15Se65-based SPSM-PCF with low confinement loss and high nonlinearity coefficient in the mid-IR optical spectra region is reported. The asymmetric dual-rhombic air holes are introduced to replace traditional circular/elliptical holes in the proposed SPSM-PCF. The properties of SPSM bandwidth, confinement loss, birefringence and nonlinearity coefficient are explored by employing the finite difference time domain (FDTD) combined with perfectly matched layer (PML). Numerical simulation results reveal that the proposed SPSM-PCF has a broad SPSM bandwidth of 2.9662μm in the mid-IR region with high nonlinear coefficient of 1468 w-1km-1 (at 4.0338μm). 
2. Schematic of the SPSM-PCF

Fig.1 describes the cross section of the proposed SPSM-PCF. The background material is the Ge20Sb15Se65 glass (blue areas), which has distinctive advantages such as nontoxicity, broad transparent window (the maximum operating wavelength is more than 10μm) and large nonlinearity. The white area represents air hole. Evidently, the circular or elliptical air holes in traditional PCF are replaced by rhombic air holes. Two rhombic air holes are set in the x-direction to form a fundamental dual-rhombic-hole unit. The long diagonal and short diagonal are D1 and d1, respectively. The dual-rhombic-hole units hexagonally latticed in Ge20Sb15Se65 background construct the SPSM-PCF cladding. The hole pitch is Λ. The core of SPSM-PCF is shaped by losing the central one dual-rhombic  hole from the normal hexagonal pattern. For the sake of obtaining high birefringence, dual-rhombic air holes are employed to ruin the six-fold symmetry. Additionally, in order to further broaden the SPSM bandwidth and reduce confinement loss, four dual-rhombic holes surrounding the core are enlarged. The short diagonal and long diagonal of the enlarged double-rhombic holes are d and D, respectively. The cladding of the proposed SPSM-PCF consists of five rings of double-rhombic air holes. 
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Fig.1 Schematic cross section of the proposed SPSM-PCF. 2




   

Fig.1 Schematic cross section of the proposed SPSM-PCF. 
3. Simulation method

   The FDTD is used to investigate the guide property of the SPSM-PCF. It can numerically deal with various complex PCF structures with high accuracy and flexibility. In our simulation, a rectangular PML boundary has been imposed on the proposed SPSM-PCF. The number of PMLs is set to be 10. The numbers of mesh cell are 150×150 (The more mesh cells, the higher calculation accuracy). Generally, the basic idea of the FDTD is to discretize the Maxwell’s equations in time and space by Yee’s cell and form a linear system of algebraic equations [48]. Subsequently, an eigenvalue equation can be obtained from the linear equations system. By solving the eigenvalue equation, the effective refractive indices of the guided modes can be attained. In numerical calculation, the time step Δt should meet the Courant stability condition 
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[48]. Since asymmetry is enhanced in designed SPSM-PCF, the x- and y-polarization components of the fundamental mode have different effective refractive indices resulting from the damaged degeneracy of the fundamental mode. Three key parameters including birefringence B, confinement loss LC, and nonlinear coefficient γ are analyzed in this design. The birefringence B is obtained by [49]:
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The confinement loss LC can be obtained through [49]: 
                            [image: image5.png]L =8.686 X 1, (n,,) X 10°



 QUOTE  


 EMBED Equation.DSMT4 
[image: image6.wmf](

)

(

)

40

Im

ln(10)

Ceff

Ln

p

l

l

=


                             (2)
The nonlinear coefficient γ of the SPSM-PCF is defined as [49]: 
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where 
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are the effective refractive indices of the x- and y-polarization components, respectively. Re denotes the real part, Im denotes the imaginary part. c is the velocity of light in the vacuum, Aeff   QUOTE ,A-eff. is the effective mode area, λ is the wavelength, and 
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 is the ntensity of the vector electric field. 
   The refractive index of Ge20Sb15Se65 chalcogenide glass can be calculated through the Sellmeier equation [50] 
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where A=3.8667, B1=0.1366, B2=2.2727, B3=0.0138, C1=0.0420, C2=0.01898, and C3=68.8303.                
   The effective refractive indices of SPSM-PCF are dependent on fiber structure including air hole shape, size, pitch and lattice constants. These structural parameters ultimately determinate the SPSM operation properties. Therefore, in the subsequent section, we will optimize the geometric parameters of the proposed SPSM-PCF to acquire a broad SPSM bandwidth simultaneous with low confinement loss. 
4. Simulation result and analysis 
Compared with circular air holes SPSM-PCF, double-rhombic air holes are introduced into the cladding. The six-fold symmetry of the proposed hexagonally latticed SPSM-PCF is destroyed. The FSMs become non-degenerate and are divided into two orthogonally polarized components (x-polarization and y-polarization). When one polarization component of the fundamental modes (e.g. x-polarization) has a larger effective refractive index than that of the corresponding FSM (e.g. x-polarization, FSM-x), while the other one (y-polarization) is lower than that of the corresponding FSM (y-polarization, FSM-y), the second polarization component (y-polarization) will cutoff and only one polarization component (x-polarization) can guide in the core. Therefore, the fiber enters the SPSM region. For Λ=2.6μm, D1=2.2μm, d1=0.4μm, D=2.2μm, and d=0.6μm, Fig. 2(a) and 2(b) show the fundamental modes distribution of Ge20Sb15Se65-based SPSM-PCF at the wavelength of 6 μm. It is clear that the light is limited well in the core for the x-polarization fundamental mode and y-polarization fundamental mode. Fig. 2(c) and 2(d) show the FSM-x and FSM-y field distributions of Ge20Sb15Se65-based SPSM-PCF at 6μm. It can be seen clearly that the optical field is distributed uniformly in the cladding, so this effective refractive index can be used as the equivalent effective refractive index of the FSMs.
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Fig.2 Field distributions of fundamental mode (a) the fast-axis (x-polarization) and (b) the slow-axis (y-polarization), and field distributions of the (c) FSM-x and (d) FSM-y for the Ge20Sb15Se65-based SPSM-PCF.
To find appropriate values of d, D, d1 and D1 for broadband SPSM operation, a set of numerical calculations have been carried out. First, we investigate the relationship between the effective refractive indices of the SPSM-PCF and the geometric parameters d. In the simulation, Λ=2.6μm, D1=2.2µm, d1=0.4µm, and D=2.2µm. d is increased from 0.6µm to 1.2µm in a step of 0.2µm while all the other parameters remain constant. The results are described in Fig.3. It can be seen that the effective refractive indices of the x-polarized and y-polarized fundamental modes decrease smoothly with the increase of wavelength in the 2~7µm region. Meanwhile, the effective refractive index of y-polarized mode is higher than that of the x-polarized mode for all d. As shown in Fig.3(a), when d=0.6µm, the two orthogonal polarization fundamental modes can guide in the fiber (field distributions at 6µm as shown in Fig.2 (a)-(b)). For this situation, the PCF is only high birefringence fiber but not SPSM fiber. While when d=0.8, 1.0, and 1.2µm, at specific wavelength (e.g., λ=5.7273µm for Fig.3(c), λ=4.8906µm for Fig.3(e), λ=4.4672µm for Fig.3(g) ), the effective refractive index of y-polarized mode is equal to that of FSM-y and y-polarized mode is cutoff. Either polarization mode can cutoff when its effective refractive index becomes equal to that of the corresponding FSM. Then from Fig.3(c), (e) and (g), the cutoff wavelengths are 5.7273µm, 4.8906µm, and 4.4672µm for d=0.8, 1.0, and 1.2µm, respectively. On the contrary, the effective refractive index of x-polarized mode remains higher than that of FSM-x in the whole 2~7µm wavelength range. So the x-polarized mode can propagate in this wavelength range. Therefore, the SPSM-region is 1.2727µm (from 5.7273µm to 7µm), 2.1094µm (from 4.8906µm to 7µm), and 2.5328µm (from 4.4672µm to 7µm) for d=0.8, 1.0, and 1.2µm, respectively. On the other hand, the confinement losses of the x-polarized and y-polarized fundamental modes are illustrated in Fig.3(b), (d), (f) and (h). It can be seen that the confinement loss of x-polarized mode is always low. For example, it is from 7.218×10-6 dB/m (at 2µm) to134.9 dB/m (at 7µm) as described in Fig.3(f), while the confinement loss of y-polarized mode begins to increase gradually from specific wavelength (e.g., λ=4.5µm for Fig.3(f)). So, it will leak out rapidly. The maximum SPSM bandwidth of 2.5328µm is obtained for d=1.2µm. If we further increase d, the adjacent air holes will overlap. So d=1.2µm is selected in our design. 
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Fig. 3. Dispersion properties of the two orthogonally polarized fundamental modes (solid curves) and the FSMs (dashed curve) for (a) d=0.6μm, (c) d=0.8μm, (e) d=1.0μm, (g) d=1.2μm, confinement losses of the x-polarized and y-polarized fundamental modes (b) d=0.6μm, (d) d=0.8μm, (f) d=1.0μm, (h) d=1.2μm for the Ge20Sb15Se65-based PCF.
Accordingly, Fig. 4 describes the relationship between birefringence and wavelength for different d. For the convenience of comparison, d is also increased from 0.6µm to 1.2µm in a step of 0.2µm as before. It can be seen that the birefringence curves begin to break off at different wavelengths for different d. And the cutoff wavelength shows a blue shift with the increase of d. It can be clarified from the corresponding dispersion curves of effective refractive indices as depicted in Fig.5. Obviously, with the increase of wavelength, the effective refractive indices of y-polarization mode become lower than those of FSM-y, which does not satisfy the TIR law. Therefore, y-polarization mode leaks into the cladding and only x-polarization mode propagates in the fiber core. Nevertheless, with the further increase of wavelength, the effective refractive indices of x-polarization mode become lower than those of FSM-x, so the x-polarization mode also leaks into the cladding. But the cutoff of y-polarization mode happens more earlier with the increase of d. Once the cutoff occurs, the y-polarization mode cannot guide in the fiber core. The birefringence disappears and the fiber enters the SPSM region. For d=1.2µm, the birefringence curve (cyan line) truncates at 4.4672µm. Then, the SPSM region is from 4.4672µm to 7µm. This is exactly the same as Fig. 3. 
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                  Fig. 4. Birefringence as a function of wavelength for different d 

    Second, we investigate the relationship between the effective refractive indices and the SPSM-PCF geometric parameters D. In this simulation, Λ=2.6μm, D1=2.2µm, d1=0.4µm, and d=1.2µm. D is increased from 2.2µm to 2.8µm in a step of 0.2µm while all the other parameters remain constant. The results are shown in Fig.5. It is clear that the SPSM bandwidth decreases with the increase of D. When D is 2.2μm, 2.4μm, 2.6μm and 2.8μm, the SMSP bandwidths are 2.5328μm (4.4672μm~7.00μm), 2.9662μm (4.0338μm~7.00μm), 2.8730μm (3.6406μm~6.5136μm) and 2.6955μm (3.2273μm~5.9228μm), respectively. In addition, it can be found from Fig.5(d), that when D=2.4μm, the confinement loss for both x-polarized mode and y-polarized mode is lower than 5 dB/m for wavelengths from 3μm to 3.742μm. For wavelengths longer than 4μm, the confinement loss of y-polarized mode increases rapidly, while the confinement loss of x-polarized mode is still lower than 13 dB/m until 6.018μm. We can see that the largest SPSM bandwidth is obtained when D is 2.4µm. Therefore, D is chosen to be 2.4µm in our design. 
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Fig. 5. Dispersion properties of the two orthogonally polarized fundamental modes (solid curves) and the FSMs (dashed curve) for (a) D=2.2μm, (c) D=2.4μm, (e) D=2.6μm, (g) D=2.8μm, confinement losses of the x-polarized and y-polarized fundamental modes for (b) D=2.2μm, (d) D=2.4μm, (f) D=2.6μm, (h) D=2.8μm for the Ge20Sb15Se65-based SPSM-PCF.
      Moreover, the variation of birefringence with wavelength under different D is also described in Fig.6. For comparison, the value of D is set the same as before. We can see that the cutoff wavelengths of birefringence show a blue shift with the increase of D. For example, the cutoff wavelengths of y-polarization modes are 4.4672μm, 4.0338μm, 3.6406μm and 3.2273μm, respectively. Therefore, the birefringence curves truncate at 4.4672μm, 4.0338μm, 3.6406μm and 3.2273μm, respectively. This is exactly the same as Fig. 5. 
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                Fig. 6. Birefringence as a function of wavelength for different D

   Third, the dependency of the effective refractive indices on the SPSM-PCF outer cladding geometric parameters d1 is investigated. It is worth noting that the effective refractive indices of FSMs will change with the variation of d1. So we first calculate the effective refractive indices of FSMs for different d1. In this calculation, d1 is increased from 0.3µm to 0.6µm in a step of 0.1µm while Λ=2.6μm and D1=2.2µm. The results are shown in Fig.7. We can see that the effective refractive indices of the FSMs decrease with the increase of d1 for the same wavelength. Meanwhile, the y-polarized component (slow-axis) has a higher effective refractive index than that of the x-polarized component (fast-axis) for all d1. Furthermore, for Λ=2.6μm, D1=2.2μm, D=2.4μm, and d=1.2μm, we investigate the dependency of the effective refractive indices and confinement loss on the SPSM-PCF structural parameters d1. The results are described in Fig.8. When d1=0.3μm, 0.4μm, 0.5μm, and 0.6μm, the SMSP bandwidth are 2.6164μm (3.00μm~5.6164μm), 2.9662μm (4.0338μm~7.00μm), 1.7818μm (5.2182μm~7.00μm), and 0.7586μm (6.2414μm~7.00μm), respectively. It is clear that the SPSM bandwidth first increases and then decreases with the increase of d1. Therefore, d1 is chosen to be 0.4µm in our design.
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            Fig.7. Dispersion properties of the two orthogonally polarized FSMs for different d1. 
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Fig. 8. Dispersion properties of the two orthogonally polarized fundamental modes (solid curves) and the FSMs (dashed curve) for (a) d1=0.3μm, (c) d1=0.4μm, (e) d1=0.5μm, (g) d1=0.6μm, confinement losses of the x-polarized and y-polarized fundamental modes (b) d1=0.3μm, (d) d1=0.4μm, (f) d1=0.5μm, (h) d1=0.6μm for the Ge20Sb15Se65-based SPSM-PCF.
   Finally, the relationship between the effective refractive indices and SPSM-PCF outer cladding geometric parameters D1 is investigated. Since the effective refractive indices of FSMs will also change with D1, so it is necessary to calculate the effective refractive indices of FSMs for different D1. In this simulation, D1 is increased from 1.8µm to 2.4µm in a step of 0.2µm while Λ=2.6μm and d1=0.4µm. The results are given in Fig.9. We can see that the effective refractive indices of the FSMs decrease smoothly with the increase of d1 for the same wavelength. Meanwhile, the x-polarized mode has a lower effective refractive index than that of the y-polarized mode for all D1. In addition, for Λ=2.6μm, D=2.4μm, d=1.2μm, and d1=0.4μm, the dependency of the effective refractive indices and confinement loss on D1 is investigated. The results are described in Fig.10. It is clear, when D1=1.8μm, 2.0μm, 2.2μm, and 2.4μm, the SPSM bandwidth are 1.9053μm (3.2021μm~5.1074μm), 2.7319μm (3.6910μm~6.4229μm), 2.9662μm (4.0338μm~7μm) and 2.4168μm (4.5832μm~7μm), respectively. It is evident that the maximum SPSM bandwidth of 2.9662μm is obtained for D1=2.2μm. The confinement loss is illustrated in Fig.10(f), the values are 1.842×10-4 dB/m and 4.744 dB/m for x- and y-polarization fundamental modes at 3.742μm, respectively. We can see that the confinement loss of y-polarization fundamental mode increases rapidly beyond 4μm. Then, the y-polarization mode will attenuate quickly. But the confinement loss of x-polarization mode is always below 13 dB/m for the wavelength from 3μm ~6.018μm. Therefore, D1 is chosen to be 2.2µm in our design. 
    Based on the preceding analysis, when using the optimized values: Λ=2.6μm, D=2.4μm, d=1.2μm, D1=2.2μm and d1=0.4μm, a large SPSM bandwidth of 2.9662μm can be obtained, while the confinement loss is always below 13 dB/m for the wavelength from 3μm to 6.018μm. This SPSM bandwidth is broader than previously reported results [17]. 
[image: image47.emf]2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

2.1

2.15

2.2

2.25

2.3

2.35

2.4

2.45

2.5

Wavelength(



m)

FSM

 

 

D

1

=1.8

D

1

=2.0

D

1

=2.2

D

1

=2.4

FSM-x

FSM-y


          Fig.9. Dispersion properties of the two orthogonally polarized FSMs for different D1. 
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Fig. 10. Dispersion properties of the two orthogonally fundamental modes (solid curves) and the FSMs (dashed curve) for (a) D1=1.8μm, (c) D1=2.0μm, (e) D1=2.2μm, (g) D1=2.4μm, confinement losses of the x-polarized and y-polarized fundamental modes (b) D1=1.8μm, (d) D1=2.0μm, (f) D1=2.2μm, (h) D1=2.4μm for the Ge20Sb15Se65-based SPSM-PCF.
     In addition, the nonlinearity of the proposed SPSM-PCF is investigated for the above optimized SPSM-PCF geometric parameters. The results are shown in Fig.11. The blue line denotes effective mode area. The red line denotes nonlinear coefficient. The solid line region is SPSM region (only x-polarization mode exists), while the dashed lines region has two orthogonal fundamental modes. As illustrated in Fig.11, with the increase of wavelength, the nonlinear coefficient decreases while the effective mode area increases. Within the SPSM waveband (4.0338μm~7μm, solid lines region, only x-polarization fundamental mode can guide), the maximum nonlinear coefficient is 1468 w-1km-1 (at 4.0338μm) while the minimum nonlinear coefficient is 560 w-1km-1 (at 7μm). The corresponding effective mode areas are 7.40μm2  and  11.18 μm2, respectively. Obviously, the SPSM-PCF designed here has a large nonlinearity. It is higher than reported conventional silicon waveguide [51-52]. Therefore, it provides potential applications for mid-IR ultrafast nonlinear photonic (e.g. wavelength conversion, optical switch, and so on) with relatively short fiber length and low power requirements.
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              Fig.11 The effective mode area & nonlinearity coefficient versus wavelength 
    As a matter of fact, from the perspective of optical fiber manufacture, the structure of the proposed SPSM-PCF is moderately complex. The rhombic holes improve the SPSM properties. Nevertheless, it faces many challenges during the fiber fabrication process owing to unnegligible surface tension/viscous stresses, and heating effects. It is hard to fabricate using the conventional stacking/drawing, mechanical drilling or extrusion methods [53]. However, a relatively promising approach named sol-gel method makes it practicable. The reason is that this method has high precision and flexible designing freedom [54]. By using a predesigned mould, this method can be employed to manufacture a SPSM-PCF of arbitrary architecture. The size, pitch and shape of the hole in the SPSM-PCF can be adjusted freely. So the circular holes can be converted into any other shapes. Moreover, SPSM-PCFs [55] and high birefringence PCF [56] with rhombic air holes have been proposed by other research groups recently. Then, it is entirely feasible to fabricate the SPSM-PCFs proposed in this paper. 

5. Conclusion
A new Ge20Sb15Se65-based mid-IR SPSM-PCF is proposed in this paper. The effective refractive index, SPSM bandwidth, confinement loss, birefringence and nonlinearity of the designed SPSM-PCF are analyzed by using the FDTD combined with PML. The impact of structural parameters on the SPSM bandwidth is investigated. The results reveal that for the optimized geometric parameters of Λ=2.6μm, D=2.4μm, d=1.2μm, D1=2.2μm, and d1=0.4, a low loss SPSM-PCF with ultra-broad SPSM bandwidth of 2.9662μm (from 4.0338μm to 7μm) and high nonlinear coefficient of 1468 w-1km-1 (at 4.0338μm) is achieved. As far as we know, it is the broadest SPSM bandwidth in the mid-IR region to date. The proposed SPSM-PCF exhibits outstanding performance of ultra-broad SPSM bandwidth and high nonlinearity. It has great applications in mid-IR optical fiber sensing/imaging/monitoring, medical diagnosis systems and nonlinear fiber optics fields.
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