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Abstract

:

With the rapid development of optical communication and quantum information, the demand for efficient and broadband nonlinear frequency conversion has increased. At present, most single-frequency conversion processes in lithium niobate on insulator (LNOI) waveguides suffer from lateral leakage without proper design, leading to an additional increase in propagation loss. Achieving broadband frequency conversion also encounters this problem in that there are no relevant works that have solved this yet. In this paper, we theoretically propose an efficient and flat broadband second harmonic generation (SHG) in silicon nitride loaded apodized chirped periodically poled LNOI waveguides. By using a bound states in the continuum (BICs) mechanism to reduce the propagation loss and utilizing the characteristic that the BICs are insensitive to wavelength, an ultra-low-loss wave band of 80 nm is realized. Then, by employing an apodized chirped design, a flat broadband SHG is achieved. The normalized conversion efficiency (NCE) is approximately 222%W−1cm−2, and the bandwidth is about 100 nm. Moreover, the presented waveguides are simple and can be fabricated without direct etching of lithium niobate, exhibiting excellent fabrication tolerance. Our work may open a new avenue for exploring low-loss and flat broadband nonlinear frequency conversion on various on-chip integrated photonic platforms.
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1. Introduction


As the “silicon” in nonlinear optics, lithium niobate is widely recognized as one of the most popular optical materials because of its large second-order nonlinear coefficients (d33 = 27.4 pm/V) and wide transparency window (350 nm–4.5 μm) [1]. In recent years, except for some other nonlinear materials, LNOI has emerged as an exceptional platform for research and applications of nonlinear optics [2,3,4,5,6]. Thus, it finds extensive applications in second-order nonlinear optics, including second harmonic generation, sum frequency generation (SFG), and difference frequency generation (DFG) [7,8,9,10,11]. Due to nanophotonic waveguides based on LNOI exhibiting tight confinement of the modal field, it can significantly enhance the interaction between light and matter, thus the NCE is increased by more than an order of magnitude, in comparison to bulk lithium niobate waveguides based on proton exchange or titanium diffusion [12,13]. Recently, various efficient nonlinear frequency conversion processes have been realized in compact nanophotonic devices, such as loaded waveguides [14,15], etched waveguides [16,17,18], microring and microdisk resonators [19,20,21,22].



At present, waveguide structures based on LNOI, whether etched waveguides or loaded waveguides, may exhibit lateral leakage of waveguide mode when the effective refractive index of the bound mode is lower than that of the orthogonally polarized continuous mode in the slab [23]. Particularly, for a given rib height, lateral leakage is more likely to occur when the thickness of the slab layer is larger or at a shorter wavelength. For instance, in order to apply the maximum nonlinear coefficient of lithium niobate, d33, TE polarization is usually chosen for X-cut LNOI waveguides. Since the effective refractive index of the TE bound mode for the second harmonic (SH) wave may be lower than that of the TM continuous mode, these two modes will couple, causing the energy of the bound mode to dissipate towards the continuous mode and resulting in lateral leakage. Similarly, TM polarization is employed in Z-cut LNOI waveguides, where the TM bound mode for both fundamental frequency (FF) and SH waves may exhibit lateral leakage. Hence, it is imperative to consider the lateral leakage in LNOI waveguides owing to its impact on introducing non-negligible propagation loss, affecting overall conversion efficiency of devices [23,24,25].



In general, by changing the structural parameters of etched waveguides such as lithium niobate thickness, etching depth, and waveguide top width, the effective refractive index of the bound mode can surpass that of the orthogonally polarized continuous mode, resulting in no lateral leakage. Therefore, when designing etched waveguides based on LNOI, lateral leakage can be suppressed through choosing LNOI with a thinner lithium niobate layer. If designing specific structures requires a fixed thickness of the lithium niobate layer, lateral leakage can also be suppressed by increasing the etched depth. For example, Andreas Boes et al. discovered lateral leakage of the SH wave in the X-cut LNOI waveguides investigated by Chang Lin and solved this problem by selecting an appropriate waveguide structure, thereby reducing the propagation loss and achieving higher NCE of SHG [25]. Similarly, Xina Wang et al. considered the impact of lateral leakage when designing the waveguide structures for their study on quantum frequency conversion based on Z-cut LNOI [26].



For loaded waveguides, the design of low-refractive-index waveguide structures on high-refractive-index substrates enables the realization of BICs, which has been demonstrated as an effective way to suppress lateral leakage [27,28]. By carefully designing the waveguide width, destructive interference occurs between the loss channel of the bound mode and its orthogonally polarized continuous mode. Thus, the bound mode and continuous mode decouple, making the bound mode become lossless and then improving overall conversion efficiency. For instance, the BICs mechanism is employed to reduce the propagation loss of FF and SH waves, resulting in efficient SHG in etchless LNOI waveguides [29,30].



In recent years, the study of broadband frequency conversion is ongoing, because it can achieve all-optical wavelength conversion and construct multi-channel wavelength division multiplexing systems that satisfy the demand for high-capacity optical communication. For example, broadband SHG converters are widely applied in optical networks and ultra-fast optical signal processing [31,32,33]. As we know, there are mainly two ways to realize broadband SHG: the first is dispersion engineering (DE), by carefully designing the waveguide structures to achieve group velocity matching and even zero group velocity dispersion between FF and SH waves. The second is chirped periodic poling (CPP), by setting multiple regions with varying poling periods that correspond to different phase-matched wavelengths, accumulating a broadband SHG along the waveguide [34,35,36].



Broadband SHG based on LNOI waveguides also exhibits lateral leakage. By employing DE on LNOI etched waveguides, a broadband spectrum was generated, but suffered from lateral leakage at short wavelengths [37,38]. Although DE offers advantages in simultaneously ensuring efficiency and bandwidth, it remains challenging to find a proper design that satisfies zero group velocity dispersion and no lateral leakage at the same time because both requirements need to optimize the structures [39]. For broadband SHG based on CPP, the issue of lateral leakage, or the propagation loss, is more important. Since only a small periodically poled region converts the matched wavelength along the entire waveguide, almost no frequency conversion occurs in other positions but only propagation. Consequently, the propagation loss of SH wave significantly impacts the NCE of broadband SHG. By employing CPP on LNOI etched waveguides, broadband SHG is achieved with undesirable fluctuations, and the waveguide loss is over 9 dB/cm mainly arising from the rough sidewall [39]. Additionally, obtaining etched waveguide with low loss in LNOI is not trivial, which requires expensive equipment and substantial effort in process development.



Therefore, it is important to reduce the propagation loss when utilizing CPP to realize broadband SHG. To the best of our knowledge, there are no relevant works solving the propagation loss of broadband SHG. In this work, based on the BICs mechanism effectively suppressing the lateral leakage of the SH wave and utilizing apodized chirp to remove the fluctuations of broadband spectrum, we propose a silicon nitride loaded apodized chirped periodically poled LNOI waveguide, achieving an efficient and flat broadband SHG. The NCE is approximately 222%W−1cm−2t and the bandwidth is about 100 nm, which is comparable to the performance of LNOI etched waveguides. In addition, our proposed waveguide is simple and achieved without directly etching lithium niobate, making it relatively easy to fabricate with high fabrication tolerance, providing a novel way to produce low-loss and flat broadband SHG.




2. Theory and Design


2.1. Design of Waveguide Structure


Figure 1a,b are the three-dimensional schematic and cross-sectional illustration of the proposed waveguide, respectively. The silicon nitride layer with a thickness of t = 200 nm is deposited on LNOI by using inductively coupled plasma chemical vapor deposition (ICPCVD) and then etched to form a waveguide with a width of w = 1.62 μm through reactive ion etching (RIE). The LNOI consists of a X-cut lithium niobate thin film with a thickness of h = 600 nm and a 2 μm-thick silicon dioxide layer (NANOLN). By adding silicon nitride to LNOI, it can form region II, in which the effective refractive index is higher than that in the two sides region I, thereby forming an optical waveguide.



In X-cut LNOI, TE modes are often chosen to utilize the maximum nonlinear coefficient d33 and thus enhance the SHG efficiency. The modal field distribution of TE fundamental modes for the FF wave at 1600 nm and the SH wave at 800 nm are shown in Figure 2. Due to the high-refractive-index region II, both FF and SH waves are well confined in lithium niobate thin film so that the large nonlinear modal overlap can be obtained.




2.2. Broadband Waveguide BICs


By comparing the Schrödinger equation and wave equation, the potential of photons can be defined as −n2k2, where n represents the refractive index and k denotes the wave vector. Figure 3a,b depict the effective refractive index distribution and photonic potential distribution of SH wave, respectively. Since the effective refractive index of the TE bound mode is lower than that of the TM continuous mode, it leads to a higher potential for the TE bound mode. As a result, the TE bound mode will easily couple with the TM continuous mode and cause lateral leakage, causing an increased propagation loss of the SH wave. It should be noted that the TE bound mode of the FF wave will not evolve to the TM continuous mode since the effective refractive index of the TE bound mode for the FF wave is larger than that of the TM bound mode. Therefore, only the lateral leakage of the SH wave needs to be considered.



Figure 4a shows the interaction between the TE bound mode and the TM continuous mode of the SH wave. When the TE bound mode couples with the TM continuous mode, it dissipates energy to the continuous mode through the left channels (a1 and b1) and right channels (a2 and b2) at the edge of the waveguide, resulting in energy loss of the bound mode. While by carefully designing the waveguide width w, it can achieve destructive interference between the coupled channels a1 (a2) and b1 (b2), leading to decoupling of the bound mode and continuous mode. According to the analysis [27,28], the attenuation length L of the SH wave in the TE bound mode can be expressed as:


  L ∝     w 2      cos  2  (    k z  w  2  )       



(1)




where kz is the z component of the TM continuous mode wave vector of the SH wave and w is the waveguide width. By appropriately designing the waveguide width w so that kzw equals an odd multiple of π, the attenuation length L of the SH wave tends to infinity, so the TE bound mode of the SH wave becomes lossless BICs. Figure 4b shows the propagation loss of the FF and SH waves of the TE bound mode as a function of the width w of the silicon nitride waveguide. Obviously, the propagation loss of the FF wave in the TE bound mode is zero, while it varies with the waveguide width w for the SH wave, consistent with the analysis in the previous paragraph. When the waveguide width is w = 1.62 μm, the TE bound mode achieves a minimum propagation loss, indicating it is a BICs mechanism. Therefore, the silicon nitride waveguide is designed with a width of w = 1.62 μm.



Recently, relevant research has pointed out that waveguide BICs have the characteristic of being insensitive to wavelength [28,29,30]. According to Equation (1), because of the kzw, waveguide BICs depend on wavelength and waveguide width w. Actually, the waveguide BICs are mainly affected by the variation of waveguide width w. When the waveguide width w is constant, the waveguide BICs are indeed affected by the variation of wavelength, however, just resulting in very small increase of propagation loss across the entire band. Therefore, it indicates that waveguide BICs have the characteristic of being insensitive to wavelength. In this paper, the designed waveguide structure also exhibits ultra-low propagation loss within a specific band. Figure 5a,b are the effective refractive index and the propagation loss as a function of wavelength, respectively, the corresponding FF wave band is 1540–1660 nm and the SH wave band is 770–830 nm. Since the effective refractive index of the TE bound mode in the FF wave band is higher than that of the TM continuous mode, so the propagation loss caused by the lateral leakage is zero. Although the effective refractive index of the TE bound mode in the SH wave band is lower than that of the TM continuous mode, it maintains a low propagation loss across the entire band. Even at the peak, the propagation loss is less than 0.3 dB/cm, which confirms the insensitivity of waveguide BICs to wavelength. In fact, the peak of propagation loss can be considered as quasi-BICs, which formed due to the wavelength deviating from 800 nm. When compared with non-BICs, quasi-BICs still exhibit small propagation loss.




2.3. Apodized Chirped Periodically Poled Design


In this paper, the band of 1554–1634 nm with propagation loss less than 0.05 dB/cm is chosen as an example for efficient broadband SHG with apodized chirped periodically poled design. It should be noted that the working band can be freely selected based on different requirements and is not limited to the one selected here. In order to make the working wavelength of broadband SHG cover the ultralow-loss band, we design a step-chirped periodically poled structure in the band of 1510–1690 nm. The total length of the poling region is Ytotal = 0.2 cm, divided into several sections, each containing m fixed poling periods Λ. The poling period difference between adjacent sections is 6 nm, i.e., Λi+1 − Λi = 6 nm. Figure 6a is the poling period Λ required for quasi phase matching as a function of FF wave, Λ = λ/2∆n, where λ represents the FF wavelength, and ∆n denotes the difference of the effective refractive index between the FF and SH waves in the TE bound modes. When the FF wavelength increases from 1510 nm to 1690 nm, the poling period increment is approximately 240 nm, showing a basically linear growth process. Consequently, the poling region is divided into 41 sections.



Although the step-chirped design enables us to broaden the phase matching bandwidth, it leads to ripples in the broadband SHG spectrum. Here, we introduce apodization in the step-chirped design to remove the ripples, achieving a nearly flattop broadband SHG response [40,41,42]. The total length Ytotal has been divided into three regions. The central region with the length of Y is unapodized and composed of p sections with an equal duty-cycle of 1/2. Each of the two adjacent regions are apodized and consist of p′ sections. At the input apodized region with the length of Y′, the duty-cycle for each section is ai = i/2p′, (i = 1, 2, …, p′), i.e., the duty-cycle changes from 1/2p′ to 1/2. Symmetrically, at the output apodized region with the length of Y″, the duty-cycle for each section changes from 1/2 to 1/2p′. The apodization ratio is defined as R = (Y′ + Y″)/Ytotal. Figure 6b illustrates the schematic diagram of an apodized step-chirped periodically poled structure with Ytotal = 0.2 cm, p = 11, p′ = 15, m = 9 and R = 0.73. All simulation results are carried out via the mode analysis in the COMSOL Multiphysics 5.6 software.





3. Results and Discussion


3.1. Conversion Efficiency


In the case of quasi phase matching and without considering propagation loss, the NCE of SHG can be expressed as [29]:


   η  SHG   =       8 π   2     ε 0    cn  ω 2   n   2 ω     λ ω 2           ξ 2   d  33  2     A  eff           G   2   ( λ )     



(2)




where    ε 0    and c are respectively permittivity and light speed in a vacuum, d33 is the nonlinear coefficient of lithium niobate, nω and n2ω are the effective refractive index of FF and SH waves, respectively, and    λ ω    is FF wavelength.  ξ  is the spatial modal field overlap between FF and SH waves, defined as:


   ξ =      ∫   χ   ( 2 )           ( E   ω *   ( x , z ) )   2   E   2 ω     ( x , z ) dxdz    |  ∫   χ   ( 2 )         | E   ω   | 2   E ω     dxdz |     2 3    |  ∫   χ   ( 2 )         | E     2 ω     | 2   E   2 ω       dxdz |     1 3          



(3)




where    ∫   χ   ( 2 )        denotes two-dimensional integration over the lithium niobate thin film.    E ω   ( x , z )    and    E   2 ω     ( x , z )    are, respectively, the electric fields of the TE bound mode of FF and SH waves. In Equation (2),    A  eff   ≡      ( A   1 2   A 2  )     1 3       is the effective modal area with


   A i  =      (  ∫  all      | E   i   | 2   dxdz )   3    |  ∫   χ   ( 2 )         | E   i   | 2   E i     dxdz |   2        ,   ( i = ω , 2 ω )     



(4)




where    ∫  all     denotes two-dimensional integration over all space. For the proposed waveguide, when the FF wavelength is 1600 nm, the simulation results show    ξ = 0.9913   ,    A  eff    = 1.8694       μ m   2   , exhibiting high spatial modal overlap and tight confinement of the modal field. In Equation (2), G(λ) is the Fourier transform of function of d(y), d(y) = ±1 denoting the symbol for nonlinear coefficient of lithium niobate after periodic poling. G2(λ) is expressed as:


   G 2   ( λ ) = |    1   Y  total        ∫  0   Y  total        d ( y ) exp ( i Δ k ( λ ) y ) dy |   2   



(5)




where      Δ k ( λ ) = k     2 ω       − 2 k   ω    is the wave vector mismatch, and    k ω    and    k   2 ω      are wave vectors for the FF and SH waves, respectively. As shown in Figure 6b, the apodized chirped periodically poled structure has N = 2(2p′ + p)m domains, and each domain is between yq−1 and yq (q = 1, 2, …, N), which can arrive at [39]:


   G 2   ( λ ) =    1    Y  total   2     ( Δ k )   2     |   ∑    q = 1   N     d ( y   q     ) ( e       i Δ ky   q       − e       i Δ ky     q − 1         ) |   2   



(6)







Equation (5) determines the bandwidth of broadband SHG.



Figure 7a shows the G2(λ) curves of silicon nitride loaded LNOI waveguides with step-chirped period poling, apodized chirped periodic poling and uniform periodic poling. Under the same waveguide parameters, the SHG bandwidth corresponding to step and apodized chirp is significantly larger than that corresponding to uniformly single-period poling. Although the bandwidth of the step-chirped design is larger than the apodized chirp design, it suffers from significant ripples in the broadband SHG spectrum. These ripples cause the output of SH power to vary with wavelength, leading to difficulty in stabilizing the output power.



As depicted in Figure 5b, the propagation loss of the FF band is almost zero, and the SH band is BICs. When calculating the NCE of broadband SHG, it is essential to consider the propagation loss of the SH wave. Based on Equation (1), after considering propagation loss, the NCE of broadband SHG is shown in Figure 7b, which can be expressed as η = ηSHG g(Ytotal). g(Ytotal) is the loss factor and given by [43]:


     g (  Y total  ) = e       − 2 α   ω   Y  total               1 −   e       − Δ α Y    total          Δ α Y    total         2   



(7)




where αω and α2ω are propagation loss in units of cm−1 of the FF and SH waves, respectively, and ∆α = α2ω/2−αω. As shown in Figure 7b, for the designed silicon nitride loaded LNOI waveguide width of w = 1.62 μm, the ultralow-loss band 1554–1634 nm in BICs almost concentrates on the flattop region with the NCE over 200%W−1cm−2. The maximum NCE reaches 222%W−1cm−2, and the bandwidth approaches 100 nm, which are equivalent to or better than the performance of the etched LNOI waveguides. Moreover, without the use of the BICs mechanism to reduce the propagation loss, such as the waveguide width is w = 1.30 μm, the NCE is about 65% lower than that of BICs. Table 1 is the comparison of the previously reported works of broadband SHG based on LNOI. In terms of bandwidth and NCE, this work is superior to various types of lithium niobate waveguides applying DE to realize broadband SHG, and it is comparable to the performance of LNOI etched waveguides utilizing CPP.




3.2. Fabrication Tolerance


The design of broadband SHG relies on accurate etching of the silicon nitride layer, so the fabrication tolerance is a key issue. When forming a silicon nitride loaded waveguide, the main tolerances to be considered are etched sidewall angle and width. Figure 8a shows the simulated result of propagation loss at different wavelengths when altering an etched sidewall angle. As the etched sidewall angle decreases, the propagation loss gradually increases, while this increase is not significant. Even at the minimum etched sidewall angle of 75°, the propagation loss remains below 0.1 dB/cm within the band of 1554–1634 nm. Figure 8b illustrates the variation in propagation loss at different wavelengths as the silicon nitride loaded waveguide width w is altered. When deviating from the designed width w = 1.62 μm, the propagation loss will increase with the increase of width deviation. Similarly, this increase is slow. When waveguide width w deviates from designed width by ±20 nm, the propagation loss is less than 0.1 dB/cm in the band of 1554–1634 nm. The width tolerance of ±20 nm in experimentation is completely within the currently etching accuracy range of silicon nitride loaded waveguide, indicating sufficient width tolerance for the designed waveguide in this paper. When the etched sidewall angle and width of silicon nitride waveguide change, due to the deviation from waveguide BICs, three peaks occur in Figure 8. Although the propagation loss increases, it maintains a low level across the entire band. In fact, the peak of propagation loss can be considered as quasi-BICs, which are formed due to the waveguide deviating from the designed structure. Compared with non-BICs, quasi-BICs still exhibit small propagation loss. In summary, the silicon nitride loaded waveguide presented in this work exhibits exceptional robustness and can be easily implemented in experiments.





4. Conclusions


In summary, by using the BICs mechanism to solve the lateral leakage problem and thus reduce the propagation loss of the SH wave and employing an apodized chirp to flatten the broadband spectrum, an efficient and flat broadband SHG is demonstrated in our theoretically proposed silicon nitride loaded apodized chirped periodically poled LNOI waveguides. The maximum NCE is 222%W−1cm−2 and the bandwidth is ~100 nm, which are comparable to or better than the performance of the directly etched LNOI waveguides. The presented waveguides also exhibit excellent fabrication tolerance, meeting current fabrication technology for the etched sidewall angle and width of the silicon nitride waveguides.



It is worthwhile to note that loaded waveguides are more susceptible to femtosecond pulse damage compared to etched waveguides. Our work could still find applications such as SHG of multi-wavelength continuous wave for high-capacity optical communication and signal processing. In addition, the NCE of our broadband SHG would be further improved by reducing the effective modal area of the FF and SH waves, for example, through reducing the thickness of lithium niobate thin film or increasing the thickness of the silicon nitride waveguide layer. Furthermore, the polymer could be selected as the material of the waveguide layer to avoid etching silicon nitride, achieving a completely etchless fabrication process. With high NCE, broad bandwidth and simple design, our work paves a new way to realize low-loss and flat broadband frequency conversion on chips.
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Figure 1. (a) Three-dimensional structure diagram of silicon nitride loaded apodized chirped periodically poled LNOI waveguide, consisting of a silicon nitride waveguide, X-cut lithium niobate thin film and silicon dioxide substrate. (b) Schematic diagram depicting the z-x cross section of waveguide structure, where w and t denote the width and thickness of the silicon nitride waveguide respectively, and h represents the thickness of the lithium niobate thin film. 
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Figure 2. The modal field distribution of TE bound mode for (a) FF wave at 1600 nm and (b) SH wave at 800 nm. 
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Figure 3. (a) Effective refractive index distribution of SH wave at 800 nm in region I and II. The red line represents the refractive index distribution of TM mode, the blue line represents the refractive index distribution of TE mode, the green part represents the TM continuous modes, and the black line represents the TE bound mode in the TM continuous modes. (b) The photonic potential distribution of SH wave at 800 nm. The potential well of TE mode is higher than that of TM mode. 
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Figure 4. (a) Dissipated channels of bound mode to continuous mode. (b) The propagation loss of FF and SH waves in TE bound mode varies with silicon nitride waveguide width w. At width w = 1.62 μm, the propagation loss reaches minimum, indicating the BICs. 
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Figure 5. (a) The effective refractive index of FF and SH waves varies with wavelength. (b) The TE bound mode propagation loss of FF and SH waves varies with wavelength; the red line and blue line represent the propagation loss of FF and SH waves, respectively. The propagation loss of SH wave is less than 0.05 dB/cm within a bandwidth of 80 nm from 1554 nm to 1634 nm. 
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Figure 6. (a) The poling period required for quasi phase matching when the FF wavelength changes. (b) Schematic diagram of apodized step-chirped periodically poled structure. Arrows represent the poling direction of lithium niobate thin film. 
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Figure 7. (a) The red line and the blue line represent respectively the G2 curves corresponding to chirped periodic poling and uniformly single-period poling with the same waveguide parameters, where the dotted and solid red line represent respectively the step chirp and apodized chirp. (b) The NCE of broadband SHG considering the propagation loss. The blue line represents BICs with waveguide width of w = 1.62 μm, and the red line represents non-BICs with waveguide width of w = 1.30 μm. 
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Figure 8. Fabrication tolerance of (a) etched sidewall angle and (b) width of silicon nitride loaded waveguides. 
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Table 1. Comparison of the previously reported broadband SHG based on LNOI.






Table 1. Comparison of the previously reported broadband SHG based on LNOI.





	
Waveguide Type

	
Bandwidth (nm)

	
NCE (%W−1cm−2)

	
Method




	
Simulated Value

	
Experimental Value






	
Etched [39]

	
110 (rippled)

	
300

	
9.6

	
Step chirped




	
Wafer bonding [44]

	
15 (rippled)

	
20.6

	
0.825

	
Dispersion engineered




	
Etched [45]

	
50 (rippled)

	
72.1

	
-

	
Dispersion engineered




	
Etched [45]

	
100 (flat)

	
44.8

	
-

	
Dispersion engineered




	
Diced [46]

	
22 (rippled)

	
15

	
10

	
Dispersion engineered




	
This work (Loaded)

	
100 (flat)

	
222

	
-

	
Apodized chirped
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