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Abstract

:

A mid-infrared difference frequency generator (DFG) based on a periodically poled thin-film lithium niobate rib waveguide on a sapphire substrate is theoretically studied. A mode analysis is carried out at the mid-infrared region, and the analysis focuses on the effects of waveguide geometry on effective refractive indices of a few lower-order modes. A complete theory suitable for modeling a DFG based on a waveguide structure is described. Its validity is confirmed by comparing the theoretical results with previously reported experimental data. Explicit expressions are presented for nonlinear conversion efficiency, thermal tunability and quasi-phase matching (QPM) bandwidth. The effects of waveguide geometry and mode hybridization on the effective mode field area and mode overlap factor, which are either inversely or linearly proportional to nonlinear conversion efficiency, are studied in detail. In this article, an optimized mid-infrared DFG with improved geometry that exhibits excellent performance, including a higher nonlinear conversion efficiency of 230–273% W−1cm−2 in the temperature range of 20–120 °C; a larger temperature tunability of 2.2 nm/°C; a larger QPM bandwidth of ~130 nm; and a higher idler wave output power, as much as −2 dBm when Pp = 20 dBm and Ps = 11.5 dBm, is suggested.
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1. Introduction


Driven by great application potential in spectroscopy, some mid-infrared (mid-IR) coherent sources, which can be applied to modern spectral measurement techniques such as dual-comb spectroscopy, Michelson-based Fourier transform spectroscopy and high-resolution crossed-dispersion spectroscopy, have been developed in the past decade [1]. These mid-IR light sources play a very important role in environmental science, analytical chemistry and biomedicine. Among them, semiconductor mid-IR lasers are currently already commercially available. Next-generation quantum well and quantum dot lasers operating at mid-IR appear to be promising coherent sources [2,3]. Another type of mid-IR source works based on nonlinear frequency conversion. Over the past years, much effort has been devoted to the implementation of small-size and efficient nonlinear frequency conversion mid-IR sources. This effort has led to progress in mid-IR sources from a large cross-section waveguide [4,5] to a nano-photonic waveguide or micro-resonator [6]. Based on the nano-photonic waveguide, highly efficient χ(2) -based frequency conversion in the near-IR region has been demonstrated by making use of some low-loss thin-film waveguide platforms, such as LiNbO3 (LN) [7], AlGaAs [8] and Si3N4 [9]. Among them, the thin-film LiNbO3-on-insulator (TF-LNOI) waveguide is a promising and well-established platform used to develop highly efficient nonlinear frequency conversion devices [7,10], as well as electro-optic (EO) devices [11,12,13]. TF-LN frequency conversion devices can be divided into two categories according to their phase matching method: periodically polarized lithium niobate thin film (PPTFLN) devices based on quasi-phase-matching (QPM) and TF-LN waveguide devices based on mode-phase-matching (MPM). The fabrication process of MPM devices is simple, and only the waveguide structure needs to be designed according to the wavelength requirements. However, low nonlinear conversion efficiency is a disadvantage that cannot be ignored for MPM devices. The main reason for their low efficiency is that, in order to achieve the mode-phase-matched condition, the polarization of the output light is always different from that of the input light, which causes the highest nonlinear coefficient d33 of lithium niobate to not be used. In comparison, QPM devices can easily complete the phase matching process by regulating the polarization period, thus obtaining higher nonlinear conversion efficiency with d33. QPM nonlinear devices can be extended to the mid-IR region by making use of the LN’s merit of a wide transparent wavelength range up to 4.5 µm [14,15]. However, silica, which is usually used as the insulator of the TF-LNOI, suffers from strong absorption in the spectral region λ > 2.5 µm [16] and, thereby, causes significant signal wave attenuation there. Instead, sapphire shows high transparency up to the 4.5 µm wavelength region. It is a more appropriate insulator substrate than silica for a TF-LNOI worked in the mid-infrared region. In other words, TF-LN-on-sapphire is a more promising platform than the usual LN-on-silica for the mid-IR applications, though sapphire has a slightly larger refractive index than silica, which causes a decrease in refractive index contrast of TF-LNOI by ~0.3. The refractive index change of the insulator substrate considerably affects the waveguiding characteristics of the TF-LNOI and, hence, the performance of the relevant devices. It is thus essential to carry out an overall theoretical study on the waveguide properties and performance of the relevant devices. However, relevant, detailed theoretical studies on the relation between nonlinear performance and waveguide properties have yet to be found, as far as we know. The present work carried out a study on a mid-IR difference frequency generator (DFG) based on the periodically poled TF-LN-on-sapphire rib waveguide, along with a previous experimental demonstration of such a device [17]. Our work aims to determine the waveguiding characteristics and three key performance parameters: nonlinear conversion efficiency, temperature tunability and quasi-phase matching (QPM) bandwidth. Previously, some researchers have proposed a step-chirped quasi-phase-matched grating structure to improve the QPM bandwidth of these devices [18,19]. In this paper, for general PPTFLN devices, a scheme for achieving broader QPM bandwidth and higher thermal tunability is proposed: the QPM bandwidth and thermal tunability can be optimized by regulating the GVM (group velocity mismatch) factor, which will be described in Section 3 by deducing the theoretical expression. Finally, an optimized mid-IR DFG based on periodically poled TF-LN-on-sapphire rib waveguide is proposed.




2. Device Structure, Design Considerations and Calculation Method


The waveguide considered in the present study is a rib-type TF-LN-on-sapphire waveguide. Figure 1a shows a structural schematic of the channel waveguide cross section, with W denoting the rib width, h denoting the rib height or etching depth, and H denoting the thickness of the LN thin film. During practical fabrication of the TF-LNOI rib waveguide, i.e., usually dry etching (reactive ion etching, RIE) in combination with chemical mechanical polishing (CMP), the etching process always produces an inclined side of the rib waveguide with an inclination angle α (=78.5° typically [17]), as shown in Figure 1a. It is worth noting that the z axis in Figure 1 represents the crystal axis.



Figure 1b shows a 3D view of the mid-IR QPM-DFG based on a periodically poled TF-LN-on-sapphire channel waveguide. Assume that the ferroelectric domain has a pitch Λ. The device has a simple working principle. The QPM nonlinear interaction of incident pump (λp) and signal wave (λs) induces the generation of an idler wave (λi) when the three waves meet both the laws of energy and momentum conservation, as described later.



Some design considerations are detailed below.



(1) X-cut/Y-propagation scheme



For an X-cut LNOI, the electrodes used for periodical poling only need to be put on the top surface of the LN, and the electrode spacing is relatively small [20,21]. For a Z-cut LNOI, however, the electrodes need to be fabricated not only on the top surface but also underneath the substrate, leading to larger electrode spacing. Moreover, in the case of Z-cut LN poling, the electric field needs to penetrate through the insulator layer, making the reversed domains difficult to maintain persistently after the poling process [22]. In other words, the domain poling of an X-cut LNOI is more convenient than that of a Z-cut one, and the reversed domain of the X-cut LN can be maintained more persistently. In addition, in order to utilize the largest second-order nonlinear coefficient d33 of the LN crystal, a transverse-electric (TE) wave propagation scheme should be selected. Thus, an X-cut/Y-propagation scheme is adopted in the present study.



(2) Pump and signal waves



In order to generate a mid-IR idler wave at ~3 μm using the QPM-DFG, we consider that a commercially available 980 nm laser diode is used as the pump wave source and a laser tunable in the wavelength range of 1340–1440 nm (a commercially available Santec TSL-510 tunable laser, for example) is selected as the signal wave source. It is worthwhile to mention that Mishra et al. employed a slightly different pump and signal wave wavelengths of 1.064 and 1.5–1.7 μm in their experimental study [17].



(3) Use of MgO-doped TF-LN-on-sapphire



As we know, an undoped LN suffers from a serious photorefractive effect in both the visible and NIR (λ < 1 μm) regions. To suppress this detrimental effect, here, we propose employing a 5 mol% MgO-doped TF-LN-on-sapphire. Fortunately, all relevant knowledge about it, including the refractive index dispersion relation [23] and second-order nonlinear tensor components [24], is known.



(4) Simulation model



Lumerical MODE Solutions simulation software was used. The mesh size was set to 10 nm, which was determined according to a convergence analysis. Finally, a PML boundary was used. Waveguide propagation losses, which are affected by fabrication, exist in all devices. Considering that the losses will vary with different crafts, a lossless model is used in our theoretical study to research the influence of waveguide dimensions on nonlinear performance through a complete simulation and provide guidance for the design and fabrication of high-performance mid-infrared light source devices. If the losses are considered, the nonlinear conversion efficiency will decrease, while the QPM bandwidth and thermal tunability will be hardly influenced. However, that does not affect our conclusion, which can be further confirmed by published work with the lossless model [7,25].



Moreover, it is worth mentioning that fabrication errors due to ferroelectric domain engineering exists. Firstly, a dimension error generated during the lithography process of a surface electrode will lead to deviation in the polarization period Λ, which affects the central wavelength of the device. Secondly, it is easy to generate an excessive local electric field due to the skin effect of an electric charge at the edge of the metal surface electrode, which may lead to a breakdown in the crystal.




3. Theory, Results and Discussion


3.1. Mode Analysis


As shown later, the performance of a DFG based on a waveguide structure is closely related to the waveguiding characteristics of the mode guided, aiming to produce the TF-LN-on-sapphire rib-type waveguide depicted in Figure 1a.



Some considerations taken into account in the input parameters are described briefly below. When the wavelength of input pump wave is fixed at 980 nm and that of input signal wave is tunable from 1340 to 1440 nm, an idler wavelength tunable from 3.0 to 3.6 μm is generated. The present mode analysis at the central wavelength λ = 3.3 μm focuses on the effects of waveguide geometries on the waveguiding characteristics.



Figure 2a–c show effective refractive indices neff of a few lower-order modes—TE00, TM00 and TE10—calculated as a function of rib width W when the rib has three different heights—h = 0.5, 0.7 and 0.9 μm. The other input parameters are α = 78.5°, H = 1 μm and λ = 3.3 μm. Note that the value of the inclination angle α = 78.5° is taken from the earlier experimental work in Ref. [17]. Here, we chose a thicker LN film of H = 1 μm (the most common thickness is 0.7 μm [26]). Our reason for such a choice is that the longer the operating wavelength, the larger the waveguide cross section required to realize single-mode propagation. In order to find the waveguide dimensions where only the TE00 mode is conductive while the TM00 and TE10 modes are cut off, the effective refractive indices of three low-order modes are calculated in total. It can be seen that the cutoff widths of the TE00 mode and TM00 mode are similar, so we can only choose the dimensions where only the TE10 mode is cut off. One can see from Figure 2a–c that the mode index increases with the rib width W but decreases with the increase in the mode order for a given polarization state and given W and h values. This observation is expected from the waveguide theory.



Moreover, the rib height h considerably affects the waveguiding characteristics. The increase in etching depth h is equivalent to the decrease in rib width W. As a result, the mode index decreases as the rib height h increases. The observation may also be explained on the basis of the slab waveguide thickness effect on the mode index. For a slab waveguide, the mode index increases with its thickness. The increase in the rib thickness h is equivalent to the decrease in slab thickness and, thereby, of the mode index. The considerable rib height effect on the mode index leads to a definite effect on the single-mode condition. One can see from Figure 2a–c that the cutoff rib width of the TE10 mode is similar—2.5, 3.25 and 3.5 μm for the rib height h = 0.5, 0.7 and 0.9 μm, respectively.



The neff curves at the signal and pump wavelengths are provided in Figure 3a–f. It shows that the cutoff widths of the TE00 and TM00 modes of the pump light and signal light are less than 0.5 μm and that the cutoff width of the TE10 mode of the pump light and signal light is around 1.5 μm. The influences of W and h on neff are the same as that mentioned in Figure 2a–c.



We have further studied the inclination angle α effect on the mode index. Figure 4 shows the effective refractive indices neff of a few lower-order modes—TE00, TM00 and TE10—calculated as a function of rib width W when α = 60°, 70°, 80° and 90°. The other input parameters are H = 1 μm, h = 0.7 μm and λ = 3.3 μm. We can see that the inclination angle α has a small effect on the mode index but noticeably affects the the single-mode condition. As the inclination angle α changes from 60° to 90°, the cutoff rib width of the TE10 mode increases from ~3.0 to ~3.5 μm.



For an optical waveguide, a confinement factor is usually considered to characterize the extent of confinement to a mode guided in it. The factor is defined as the ratio of power flux of a wave confined in the waveguide region to the total power flux on the plane normal to the waveguide axis. As shown later, the confinement factor is directly related to the nonlinear conversion efficiency of the QPM-DFG through the effective mode field area. Next, attention is paid to the confinement factor of the TF-LN-on-sapphire rib-type waveguide studied. Figure 5a shows the confinement factor of the TE00 mode in the rib waveguide as a function of rib width W for three different rib heights: h = 0.5, 0.7 and 0.9 μm (the other parameters are α = 78.5°, H = 1 μm and λ = 3.3 μm). Figure 5b shows the cases for different inclination angles: α = 60°, 70°, 80° and 90° (the other input parameters are H = 1 μm, h = 0.7 μm and λ = 3.3 μm). We note that, as the rib width W is increased, the confinement factor increases strongly in the initial stage, slowly and, then, eventually saturates to a constant, which is similar and less dependent on either the rib height h or the inclination angle α, as shown in Figure 5a,b. In contrast, in the cut-off region, the confinement factor reveals slight effects of rib height h and inclination angle α. These observations may be explained as follows: According to the definition given above, the confinement factor depends mainly on the evanescent field. For an optical waveguide with a given cross-sectional geometry, the larger the confinement factor, the smaller the waveguide loss with regard to the evanescent field and, thereby, the smaller the total waveguide loss. For a smaller W, the mode is in the cut-off state, the evanescent field is significant and the confinement factor has a small value in this case. Moreover, the evanescent field may be influenced by either the rib height h or the inclination angle α. It is thus comprehensible that the confinement factor reveals slight effects of rib height h and inclination angle α. As the W is increased, the mode is far from the cut-off state, the evanescent field decreases gradually and the confinement factor increases correspondingly. As the W is sufficiently large, the mode is well-guided, the evanescent field becomes minor and the confinement factor tends toward a constant. As the minor evanescent field is less influenced by either the rib height h or the inclination angle α, the constant remains essentially fixed for a given H and hardly depends on either the rib height h or the inclination angle α.



It can be seen that a highly slanted waveguide (alpha = 60) result in maximum confinement, which can be explained as follows: the mode field in the waveguide will leak along both lateral and longitudinal. Figure 5 shows that, when W is large enough, the confinement factor is almost 0.75 and remains constant, indicating that there is almost no lateral leakage of the mode in the waveguide, only longitudinal leakage. However, when lateral leakage exists and W remains constant, a larger inclination angle means a larger lateral cross-sectional area of the waveguide, which can reduce lateral leakage, and thus shows a larger confinement factor.



An overall consideration for single-mode operation and mode field confinement factor allows us to give a preliminary rib width W ≈ 3.0 μm.




3.2. Nonlinear Conversion Efficiency


For a QPM-DFG having a nonlinear interaction length L, its nonlinear conversion efficiency ηDFG is given by [27]


   η  D F G   =  P i  / (  P p  ⋅  P s  ⋅  L 2  ) ,  



(1)




where Pi is the output power of the idler wave with a wavelength λi, Pp is the power of the input pump wave with a wavelength λp and Ps is the power of the input signal wave with a wavelength λs. These powers are given by [27]


   P j  =    ∫ ∞   (   E →  j  ×   H →  j *  ) ·  z →  d x d y    ,  



(2)




where j∈{p, s, i},   z →   is the unit vector along the waveguide axis, and Ej and Hj are the normalized distributions of electric and magnetic fields in the waveguide, respectively. For convenience, an xyz Cartesian reference frame is fixed at the bottom of the silica layer, with the x axis pointing to the width and the y axis pointing to the depth of the rib waveguide, as shown in Figure 1b. The integral in Equation (2) is carried out over the whole plane normal to the propagation direction z.



By solving difference-frequency coupled-mode equations under no pump depletion approximation [27], Equation (1) can be expressed as


   η  D F G   =  η n  ⋅ sin  c 2  ( Δ β L / 2 ) ,  



(3)




where ηn is the normalized efficiency. In particular, for a waveguide structure, ηn is given by [27]


   η n  =   8  π 2   d  e f f  2     ε 0  c  N p   N s   N i   λ i 2   P p   P s   P i    ,  



(4)




where c is the light speed in free space; Nj (j = p, s, i) is the effective refractive index of the pump, signal or idler mode; and deff is the effective second-order nonlinear coefficient, given by [27]


   d  e f f   =  2 π     ∫  W G      ∑  m , n , k     d  m , n , k    E  m , i  ∗   E  n , s  ∗   E  k , p   d x d y      ,  



(5)




in which m, n, k ∈ {x, y, z}. Ep, Es and Ei are the normalized electric field distributions of the pump, signal and idler waves, respectively. dm,n,k is the second-order nonlinear tensor matrix element of a nonlinear optical material, such as the LN studied here [27]. The integral in Equation (5) is carried out over the cross section of the related waveguide.



However, for devices using d33, the element in summation with d33 in Equation (3) is much bigger than the other terms in summation, which means that terms without d33 hardly contribute to the value of deff. So, we can simplify Equation (5) as


   d  e f f   =  2 π   d  33      ∫  W G     E  z , i  ∗   E  z , s  ∗   E  z , p   d x d z    ,  



(6)







Furthermore, we can convert Equation (4) into


   η n  =   32  d  33  2   ζ 2     ε 0  c  N p   N s   N i   λ i 2   A  e f f     ,  



(7)




where Aeff is the effective mode field area and ζ is the mode overlap factor, and they are given by


   A  e f f   =    P p   P s   P i      (    ∫  W G         E p     2   E p  d x d z    •    ∫  W G         E s     2   E s  d x d z    •    ∫  W G         E i     2   E i  d x d z    )    2 3       



(8)






  ζ =      ∫  W G     E  z , i  ∗   E  z , s  ∗   E  z , p   d x d z        [    ∫  W G         E p     2   E p  d x d z    •    ∫  W G         E s     2   E s  d x d z    •    ∫  W G         E i     2   E i  d x d z    ]    1 3       



(9)







Aeff and ζ are key factors influencing the nonlinear conversion efficiency. It is evident from Equations (7)−(9) that the normalized efficiency ηn decreases with the increased effective mode field area Aeff, while increases with the increase in mode overlap factor ζ. Aeff is closely related to mode confinement of the waveguide. A smaller Aeff means better mode confinement, which results in a higher nonlinear conversion efficiency. ζ represents the overlap in the mode field distribution of the three coupled beams. A larger ζ means stronger coupling of the three beams, which results in a higher nonlinear conversion efficiency.



In Equation (3), ∆β represents the phase mismatch amount along the unit propagation distance [27]:


  Δ β = 2 π [  N p  (  λ p  , T ) /  λ p  −  N i  (  λ i  , T ) /  λ i  −  N s  (  λ s  , T ) /  λ s  −  1 Λ  ] ,  



(10)




where the effective refractive index Nj (j = p, s, i) is dependent on either the wavelength λj or the temperature T. ∆β = 0 means that the quasi-phase matching condition, i.e., the law of momentum conservation, is exactly satisfied.



The validity of the theoretical expressions described above should be demonstrated first. This can be carried out by comparing the calculation results with the relevant experimental data. On the basis of the experimental parameters of the mid-IR QPM-DFG based on the periodically poled LN-on-sapphire channel waveguide (H = 0.63 μm, h = 0.3 μm, W = 3 μm and α = 78.5°) reported in Ref. [17], we have evaluated the normalized nonlinear conversion efficiency ηn of the idler wave as a function of its wavelength. The calculated result is shown in Figure 6 (see red balls) in comparison with the experimental data without the loss corrections (black balls) reported in Ref. [17]. The errors are indicated for both the calculated and experimental data. Our theoretical data have an error of ±20% originating from the uncertainties of the input parameters, including ±10% uncertainty of the second-order nonlinear tensor element [25], about ±5% uncertainty with respect to no pump depletion approximation [27] and about ±5% uncertainty associated with the numerical method. It is unfortunate that Ref. [17] did not specify the error of their experiment results. Here, we assume that their experimental data have a conservative error of ±10%, as indicated in Figure 5. One can see that our theoretical result can be regarded as identical to their experimental data within the error, verifying the validity of the relevant theoretical expressions and the reliability of the theoretical results predicted and given below.



After verification of the relevant theoretical expressions, attention is paid to the key parameters influencing the nonlinear conversion efficiency. Figure 7 shows the effective mode field area Aeff and mode overlap factor ζ of the pump, signal and idler TE00 waves calculated as a function of rib width W in the range of 2.4–4.0 μm for different rib heights h = 0.5, 0.7 and 0.9 μm. The other input parameters are H = 1 μm, α = 78° and λ = 3.3 μm. One can see that, while the mode overlap factor ζ is hardly influenced by either the rib width W or the rib height h, the effective mode field area Aeff is considerably affected by both, and smaller W and larger h favor obtaining a smaller effective mode field area Aeff. The observations are easily understood from the W and h effects on the waveguiding characteristics described above. It can be predicted from the observations that a higher nonlinear conversion efficiency is expected for smaller W and larger h, which result in a smaller effective mode field area Aeff and hence a higher conversion efficiency.



The most remarkable feature in Figure 7 is the appearance of the maximum Aeff and the minimum ζ at W = 2.944, 3.072 and 3.09 μm for the rib heights h = 0.5, 0.7 and 0.9 μm, respectively. These maximum Aeff and minimum ζ values yield minimum normalized efficiency values, as shown in Figure 7a, where the normalized nonlinear conversion efficiency ηn is plotted against the rib width W for the rib height h = 0.5, 0.7 and 0.9 μm. Next, we give a qualitative explanation for the appearance of minimum normalized nonlinear conversion efficiency ηn at a specific rib width W for a given rib height h. It is associated with the occurrence of mode hybridization between the TE00 and TM30 modes. To make the argument clear, here, we exemplify the hybridization between the modes of the 980 nm pump wave. Figure 8b–d shows the effective refractive indices neff of several lower-order pump modes (TE00, TM00, TM10, TM20 and TM30) calculated as a function of rib width W in the case of rib height h = 0.5, 0.7 and 0.9 μm. The other input parameters are H = 1 μm, α = 78° and λ = 0.98 μm. The mode hybridization usually takes place in an asymmetric waveguide when the two modes involved have similar effective indices [28,29,30].



Regarding the presently studied LNOI-on-sapphire rib waveguide, which is asymmetric along the vertical (y) direction, the mode hybridization between the TE00 and TM30 modes occurs in the region of W = 2.944, 3.072 and 3.09 μm for h = 0.5, 0.7 and 0.9 μm, respectively. It is featured by both the variational tendency of the mode index with W and the mode field distribution in that W region. One can see from Figure 8b−d that the tendency of either the TE00 or the TM30 mode index is normal as W is far from the hybridization region. In the W region where the mode hybridization occurs, the two plots of the TE00 and TM30 mode indices are very close but do not actually intersect each other. This is clearly shown in the insets in Figure 8b–d, where an expanded view in the hybridization region is shown. Very close mode indices provide the possibility that the two modes couple each other and that mode hybridization happens. The mode hybridization is also featured by the mode field distribution in the related rib width region. As a representative figure, Figure 9 shows the evolution of two-dimensional distributions of electric field E and its two components Ex and Ey of the fundamental mode TE00 with the rib width W in the range of 2.9−2.99 μm in the case of rib height h = 0.5 μm. Because the TE00 mode occurs when the TM30 mode is not related to the normalized efficiency ηn, only the evolution feature of the electric field distributions with regard to the TE00 mode is followed here. Note that mode hybridization occurs at W ≈ 2.944 μm in the case of rib height h = 0.5 μm. One can see that, in the W = 2.944 μm region where the mode hybridization occurs, the electric field distribution of the TE00 mode is significantly different from that in the W region far from the mode hybridization zone. The significant change in mode field distribution in the mode hybridization zone makes neither the mode confinement nor the mode overlap become worse, which leads to a substantial change in the effective mode field area Aeff and mode overlap factor ζ and, hence, the normalized efficiency ηn, as shown in Figure 7 and Figure 8a. It is thus comprehensible that a minimum normalized nonlinear conversion efficiency ηn appears at a specific rib width W for a given rib height h.



We have also studied the inclination angle α effect on the conversion efficiency. Figure 10 shows the normalized efficiency ηn calculated as a function of rib width W in the range of 2.5–4.0 μm for four different inclination angles: α = 60°, 70°, 80° and 90°. The other parameters are H = 1 μm and h = 0.7 μm. As expected, the larger α, the higher the efficiency ηn. A 90° inclination angle allows for the maximum conversion efficiency to be obtained, as shown in Figure 10. We also note that both the minimum ηn value and its location change with α more obviously than with rib height h.




3.3. Thermal Tunability and QPM Bandwidth


It is essential to further study the thermal tunability and QPM bandwidth of the device studied. According to Equation (10), the quasi−phase matching condition is given by


   N p  (  λ p  , T ) /  λ p  −  N i  (  λ i  , T ) /  λ i  −  N s  (  λ s  , T ) /  λ s  −  1 Λ  = 0 ,  



(11)







The thermal tunability can be studied on the basis of Equation (11) and the law of energy conservation [27].


  1 /  λ p  = 1 /  λ i  + 1 /  λ s  ,  



(12)







From Equations (11) and (12), one can derive the expression for thermal sensitivity of the idler’s wavelength λi or angular frequency ωi, i.e., ∂λi/∂T or ∂ωi/∂T, which characterizes the thermal tunability of the idler wave.


    ∂  λ i    ∂ T   =  λ i 2      ∂  N p    ∂ T    1   λ p    −   ∂  N i    ∂ T    1   λ i    −   ∂  N s    ∂ T    1   λ s      (  N s  −  λ s    ∂  N s    ∂  λ s    ) − (  N i  −  λ i    ∂  N i    ∂  λ i    )   ,  



(13)






    ∂  ω i    ∂ T   =     ∂  N p    ∂ T    ω p  −   ∂  N i    ∂ T    ω i  −   ∂  N s    ∂ T    ω s    (   ∂  N i    ∂  ω i     ω i  +  N i  ) − (   ∂  N s    ∂  ω s     ω s  +  N s  )   ,  



(14)







Note that, in the derivation, the pump wavelength remains constant while the wavelengths of both signal and idler waves are variables.



Since an LNOI waveguide has a smaller cross-section geometry, a mode guided in it usually has significant waveguide dispersion. Group velocity dispersion should be considered. For the pump, signal and idler waves, their involved group mode indices, named Njg (j = s, i), are given by


   N  j g   =  N j  −  λ j    ∂  N j    ∂  λ j    =  N j  +  ω j    ∂  N j    ∂  ω j    = c /  υ  j g   ,  



(15)




where υjg (j = s, i) denotes the group velocity. Inserting Equation (15) into Equations (13) and (14), we have


    ∂  λ i    ∂ T   =  λ i 2      ∂  N p    ∂ T    1   λ p    −   ∂  N i    ∂ T    1   λ i    −   ∂  N s    ∂ T    1   λ s      c (  1   υ  s g     −  1   υ  i g     )   =  λ i 2      ∂  N p    ∂ T    1   λ p    −   ∂  N i    ∂ T    1   λ i    −   ∂  N s    ∂ T    1   λ s      c • G V M   ,  



(16)






    ∂  ω i    ∂ T   =     ∂  N p    ∂ T    ω p  −   ∂  N i    ∂ T    ω i  −   ∂  N s    ∂ T    ω s    c (  1   υ  i g     −  1   υ  s g     )   = −     ∂  N p    ∂ T    ω p  −   ∂  N i    ∂ T    ω i  −   ∂  N s    ∂ T    ω s    c • G V M   ,  



(17)




where   G V M =  1   υ  s g     −  1   υ  i g       reflects group velocity mismatch between the signal and idler waves. One can see from Equations (16) and (17) that the thermal sensitivity is determined mainly by the thermo-optic coefficient of the material, wavelengths or frequencies of the pump, signal and idler waves, as well as the GVM factor. For a given material and the given pump and signal waves, the tunability of the idler wave is controlled by the GVM.



For QPM bandwidth, we combine Equation (3) with Equation (10) and we obtain


  K = π L [  N p  (  λ p  , T ) /  λ p  −  N i  (  λ i  , T ) /  λ i  −  N s  (  λ s  , T ) /  λ s  −  1 Λ  ] ,  



(18)







In Equation (3), K equals ΔβL/2, then we differentiate both sides of Equation (3) using Equation (12), and we obtain


  Δ K = π L Δ  λ i  (     ∂  N i    ∂  λ i     λ i  −  N i     λ i 2    −     ∂  N s    ∂  λ s     λ s  −  N s     λ i 2    ) ,  



(19)







As for QPM bandwidth, the equation sinc(ΔK/2) = 1/2 needs to be ensured. In this article, the value of ΔK is approximated to π for ease of calculation, which is an approximation with a tiny error. Finally, we substitute Equation (15) into Equation (19), and the QPM bandwidth can be expressed as


  Δ λ =    λ 2      G V M   ⋅ c ⋅ L   ,  



(20)







The absolute value of GVM is used in Equation (20) because the bandwidth is always positive. Equation (20) shows that the QPM bandwidth also depends on the GVM, together with the length L of a periodically poled TF-LNOI. By making use of an optical waveguide with a smaller GVM, which can be obtained by optimizing the waveguide dimensions, not only a higher thermal tunability but also a larger QPM bandwidth are expected.



To understand the GVM effect on both thermal tunability and QPM bandwidth, at the wavelengths λp = 980 nm, λs = 1390 nm and λi = 3322.4 nm, we have simulated, firstly, the waveguide properties and, then, the nonlinear frequency conversion features of three periodically poled TF-LN-on-sapphire rib waveguides with different structural parameters, as follows:



WG#1: H = 1.0 μm, h = 0.70 μm, W = 2.8 μm, α = 78°, Λ = 7.68 μm, L = 4 mm;



WG#2: H = 0.9 μm, h = 0.60 μm, W = 2.3 μm, α = 78°, Λ = 6.90 μm, L = 4 mm;



WG#3: H = 0.7 μm, h = 0.35 μm, W = 3.7 μm, α = 78°, Λ = 6.71 μm, L = 4 mm.



These structural parameters are chosen on the basis of the resultant GVM values, as given below. The simulation on the waveguide properties gives, firstly, the dispersion relation and the derivative (with regard to the wavelength) of the mode index in the proximity of the signal and idler wavelengths; then, the group mode indices Njg (j = s, i); and finally, the GVM values of the three waveguide structures studied, i.e., GVM = 69.4, −160.8 and –320.4 fs/mm for WG#1, WG#2 and WG#3, respectively. According to Equation (3), we calculated the QPM curves of the studied three waveguide structures at two different temperatures of 20 and 60 °C. The calculated results are shown in Figure 11a–c. The black plot corresponds to the temperature at 20 °C and the red plot to that at 60 °C. For the WG1 waveguide, which has a positive GVM value 69.4 fs/mm, as the temperature is increased from 20 to 60 °C, the QPM peak blue-shifts from 3322.4 to 3234.5 nm, yielding an averaged thermal tunability of ∂λi/∂T = −2.2 nm/°C. However, for the WG#2 and WG#3 waveguides, both of which have negative GVM values of –160.8 and –320.4 fs/mm, respectively, the QPM peak red-shifts with a rise in temperature. As the temperature is increased from 20 to 60 °C, the QPM peak red-shifts by 95.1 and 31.9 nm, yielding an averaged thermal tunability of ∂λi/∂T = 2.4 and 0.8 nm/°C, respectively. On the other hand, we have also evaluated the thermal tunability of each waveguide by directly using Equation (16), and consistent results are obtained for each case, verifying the validity of Equation (16). This is also true for the QPM bandwidth. Figure 11d shows a comparison of the phase matching curves of three waveguides—WG#1, WG#2 and WG#3—at 20 °C.



The three curves are taken from Figure 11a–c. From the three curves, we have obtained the QPM bandwidths 145, 63 and 31 nm, respectively, consistent with the results evaluated from Equation (20): 133, 57 and 28 nm, respectively.



We can see that a DFG based on the WG#1 waveguide with H = 1.0 μm, h = 0.7 μm, W = 2.8 μm, α = 78°, Λ = 7.68 μm and L = 4 mm exhibits a higher thermal tunability and a larger QPM bandwidth than the other two, WG#2 and WG#3. It is essential to further study the efficiency and output power of the idler wave of the DFG device based on the WG#1 waveguide. In terms of the DFG based on the WG#1 waveguide, we have studied the wavelength dependence of normalized efficiency ηn, as well as temperature effects on both the efficiency ηDFG and output power Pi of the idler wave when Pp = 20 dBm and Ps = 11.5 dBm, which is the most common power for commercial lasers. The results are shown in Figure 12a–c. Similar to the feature observed in Figure 6, the normalized efficiency is wavelength-independent and decreases remarkably with an increased wavelength of the idler wave, as shown in Figure 12a. As the idler wavelength is increased from 3068 to 3648 nm, ηn decreases almost linearly from 284 to 174% W−1cm−2.



We can see from Figure 12b that the QPM peak blue-shifts from 3322.4 to 3104.8 nm as the temperature is increased from 20 to 120 °C, yielding an averaged thermal tunability of –2.2 nm/°C, consistent with the results obtained from Figure 11a. We can further see from Figure 12b that the higher the temperature, the larger the peaking ηDFG value. As the temperature goes from 20 to 120 °C, the peaking ηDFG value increases from 230 to 273.2% W−1cm−2 and increases by ~20%. In addition to the increase in ηDFG, operation at higher temperature also favors the suppression of detrimental photorefractive effects [31]. The output power Pi of the idler wave shows similar temperature effects. As shown in Figure 12c, the Pi peak blue-shifts and its peaking value increases slightly and almost linearly with a rise in operation temperature (the increase is by 0.8 dB as the temperature goes from 20 to 120 °C). The largest output power of the idler wave is similar to –2 dBm. Figure 12d shows the temperature tuning curve of the DFG device based on the WG#1 waveguide (note that the vertical axis is broken to more clearly show the change in the signal or idler wavelength with temperature). From the tuning curve, we obtain a temperature tunability similar to –2.2 nm/°C, consistent with the result given above.



Finally, we have also comparatively studied the DFG performance of the higher-order mode TE10 of the idler wave. The results show that the normalized efficiency degrades by two more times than the case of the TE00 fundamental mode because of the quite different field distributions in the TE00 and TE10 modes.




3.4. Discussion


The simulation results of the device have been contrasted with other mid-IR nonlinear devices in Table 1, focusing on nonlinear conversion efficiency and QPM bandwidth. Through a comparison, it can be seen that an APPLN (aperiodically poled lithium-niobate) structure and an OPO (optical parametric oscillator) structure can realize ultra-high bandwidth mid-infrared light sources, but its nonlinear conversion efficiency is much lower than that of a PPTFLN device. Compared with the device in Ref. [17] with the same structure, in this work, the waveguide dimensions are optimized for a small GVM factor and a high nonlinear conversion efficiency. Finally, a mid-infrared light source device that gives consideration to three important properties—nonlinear conversion efficiency, QPM bandwidth and thermal tunability—is realized, which provides a new general and easy-to-prepare strategy for the development of a mid-infrared light source.





4. Conclusions


(1) A complete theory valid for modeling a DFG based on a waveguide structure is given and verified based on consistency between the theoretical and previously reported experimental results. Explicit expressions are presented for nonlinear conversion efficiency, thermal tunability and quasi-phase matching (QPM) bandwidth.



(2) The nonlinear conversion efficiency is linearly proportional to the mode overlap factor and inversely proportional to the effective mode field area. The study shows that the mode overlap factor is hardly influenced, while the effective mode field area is considerably influenced by the waveguide geometry.



(3) This study also shows that mode hybridization causes an increase in the effective mode field area but a decrease in the mode overlap factor and, thereby, a decrease in the nonlinear conversion efficiency.



(4) It is shown that the matching wavelength can be tuned effectively by changing the temperature. The change in temperature also slightly modifies the nonlinear conversion efficiency.



(5) It is also shown that both thermal tunability and QPM bandwidth are inversely proportional to the GVM factor, which is associated with the waveguide geometry.



(6) Finally, an optimized mid-infrared DFG with H = 1.0 μm, h = 0.7 μm, W = 2.8 μm, α = 78°, Λ = 7.68 μm and L = 4 mm has been proposed. The optimized device has a higher nonlinear conversion efficiency of 230–273% W−1cm−2 in the temperature range of 20–120 °C; a larger temperature tunability of 2.2 nm/°C; a larger QPM bandwidth of ~130 nm; and a higher idler wave output power, as much as −2 dBm when Pp = 20 dBm and Ps = 11.5 dBm.
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Figure 1. Structural schematic of mid-IR QPM-DFG based on periodically poled TF-LN-on-sapphire rib-type waveguide: (a) cross-section and (b) 3D view. 
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Figure 2. Effective refractive indices neff of the TE00, TM00 and TE10 modes as a function of rib width W for three different rib heights: (a) h = 0.5 μm, (b) h = 0.7 μm and (c) h = 0.9 μm. 
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Figure 3. Effective refractive indices neff of the TE00, TM00 and TE10 modes as a function of rib width W for three different rib heights at two different wavelength: (a–c) h = 0.5, 0.7 and 0.9 μm for the pump light and (d–f) h = 0.5, 0.7 and 0.9 μm for the signal light. 
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Figure 4. Effective refractive indices neff of the TE00, TM00 and TE10 modes as a function of rib width W when the inclination angle (a) α = 60°, (b) α = 70°, (c) α = 80° and (d) α = 90°. The other input parameters are H = 1 μm, h = 0.7 μm and λ = 3.3 μm. 
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Figure 5. Confinement factor of the TE00 mode in the rib waveguide as a function of rib width W in the two cases where (a) rib height h = 0.5, 0.7 and 0.9 μm (the other parameters are α = 78.5°, H = 1 μm and λ = 3.3 μm) and (b) inclination angle α = 60°, 70°, 80° and 90° (the other input parameters are H = 1 μm, h = 0.7 μm and λ = 3.3 μm). 
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Figure 6. A comparison of the calculated (red balls) and experimental (black balls) results [17] of normalized nonlinear conversion efficiency ηn. 
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Figure 7. (a) Effective mode field area Aeff and (b) mode overlap factor ζ of pump, signal and idler TE00 waves calculated as a function of rib width W in the range of 2.4–4.0 μm for different rib heights h = 0.5, 0.7 and 0.9 μm. Other input parameters are H = 1 μm, α = 78° and λ = 3.3 μm. 
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Figure 8. (a) Normalized efficiency ηn calculated as a function of rib width W in the range of 2.4–4.0 μm for different rib heights h = 0.5, 0.7 and 0.9 μm. (b–d) Effective refractive indices neff of several lower-order pump modes as a function of rib width W in the case of rib height h = 0.5, 0.7 and 0.9 μm. Other input parameters are H = 1 μm, α = 78° and λ = 0.98 μm. 
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Figure 9. Evolution of two-dimensional distributions of electric field E and its two components Ex and Ey of the TE00 mode of the 980 nm pump wave with the rib width W in the range from 2.9 to 2.99 μm in the case of rib height h = 0.5 μm. 
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Figure 10. Normalized efficiency ηn calculated as a function of rib width W in the range of 2.5–4.0 μm for four different inclination angles: α = 60°, 70°, 80° and 90°. The other parameters are H = 1 μm and h = 0.7 μm. 
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Figure 11. Phase matching curves of three different periodically poled TF-LN-on-sapphire rib waveguides—(a) WG#1, (b) WG#2 and (c) WG#3—calculated at two different temperatures: T = 20 and 60 °C; (d) a comparison of phase matching curves of three waveguides—WG#1, WG#2 and WG#3—at 20 °C, which are taken from (a–c). 
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Figure 12. (a) Normalized efficiency ηn as a function of wavelength; (b) DFG efficiency ηDFG as a function of MIR wavelength at different temperatures ranging from 20 to 120 °C; (c) idler wave output power Pi as a function of MIR wavelength at different temperatures ranging from 20 to 120 °C when Pp = 20 dBm and Ps = 11.5 dBm; (d) temperature tuning curve of DFG device. 
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Table 1. Research on 3–4 μm mid-IR nonlinear devices.
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	Structure
	Nonlinear Conversion

Efficiency
	QPM

Bandwidth
	Ref.





	InGaAsP ridge waveguide
	2% W−1cm−2
	7 nm
	Ref. [32]



	MgO: PPLN crystal
	0.02% W−1cm−2
	1 nm
	Ref. [33]



	2 mm APPLN crystal
	22%

(Pump power: 9 GW/cm2

Signal power: 8 GW/cm2

Length: 4 mm)
	2700 nm
	Ref. [34]



	MgO: PPLN OPO
	11.6%

(Pump power: 2 W)
	122 nm
	Ref. [35]



	PPTFLN on sapphire
	200% W−1cm−2
	15 nm
	Ref. [17]



	PPTFLN on sapphire
	273% W−1cm−2
	130 nm
	This work
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