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Abstract

:

Metalenses can greatly reduce the complexity of imaging systems due to their small size and light weight and also provide a platform for the realization of multifunctional imaging devices. Achieving dynamic focus length tunability is highly important for metalens research. In this paper, based on single-crystal Ge and a new low-loss phase change material Ge2Sb2Se5 (GSSe), a tunable metalens formed by a double-layer metasurface composite was realized in the mid-infrared band. The first-layer metasurface formed by Ge nanopillars combines propagation and the geometric phase (equivalent to a half-wave plate function) to produce single- or multiple-polarization-dependent foci. The second-layer metasurface formed by GSSe nanopillars provides a tunable propagation phase, and the double-layer metalens can achieve the tunability of the focus length depending on the different crystalline fractions of GSSe. The focal length varies from 62.91 to 67.13 μm under right circularly polarized light incidence and from 33.84 to 36.66 μm under left circularly polarized light incidence. Despite the difference in the crystallographic fraction, the metalens’s focusing efficiency is maintained basically around 59% and 48% when zooming under RCP and LCP wave excitation. Meanwhile, the incident wave’s ellipticity can be changed to alter the relative intensity ratios of the bifocals from 0.03 to 4.26. This continuous varifocal metalens with adjustable intensity may have potential in practical applications such as optical tomography, multiple imaging, and systems of optical communication.
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1. Introduction


A metasurface, a man-made, two-dimensional material consisting of an array of subwavelength optical antennas of differently shaped structures, acts like a scalpel and can “prune” electromagnetic waves such as changing their phase, amplitude, and polarization [1,2,3,4]. In recent years, various ultra-thin optical devices such as focusing lenses [5,6,7,8,9,10,11], holographic plates [12,13], polarization converters [14,15,16], and vortex phase plates [17,18,19,20] have been realized based on metasurface wavefront shaping technology. A metalens, as a subclass of metasurfaces, is a planar optical device that converges and images by modulating the phase of incident electromagnetic waves. Compared with traditional lenses, it has a subwavelength thickness, is lightweight, has a simple structure, is low cost, has high production capacity, and can be widely used in consumer electronics, security monitoring, drones, in-vehicle systems, VR/AR, and other fields.



In previous studies, single-focus or double-focus lenses can focus the incident electromagnetic wave laterally or vertically at a fixed position, and the double-focus characteristic of double-focus lenses has important application value in the field of dual-pixel imaging [21,22] and dual-channel communication [23,24]. However, in recent years, people have tended to manufacture metalenses with a variable focus to meet various applications and needs rather than being limited to a fixed focus. As a result, various forms have emerged in the study of variable focus metalenses: mechanically stretching the substrate [25,26,27], adjusting the mutual angle between two chiral metasurfaces [28,29], driving the geometrical position between two separate metalenses [30,31], and exploiting a micro-electro-mechanical-system (MEMS)-integrated metasurface [32,33,34]. The disadvantage is that these zoom metalenses need to be mechanically stretched or moved to achieve the zooming function, and problems such as easy damage, serious mechanical wear, low yield, and a complex overall device structure may occur. While these problems could be alleviated by incorporating tunable or active materials into metalenses, including liquid crystals [35,36,37], graphene [38,39,40], and phase change materials [41,42,43,44,45]. the metalenses integrated with graphene or liquid crystal materials suffer from low refractive index change, as well as possible absorption loss, which make it difficult to achieve high transmittance and complete continuous zoom capability. At present, a metalens with continuous zooming has been realized in the near-infrared band based on Sb2S3, which achieves high focusing efficiency due to the low absorption of light by the phase change material itself [44]. In the mid-infrared band, based on the phase change materials Ge2Sb2Te5 (GST) and Ge2Sb2Se4Te1 (GSST), the focal position is different in the two states without continuous change. GSSe is a new broadband transparent phase change material, which not only has ultra-low loss and high cyclability in the mid-IR compared to GST and GSST, but also has a suitable refractive index contrast between the two states to achieve continuous focus movement [46,47].



In this paper, a reconfigurable metalens with continuous zooming and adjustable focus intensity is realized for the first time in the mid-infrared band (λ = 10 μm) with the help of phase change material GSSe. We simultaneously harness the propagation phase and geometric phase (Pancharatnam–Berry (PB)), where rectangular Ge nanopillars provide propagation and PB phase control and the second layer of GSSe meta-atoms provides a propagation phase control with phase distribution tunability through the crystalline fraction of GSSe. This bilayer dielectric metasurface-bound metalens proposed in this paper can generate two focal points under LP incidence, and the focus can vary from 33.84 and 62.91 μm to 36.66 and 67.13 μm when GSSe switches between amorphous and crystalline states. In addition, for multifocal lenses, the tunability of the focus relative intensity ratio is another important factor to consider. So far, there have been several ways to achieve this. The relative intensity ratio of the two focal points can be adjusted by varying the size of the unit dimensions [48], changing the crystalline fraction of the phase change material [49], and controlling the diversity of the incident beam helicity [50]. The bilayer metalens designed in this paper can utilize different crystalline fractions of phase change materials to achieve continuous zooming of the focus and can also control the intensity contrast of the bifocals by changing the phase difference between a pair of orthogonally polarized incident waves. We believe that such a functional metalens has the potential to be used in systems such as optical instruments, drones, and mobile phone lenses in the future, greatly simplifying the equipment.




2. Unit Structure and Principle of the Bilayer Metalens


To implement a continuous varifocal metalens in the mid-infrared wave band, we designed a two-layer metasurface architecture as its meta-atom unit cell structure, as shown in Figure 1a. The meta unit structures of the top and bottom layers are composed of GSSe cylindrical nanopillars (Figure 1b) and Ge rectangular nanopillars (Figure 1c). Such a structure in Figure 1a may be fabricated as follows: First, a layer of Ge elements with a thickness of h2 = 8 μm can be deposited on the MgF2 substrate by thermal evaporation coating systems and magnetron sputtering machines. The Ge layer is then patterned using an electron beam exposure machine, followed by a high-density plasma etching process and enclosed in an h3 = 9 μm-thick MgF2 layer. Finally, a similar method can be used to fabricate the GSSe layer of thickness h1 = 5.825 μm. The thickness of the substrate here is 4 μm. In particular, GSSe is a novel broadband transparent phase change material with a suitable refractive index contrast (Δn ≈ 0.32) and ultra-low extinction coefficient (k) in between the amorphous and crystalline states [46], providing a platform for designing a continuous varifocal lens. For the bottom layer material and substrate, Ge and MgF2 were chosen with refractive indexes of about 4.004 and 1.18. From the focusing demonstration, we can see that the metalens focuses the x-polarized incident waves at FR1 and FL1 when GSSe is crystalline (Figure 1d). The focal length can be adjusted to FR2 and FL2 by changing GSSe from crystalline to amorphous (Figure 1e). Furthermore, we can also extend the phase change material (PCM) intermediate state to achieve a continuous varifocal metalens.



To independently manipulate two orthogonal circular polarizations, the proposed metalens uses both geometric and propagation phases. The propagation phase is employed to impose a phase shift of β = 2πnd/λ on the transmitted waves, where λ is the wavelength of the incident light, d is the distance of light wave propagation in the homogeneous medium, and n is the refractive index of the medium. Differently, the bottom layer of the device, composed of rectangular nanopillars with different L and W, imposes the phase shift combination of both the propagation and geometric phase on incident light. The geometric phase is expressed as ΦPB = ±2θ, where θ is the angle of rotation of the nanofin with respect to the x-axis.



Theoretically, the following equation gives the necessary phase profile to concentrate an incident plane wave at a focal length:


   P i    x , y ,  F i    =   2 π  λ  (    x 2  +  y 2  +  F i    2    ) −  F i   



(1)




where Fi is the focal length and x and y represent the discretized spatial coordinates. The phase Pi might be the propagation phase, geometric phase, or a combination of both. In this work, for the unit structure Ge in which the optical axis forms an angle θ with the x-axis, R(θ) can be used to represent the rotation matrix of the rectangular coordinate system rotated counterclockwise by an angle θ [10]:


  R ( θ ) =       cos θ     sin θ       − sin θ     cos θ        



(2)







Therefore, its transmission matrix in the rectangular coordinate system should be expressed as:


   T  L P   = R ( θ )        t  x x      0     0     t  y y         R ( − θ ) =        t  x x     cos  2  θ +  t  y y     sin  2  θ     (  t  y y   −  t  x x   ) sin θ cos θ       (  t  y y   −  t  x x   ) sin θ cos θ      t  x x     sin  2  θ +  t  y y     cos  2  θ        



(3)




where txx denotes the polarization transmission coefficient in the x-direction when the direction of incidence of linearly polarized light is polarized along the x-axis, and the meaning of tyy can be understood in the same way. By superimposing two circularly polarized lights with opposing helices, LP waves can be created. However, when the metalens is illuminated by a single circularly polarized wave, the transmission matrix can be obtained as follows:


   T   ( θ )   c p   =  1 2         t  L L   +  t  R R       (  t  L L   −  t  R R   )  e  i 2 θ         (  t  L L   −  t  R R   )  e  − i 2 θ        t  L L   +  t  R R             



(4)




where tLL and tRR represent the complex transmission coefficients of the Ge nanopillars when the incident waves are LCP or RCP, respectively. Because we designed the Ge layer metasurface as a half-wave plate (HWP) such that tLL = −tRR, at this point, we can write tLL = ALLeiσLL, where σLL and ALL represent the phase and amplitude, respectively. Therefore, Equation (4) can be expressed simply as [44]:


   T   ( θ )   c p   =      0     A  L L    e  i (  σ  L L   + 2 θ )          A  L L    e  i (  σ  L L   − 2 θ )      0          



(5)







For a light source that is circularly polarized, the Ge unit rotated by an angle θ can provide a phase distribution equal to σLL ± 2θ. Meanwhile, it is worth noting that the phase shift of the electromagnetic wave passing through the first layer metasurface is superimposed on the phase shift of the electromagnetic wave passing through the second layer metasurface to form the overall phase distribution of the metalens [44,51], which provides a method for improving the freedom of optical design. Based on the above analysis, the 3D finite-difference time domain (FDTD) method was used to simulate the transport properties of the Ge and GSSe unit structures. Figure 2a,b show the cross-polarized (Tcross) and co-polarized (Tco) transmittance as a function of the Ge unit structures L and W under RCP incidence. We would like the Ge nanostructures to function as an HWP, for example to convert RCP to LCP. Therefore, we define the polarization conversion rate as PCR = Tcross/(Tcross + Tco). From Figure 2, we can clearly see that the transmission amplitude of cross-polarization (yellow area in Figure 2a) is high, while the transmission amplitude of co-polarization (dark blue area in Figure 2b) is very low under RCP excitation. Here, we chose eight Ge unit nanopillars of different sizes to meet the maximum PCR as much as possible, and these eight units (the eight nanofins are marked by red circles) can also achieve a propagation phase coverage close to 2π under RCP excitation, as shown in (c) of Figure 2. The transmission and phase shift of cylindrical GSSe nanopillars can be seen in (d) of Figure 2. We placed the Ge unit on the square lattice with a lattice constant of 2.5 μm for a periodic arrangement. Compared with other micro-/nano-structures, the sub-wavelength grating structure provides more possibilities for efficient and highly integrated beam manipulation.



To engineer the metalens with two distinct foci, we designed the Ge layer metasurface to exhibit different focal lengths for incident light with opposite helicity. Then, according to Equation (1), we can know that, when RCP and LCP incident light irradiates the Ge layer metasurface, the focused phase profiles are PR (x, y, FR) and PL (x, y, FL), respectively. FR and FL are the corresponding focal lengths. More specifically, a Jones matrix J(x,y) that concurrently fulfills J(x,y)|RCP〉 = eiPR(x,y,FR)|LCP〉 and J(x,y)|LCP〉 = eiPL(x,y,FL)|RCP〉 can be used to represent the Ge layer metasurface. The required Jones matrix form can be written as [52]:


  J ( x , y ) =          e  i  P L  ( x , y ,  F L  )   +  e  i  P R  ( x , y ,  F R  )    2        i  e  i  P L  ( x , y ,  F L  )   − i  e  i  P R  ( x , y ,  F R  )    2          i  e  i  P L  ( x , y ,  F L  )   − i  e  i  P R  ( x , y ,  F R  )    2        −  e  i  P R  ( x , y ,  F R  )   −  e  i  P L  ( x , y ,  F L  )    2         



(6)







Since the Ge unit structure rotated by an angle θ works as a half-wave plate, we can create a metasurface combining the propagation phase and geometric phase. Then, we define two Equations [10]:


    P R    x , y ,  F R    =  σ  L L   ( x , y ) + 2 θ ( x , y )    and    P L    x , y ,  F L    =  σ  L L   ( x , y ) − 2 θ ( x , y )   



(7)







Solving the two equations in Equation (7) leads to:


   σ  L L   ( x , y ) =    P R    x , y ,  F R    +  P L    x , y ,  F L     2   



(8)






  2 θ ( x , y ) =    P R    x , y ,  F R    −  P L    x , y ,  F L     2   



(9)







2θ(x,y) and σLL(x,y) represent the PB phase and propagation phase provided by the rotated rectangular Ge meta-atoms, respectively. This enables any spatial point on the metalens to contribute to incident light modification. Furthermore, the GSSe layer metasurface is unaffected by incoming light polarization and provides a phase profile PGSSe(x,y). Overall, it can be concluded that when the metalens is illuminated by RCP or LCP incident light, the final phase distribution has the following form [44]:


        P  L ( t o t a l )     x , y     =    σ  L L   ( x , y ) − 2 θ ( x , y )   +    P  G S S e     x , y     =    P L    x , y ,  F L      +    P  G S S e     x , y      P  R ( t o t a l )     x , y     =    σ  L L   ( x , y )   +   2 θ ( x , y )   +    P  G S S e     x , y     =    P R    x , y ,  F R      +    P  G S S e     x , y        



(10)







PR(total)(x,y) and PL(total)(x,y) in Equation (10) can also meet the focusing Formula (1), and numerical calculations show that the bilayer metalens’s focal length is nearly equal to the theoretical focal length (the focal length shifts less than 5%). Similar ultra-thin double-layer phase gradient metasurfaces can also pave the way for further research on high-performance achromatic metalenses [53].



Besides, we can easily adjust the intensity ratio of the focus without redrawing the metalens when the metalens longitudinally focuses x-polarized incident light into two focal points. The proposed focal intensity controllability performance is verified by numerical simulations in the later discussion of the results.




3. Results and Discussion


3.1. Polarization-Dependent Varifocal Metalens


To intuitively exhibit the varifocal characteristics, a bilayer metalens was numerically investigated with x-polarized, RCP and LCP incident light, and the transmission properties of the metalens can be calculated with the three-dimensional FDTD method. The simulated focusing performance of the polarization-dependent metalens is illustrated in Figure 3. When the metalens is vertically illuminated by the x-LP wave, as shown in Figure 3a, two foci simultaneously appear on the z-axis. Meanwhile, LP waves can be split into two oppositely polarized circularly polarized waves [44]. Figure 3b,c show that the metalens will independently generate a single focal point if illuminated by RCP and LCP alone. From the simulation results, it can be concluded that the focal lengths are approximately 67.13 and 36.66 μm, and the corresponding numerical apertures (NAs) of the metalens are 0.51 and 0.74 according to the calculation of the numerical aperture NA = sin[tan−1(D/2Fi)].



Similarly, when GSSe transitions from c-GSSe to a-GSSe, there are two new focal points generated under x-polarized light incidence, as shown in Figure 3d. Certainly, as can be seen from Figure 3e,f, the incident RCP or LCP light alone is also focused on new positions (62.91 μm and 33.84 μm), respectively, with the NAs of the metalens being 0.54 and 0.76. The green dashed and green solid curves represent the focused spot’s central location and the cross-section’s intensity distribution along the z-axis, respectively.




3.2. Polarization-Dependent Continuous Varifocal Metalens


Following the above analysis, we discuss only the crystalline and amorphous states of GSSe at specific wavelengths. Generally speaking, we can also consider the intermediate state of the phase change material GSSe, that is its partial crystalline state, so that a metalens with a continuously changing focal position can be achieved. The optical response of GSSe cylindrical nanopillars was simulated using the Lorentz–Lorenz relationship to characterize the dielectric constants of GSSe with various crystalline ratios:


     ε  e f f   ( λ ) − 1    ε  e f f   ( λ ) + 2   = m ×    ε  c − G S S e   ( λ ) − 1    ε  c − G S S e   ( λ ) + 2   + ( 1 − m ) ×    ε  a − G S S e   ( λ ) − 1    ε  a − G S S e   ( λ ) + 2    



(11)







The m in Equation (11) is the crystallization fraction of GSSe ranging from 1 to 0, and εc-GSSe(λ) and εa-GSSe(λ) approximate the dielectric constants of crystalline and amorphous GSSe scatterers, respectively. Then, we alter the crystalline fraction m of GSSe in the metalens, as indicated by the callout in Figure 4, m = 1(c-GSSe), m = 0.75, m = 0.5, m = 0.25, m = 0(a-GSSe). From Figure 4a,b, the phase shifts and transmission amplitudes with different crystalline fractions m as a function of the nanopillars’ radius can be seen. When we decrease the crystalline fraction m of GSSe; the phase shift also becomes smaller, but still maintains a high transmission amplitude to achieve a better focusing effect.



Next, from Figure 5a,b, we can see that both bifocals and monofocals can be well-focused on the x-z plane. The intensity distribution results of the bifocals are shown in Figure 5a under the excitation of x-LP. The appearance of these two focal points comes partly from the focusing of the RCP waves, and the rest comes from the focusing of the LCP waves. From the focus demonstration of the output electric field, it can be seen that the two foci move farther as the crystallization fraction m increases gradually. Figure 5b plots the intensity profiles of a single focus corresponding to the incidence of RCP and LCP waves. Certainly, the changing behavior of the focal length of the monofocal is consistent with the bifocal. The focal length increases with increasing crystallization fraction m, while NA decreases. The zoom range of the focal point under RCP and LCP light illumination is about 4.22 μm and 2.81 μm. We can also see from Figure 5c that the specific position changes of Focus 1 (RCP) and Focus 2 (LCP) and the full-width at half-maximum (FWHM) correspond to the focus. The focal lengths of both foci increase linearly with m. Figure 5d reveals the focusing efficiency corresponding to the focus of the continuous zoom metalens in Figure 5c. We define the focusing efficiency as the ratio of the sum of the light field intensity on the focal plane to the sum of the light field intensity of the transmitted beam on the metalens surface. Because the phase change material GSSe has low loss, the focusing efficiency is about 59% and 48% under the excitation of the RCP wave and LCP wave. Such a double-layer structure may also add more metasurface layers or change the dielectric thickness to achieve higher NA and larger focusing efficiency [54]. This enables the idea of the continuous zoom metalens to be validated in the mid-infrared, while the proposed polarization-dependent continuous varifocal metalens also has potential applications in biological and medical instruments, optical imaging systems, and compact optical devices.




3.3. Bifocal Metalens with Adjustable Intensity Ratios


For the design of the bifocal metalens, an important factor we need to consider is the intensity ratio at the focal points. We know that two orthogonally polarized beams can be superimposed into an elliptically polarized beam, and we can also decompose the LP waves into two oppositely directed RCP and LCP waves. More specifically, our designed metalens can well focus the RCP and LCP waves at FR1 and FL1 independently, and the intensity distribution of the focus on the x-z plane is shown in Figure 6a,b. The intensity profiles of the two foci in the x-y plane are shown in Figure 6c,d, corresponding to the FWHM in Figure 6e,f, where the value of FWHM reflects the size of the focal spot.



To demonstrate that the intensity ratio between the above two focal points can be modulated, we simulated the intensity contrast map of the two focal points in the far-field domain with FDTD software, as shown in Figure 7a. Here, we used Ex and Ey beams with equal amplitude; the directions of vibration are perpendicular to each other and a phase difference of δ as the total incident beam. Ex and Ey represent the components of the electromagnetic waves on the x- and y-axis, and δ = φx − φy represents the phase difference between the phase on the y-component and the phase on the x-component. When δ ˃ 0, it is defined as right-handed elliptically polarized light; otherwise, δ ˂ 0 means left-handed elliptically polarized light. The deeper meaning of judging the rotation of the incident beam is as follows: it is right-handed elliptically polarized light when the phase of the y-component is earlier than the x-phase component; when the y-component’s phase lags behind the x-component’s phase, we can think of it as left-handed elliptically polarized light. If δ = 0 corresponds to linearly polarized light, when δ = ±π/2, it corresponds to RCP and LCP light, and the light propagation direction is along the positive direction of the z-axis. Therefore, we flexibly adjust the ellipticity of the incident electromagnetic wave by changing the phase difference δ to achieve different focus intensity contrasts. Figure 7a shows the demonstration of the comparison of foci intensity at different phase differences δ, from which the intensity evolution of the two foci along the z-axis can be seen. From the simulation results, when δ gradually increases from −90° to 90° (the change interval is 30°, the electric field intensity distribution clearly shows that the intensity contrast of the two foci has changed. Then, from the intensity profile in Figure 7b, it is shown that the corresponding intensity contrasts at different δ are 0.03, 0.15, 0.45, 1.02,1.97,3.32, and 4.26.





4. Conclusions


In conclusion, we designed a phase-change-material (GSSe)-enabled mid-infrared reconfigurable bilayer metalens by simultaneously harnessing the propagation and geometric phase. Our numerical simulation results show that the proposed metalens could not only achieve continuous zooming, but also control the intensity ratio of the focus. The moving range of the focal length under the irradiation of RCP and LCP incident light is about 4.22 μm and 2.81 μm, and the intensity ratios of bifocals vary from about 0.03 to 4.26. The focusing efficiency can reach about 59% and 48% under RCP and LCP wave excitation. The design methodology employed in the double-layer structure may also be extended to multiple layers to achieve complex functions with more degrees of freedom with phase control, and the proposed bilayer metalens has great potential in imaging platforms, biomedical, optical tomography, and other fields.
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Figure 1. (a) The schematic diagram of the unit structure of the bilayer metalens. (b) Upper view of the GSSe unit nanopillar. (c) Upper view of the Ge rectangle unit nanopillar. The long and short axis of the Ge rectangle are L and W, and θ is the angle between the long axis and the horizontal direction. Artistic rendering of a bifocal varifocal metalens under X-LP wave excitations when GSSe is in the crystalline state (d) and the amorphous state (e). 
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Figure 2. Transmission of cross-polarization (a) and co-polarization (b) was simulated under RCP incidence. The eight Ge nanofins marked by the red circles we selected are equivalent to the function of HWPs. (c) The phase change and specific transmission amplitude under RCP polarization incidence for the eight Ge cells selected (8 units in (c) correspond to the unit structure size marked with numbers 1-8 in (a)). (d) The phase and amplitude of GSSe cylindrical cells with different radii under the excitation of RCP polarization. 
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Figure 3. The intensity of the simulated electric field under three distinct polarization excitations When the GSSe phase change material is in the crystalline (x−LP (a), RCP (b), and LCP (c)) and amorphous (x−LP (d), RCP (e), and LCP (f)) states. 
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Figure 4. The optical response of the GSSe cylindrical nanopillars with different crystallization fractions m. The phase shifts (a) and transmission amplitudes (b) of the GSSe nanopillars with crystalline fraction m from 1 to 0 as a function of the nanopillars’ radius. 
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Figure 5. Demonstration of electric field strength in the x−z plane under x-polarized light (a), right−handed circular and left−handed circular light incident (b) when the crystalline fraction m of GSSe varies from 0 to 1. (c) The focal length and FWHM of the metalens correspond to different m under the excitation of RCP and LCP. (d) The corresponding focusing efficiencies of the foci in (c). 
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Figure 6. Demonstration of the intensity of the simulated metalens in the x−z and x−y planes under RCP (a,c) and LCP (b,d) incident light, when the GSSe phase change material is crystalline. (e,f) The FWHM values corresponding to the focal spot in (c) and (d) are 680 nm and 640 nm. 
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Figure 7. (a) The relative electric field intensity profiles of two focal points in the x−z plane for the different phase difference δ. (b) Demonstration of intensity distribution at the longitudinal focal length. 
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