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Abstract： Metasurfaces in the long wave infrared （LWIR） spectrum hold great potential for applications in ther⁃
mal imaging， atmospheric remote sensing， and target identification， among others.  In this study， we designed 
and experimentally demonstrated a 4 mm size， all-silicon metasurface metalens with large depth of focus opera⁃
tional across a broadband range from 9 μm to 11. 5 μm.  The experimental results confirm effective focusing and 
imaging capabilities of the metalens in LWIR region， thus paving the way for practical LWIR applications of met⁃
alens technology.
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摘要：长波红外的超表面在热成像、大气遥感和目标识别等领域具有巨大的应用潜力。在这项研究中，我们

设计并实验展示了一种 4 mm 尺寸的全硅超表面透镜，其具有大焦深，可在 9 μm 至 11.5 μm范围内工作。实

验结果证实了超透镜在长波红外区域的有效聚焦和成像能力，为超透镜技术在长波红外领域的实际应用铺

平了道路。
关 键 词：长波红外；宽带工作；被动成像
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Introduction

Miniaturized and lightweight imaging systems are 
fast becoming integral to consumer electronics， industri⁃

al， medical， and automotive sectors［1］.  The optical lens， being the primary component of such systems， plays a crucial role in focusing light［2］.  The atmospheric window of 9-11. 5 μm is particularly significant due to the peak 
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of infrared radiation from room temperature object occur⁃ring at 10 μm， making this wavelength range vital for in⁃frared imaging and detection［3］.  However， traditional in⁃frared lenses tend to be bulky， intricate， and thus coun⁃terproductive to the portability and accessibility of long-wave infrared （LWIR） devices.  To correct chromatic ab⁃erration， these lenses need multiple lens groups， which inherently limits both the depth of focus（DOF） and imag⁃ing resolution.  It also impedes its broadband perfor⁃mance and actual imaging ability［4］.Metasurfaces， artificially arranged nanostructures with sub-wavelength patterned layers［5， 6］， have birthed a powerful new platform for light manipulation - the metal⁃ens.  These metasurfaces control light characteristics such as amplitude， polarization， and phase ［7-9］， enabling metalenses to potentially resolve these issues and thereby streamline numerous infrared applications.  This results in thinner［10］ ， easier-to-align and package lenses ［11］， which in turn fosters a broad range of high-volume appli⁃cations［12］.  Metalenses have been widely reported for use in polarization regulation［13］， beam shaping ［14］， holo⁃graphic imaging［15］， molecular fingerprint detection［16］， integrated quantum devices［17］ and more［18］.  Yet， the ma⁃jority of these studies focus on the visible ［7， 19-25］ and near-infrared［26-29］ ranges， with mid-infrared and far-infrared metalenses still in their nascent stages of develop⁃ment ［2， 30， 31］.Contrary to the short-wave range， LWIR requires higher imaging tolerances due to its all-weather applica⁃bility in military and security sectors， necessitating a larger DOF ［32-36］.  However， no reported metalenses can function wideband in the LWIR spectrum with an large DOF， due to inherent large dispersion， requiring specif⁃ic wavelength light sources for active imaging［37， 38］.  Lens⁃es with larger DOF are more practical for real-world ap⁃plications［32， 33］ and can gather more object information and exhibit superior performance in broadband applica⁃tion scenarios， while increasing the DOF of a metalens typically sacrifices resolution［39， 40］.  The reported method⁃ologies that ostensibly realize expanded depth of focus in⁃clude Fresnel lens arrays （FLAs）， axial lenses （AXLs） and light sword optical elements （LSOEs）［41， 42］.Given the diverse and com plex requirements of long-wave infrared metalenses， including collecting more light for imaging， expanding the size of the metalens be⁃comes essential［3］.  However， most currently reported metalenses are relatively small and have short focal lengths［29］ due to the complex design ［6］ and manufactur⁃ing precision required for larger sizes and longer focal lengths.  These limitations necessitate the use of high-cost electron beam lithography for fabrication ［1，43］.  Fur⁃ther research has not been conducted on the potential wideband capabilities of existing LWIR metalenses［44］.  The reported designs of large-scale metalenses have not considered their imaging tolerance［4， 45］.  Our research ad⁃dresses these challenges and contributes to the develop⁃ment of long-wave infrared metalenses with large DOF and broad band operation.In the present study， we introduce a metalens with 

extensive DOF for LWIR focusing.  Such a metalens is designed based on propagation phase modulation with sil⁃icon and can be realized through a straightforward single-step UV lithography process， which is capable of per⁃forming in the 9- 11. 5 μm wavelength range.
1 Design

The design of the unit cell must balance the high re⁃fractive index and low absorption of the material in use.  Many of the cells employed in recent work are complex media， reducing their process compatibility.  Our solu⁃tion to these challenges is a silicon cylinder structure re⁃lying on propagation phase modulation.  As illustrated in Fig.  1（a）， the metalens is composed of circular silicon nanopillars arranged in a square lattice.  The cell period 
P and cylinder height h are 6 μm， with cylinder radius R ranges from 1 μm to 2. 5 μm.

Simulations performed using finite-difference time-domain （FDTD） methods demonstrate that the propaga⁃tion phase can be adjusted by modifying the radius of the subwavelength meta-atoms.  The propagation phase ver⁃sus radius is displayed in Fig.  1（b）.  The silicon nanopil⁃lars showcase respectable transmission in the LWIR （9-11. 5μm） region， as evidenced in Fig.  1（c）.  The combi⁃nation of low loss from the dielectric and an adept struc⁃tural design allows for a superior overall transmittance at 10. 5 μm.  Fig.  1（d） illustrates the electric field distribu⁃tion |E| of the silicon nanopillars with a diameter of 2 μm at wavelengths of 9-11. 5 μm.  The strong optical energy confinement within the nanopillar implies that wavefront manipulation using meta-atoms is a localized effect.  This capacity for wavefront regulation is achieved through the phase accumulation of the electric field within the silicon column， although it decreases when the operating wave⁃length is shifted， still maintains sufficient adjustment po⁃tential.The ideal phase distribution φ ( x，y ) of a metalens 

Fig. 1　The meta-atoms of metalens： （a） schematic diagram of 
designed meta-atoms； （b） the relationship between propagation 
phase and radius of meta-atoms in LWIR； （c） the transmission 
spectrum of meta-atoms in LWIR； （d） the electric field distribu‐
tion of meta-atoms at wavelength of 9-11. 5 μm
图 1　超透镜的超表面单元：（a）设计的超表面单元示意图；（b）
长波红外中超表面单元的传输相位与半径的关系；（c）长波红
外中超表面单元的透射谱；（d） 9~11. 5 μm 波段内超表面单元
的电场分布
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can be expressed as Eq.  （1） ［46］：

φ ( x,y,λ) = 2π
λ ( f - f 2 + x2 + y2 ) , (1)

here， （x， y） denotes the spatial coordinates of the unit structure， λ represents the free space wavelength， and f is the focal length of the metalens.  It can be understood from this equation that with the same radial distance and wavelength， a higher focal length results in a smaller geo⁃metric phase difference.  This implies a higher require⁃ment for phase regulation accuracy， substantially increas⁃ing the fabrication complexity.For the metalens to have sufficient phase control ca⁃pability and focusing efficiency， it's necessary that the metalens' meta-atoms can cover a phase of 2π， and that each meta-atom exhibits high transmittance.  Based on the optical response results displayed in Fig.  1（b-c）， we select the optimal structure as the phase cell library.  We employ interpolation between transmittance phase and size to choose the meta-atoms， aiming to enhance the fo⁃cusing performance［4］.  Fig.  S1 demonstrates the arrange⁃ment of our metalens units in a checkerboard layout， while Fig.  S2 displays the phase distribution along the metalens radius.The DOF of a lens can be generally expressed as per Eq.  （2） ［47］：

DOF = λ

1 - 1 - NA2
, (2)

where NA = sin［arctan（D/（2f））］， and D is incident ap⁃erture.  To augment the DOF of the metalens， one can ei⁃ther reduce the incident aperture or increase the focal length.  However， reducing the incident aperture will compromise the metalens resolution， while a significant⁃ly larger focal length will enlarge the entire optical sys⁃tem.  Therefore， continuous optimization is required to select the appropriate incident aperture and focal length.  According to Huygens' principle， the phase gradient over the surface of a metalens determines the propagation direction of the transmitted light［48］.  We can manipulate the structural parameters of the meta-atom to subsequent⁃ly alter its phase accumulation.  By modifying the design of the metalens， it is feasible to induce more or less phase accumulation in some meta-atoms， facilitating the lengthwise broadening of focal spots.  This configuration can be fabricated via a selective area etching effect.We first designed a metalens structure with a central wavelength of 10. 5 μm using the outlined method.  Simu⁃lation results confirmed a commendable focusing effect and substantial DOF within the broadband range of 9-11. 5 μm.  Fig.  2（a-c） display the focusing impact of the metalens at wavelengths of 9 μm， 10 μm， and 10. 5 μm.  Correspondingly， the FWHM at these different wavelengths are 16. 5， 16. 3， 16. 2 μm， respectively.  The NA and focal length are 0. 442， 0. 445， 0. 447 and 1. 15 mm， 1. 05 mm， 1 mm， respectively， correspond⁃ing to the DOF of 131， 126， 124 μm.  Additionally， the metalens， due to its substantial DOF， enables a focus with minimal chromatic aberration at a specific position.  This is due to the large overlapping area of the focal spot at varying wavelengths.

Next， we studied the focusing deviation of the metal⁃ens during broadband operation.  Fig.  2（d-f） compare the ideal phase distribution with the actual phase distri⁃bution of the designed metalens structure at wavelengths of 9 μm， 10 μm， and 10. 5 μm.  As the deviation be⁃tween the actual operating wavelength and the theoretical design center wavelength increases from 0 to 1. 5 μm， the propagation phase error of the meta-atoms also esca⁃lates.  We computed the propagation phase error levels for all meta-atoms of the metalens operating at different wavelengths and quantified the percentage of each ele⁃ment with varying error sizes， as depicted in Fig.  S3（in 
supplemental document）.  The maximum phase differ⁃ence was observed to be 15%， signifying that the disper⁃sion effect is minimal and broadband operation is feasi⁃ble.  We obtained similar results for 11 μm and 11. 5 μm in Fig.  S4（in supplemental document）， also with mini⁃mal phase error levels.
2 Experiment

To enhance the practical application performance of the metalens， we designed a 4 mm diameter metalens with focal length of 4 mm and central wavelength of 10. 5 μm.  Fig.  4（b） presents the simulated focusing ef⁃fect of the cross section of the focal spot at the focal plane， with FWHM of 11. 6 μm and focusing efficiency value of 45. 9%.Subsequently， we fabricated the metalens via photo⁃lithography.  The fabrication process involved direct utili⁃zation of pure silicon wafer to create samples with a sub⁃strate thickness of 625 μm.  The process commenced with transferring the pattern from the mask plate onto the photoresist using ultraviolet lithography.  This was fol⁃

Fig. 2　The simulation results of metalens in 1 mm diameter： （a-
c） simulated focusing effect at the operating wavelength of the 9， 
10 and 10. 5 μm for a metalens with a central wavelength of 10. 5 
μm； （d-f） comparison of the surface phase distribution of the 
metalens at 9， 10 and 10. 5 μm.  The dot plots are the theoretical 
surface phase distribution of the metalens with different operating 
wavelengths， and the error bar shows the deviation of the actual 
phase distribution
图 2　直径为 1 mm 的超透镜的模拟结果：（a-c）模拟的中心波
长为 10. 5 μm 的超透镜在 9、10 和 10. 5 μm 工作波长下的聚焦
效果；（d-f） 9、10 和 10. 5 µm 处超透镜的表面相位分布比较。
点阵图为不同工作波长下超透镜的理论表面相位分布，误差条
为超透镜实际相位分布的偏差
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lowed by applying a chromium layer on the sample sur⁃face through magnetron sputtering.  Afterward， we em⁃ployed the lift-off process to wash off the photoresist， leaving behind the chromium pattern.  Inductively cou⁃pled plasma （ICP） etching technology was used to create the metasurface and removed the remaining chromium us⁃ing ceric ammonium nitrate.  This process notably re⁃duced the production budget and complexity as it em⁃ployed only one-step UV lithography and ICP etching in⁃stead of low-temperature deep silicon etching.  The pro⁃cess flow diagram is shown in Fig.  3（a）.  Figure 3（b-d） present photographs of the metalens sample we fabricat⁃ed， along with SEM and microscopic images of its compo⁃nents.  Figure 3（b） demonstrates the high verticality of the cylinder.  The SEM images reveal that the processed patterns have an excellent morphology that meets the de⁃sign requirements.  The maximum aspect ratio of the structure was observed to be 3， indicating the high ro⁃bustness of the nanostructures.  We discovered during the experiment that increasing the etching depth appropriate⁃ly can also amplify phase accumulation in the unit struc⁃ture.  This， in turn， broadens the focusing spot along the longitudinal direction， thereby increasing the DOF， rele⁃vant details are presented in Fig.  S10（in supplemental 
document）.To validate the focusing effect and practical applica⁃tion capability of our metalens， we designed and conduct⁃ed a series of test experiments.  The experimental setup， as shown in Fig.  4（a）， utilized a carbon dioxide laser as the light source with a wavelength of 10. 55 μm.  The spot pattern before passing through the lens group is de⁃picted in Fig.  S5（in supplemental document）.  The imag⁃ing equipment was composed of a 40× reflective micro⁃scope objective （Thorlabs， LMM-40X-P01）， achromatic doublet infrared lenses （Thorlabs， AC254-100-E）， and an uncooled thermal imaging camera （Xenics Gobi+ 640）.  This equipment was used to capture intensity im⁃

ages and assess the focusing performance of the metal⁃ens.  A motorized stage assembly moved along the longitu⁃dinal direction （z axis） in 2. 5 μm steps for the measure⁃ments.  The reference position， i.  e. ， the device plane 
（z = 0）， was set when the camera can clearly capture the image of the samples.  Fig.  S6（in supplemental docu⁃
ment） displays the shot of the optical path.  Through the motorized stage， we measured the focal length of the met⁃alens to be 4. 05 mm， which agrees well with the de⁃signed result.  Fig.  4（c） shows the cross-section of the spot at the focal plane， and Fig.  4（b） presents the focal spot image of the metalens simulated by FDTD for com⁃parison.  Tests on the focused spot， as shown in Fig.  4
（d）， revealed a nearly diffraction-limited FWHM of 12. 6 μm.  Additionally， measured Strehl ratios of the metalens is 84. 1%.Focusing efficiency is defined as the ratio of integrat⁃ed power within the circle having radius 1. 5 × FWHM to the incident power on the metalens［49］.  The focusing effi⁃ciency value for the metalens is 41. 8%.  When compar⁃ing the experimental performance with the simulation and theoretical performance， slight deviations from the simu⁃lation results were observed.  These data were accurately computed with the aid of a Gaussian fitting function， with the focal spot after Gaussian fitting presented in Fig.  S7
（in supplemental document）.  The deviations were attrib⁃uted to discrepancies between the experimental light source and the simulated light source.  In the DOF mea⁃surement， the DOF was defined as the axial distance when the maximum FWHM of the focusing spot is re⁃duced to half.  The measured DOF was approximately 11 times of the focus wavelength.  Detailed results are pro⁃vided in Fig.  4（e）.

Fig. 3　The fabrication of metalens：（a） fabrication process flow 
diagram of the metalens； （b） local view of the fabricated metal‐
ens； （c） photograph of the fabricated metalens； （d） full view of 
the surface of the metalens
图 3　超透镜的制作：（a）超透镜的制备工艺流程图；（b）制备的
超透镜的局部图；（c）制备的超透镜的照片；（d）超透镜表面全貌

Fig. 4　Focusing performance test of the fabricated LWIR metal‐
ens：（a） index path of experiment； （b） simulation intensity of 
the focal plane； （c） measured power intensity across the focal 
plane； （d） intensity fitting of the focal spot.  The original data 
are taken from （c）；（e） image of the focal spot along the axis of 
the metalens
图 4　制备的LWIR超透镜聚焦性能测试：（a）实验光路图；（b）
模拟的焦平面电场分布；（c）实测的焦平面光强；（d）焦斑的归
一化强度拟合，原始数据取自（c）；（e）沿超透镜轴线拍摄的焦
点图像
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Subsequently， we used the metalens for passive im⁃aging.  The experimental setup involved removing the lens of the traditional infrared camera and replacing it with our metalens.  The distance between the metalens and the detector plane was adjusted， and the camera's signal was directly input into the computer for reading.  The optical path diagram of the imaging experiment is given in Fig.  S8（in supplemental document）.  We tested different targets （at the same distance） and observed good results.  Fig.  5 （a-d） illustrate the infrared imaging effects of a monitor， face， palm， and candle.  The cam⁃era was able to clearly capture the swinging palm and shaking individuals at 1 m distance.  Owing to the large DOF， we can observe clear images even when the target was moved forward or backward over a large range of 0. 4 m without refocusing.  The results are presented in Fig.  S9（in supplemental document）.
3 Conclusions

Our successful implementation of the infrared imag⁃ing experiment demonstrates the versatility of our design.  As these metalens are made of pure silicon， they are com⁃patible with the complementary metal-oxide semiconduc⁃tor （CMOS） platform and additional devices.  This com⁃patibility simplifies the building of the light path， mak⁃ing system miniaturization achievable.In conclusion， this letter presents the design and fabrication of a metalens structure with a substantial DOF and broad band operation.  We have demonstrated the LWIR focusing capability of an all-silicon metalens through using the thermal infrared spontaneous broad⁃band radiation of the target to achieve passive imaging ex⁃periments.  This research opens up numerous possibili⁃ties for various applications such as low-visibility imag⁃

ing， robot guiding systems， and portable military detec⁃tion etc.  We are confident that the 9-11. 5 μm metalens can be successfully integrated into optical systems， there⁃by paving the way for extensive applications in infrared imaging.
Supplemental document　Supplement materials and experimental details can be obtained by email from the authors.
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