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High-efficiency chiral meta-lens
Benedikt Groever  , Noah A. Rubin, J. P. Balthasar Mueller, Robert C. Devlin & Federico Capasso

We present here a compact metasurface lens element that enables simultaneous and spatially 
separated imaging of light of opposite circular polarization states. The design overcomes a limitation of 
previous chiral lenses reliant on the traditional geometric phase approach by allowing for independent 
focusing of both circular polarizations without a 50% efficiency trade-off. We demonstrate circular 
polarization-dependent imaging at visible wavelengths with polarization contrast greater than 20dB 
and efficiencies as high as 70%.

Polarization, a fundamental characteristic of electromagnetic radiation, is manifest in almost all optical phe-
nomena, from re�ection and transmission at an interface, scattering by small particles, and the physics of atomic 
transitions1. Polarization-dependent e�ects are also manifest in many areas of optical technology, notably in 
polarization-resolved imaging2. Here it has attracted signi�cant interest, as polarization-sensitivity provides con-
trast enhancement. �is has found application in remote-sensing2–4, atmospheric science4–6, medicine5–9, and 
biological imaging10–13. Circular polarization states are of particular interest – acquisition of the circular compo-
nent of light’s polarization may not be accomplished with simple linear polarizers alone, and thus represents the 
most challenging aspect of polarization measurement. Moreover, circular polarizations are of particular interest 
because of their interaction with the chiral structures abundant in biochemistry, and hold a certain fundamental 
signi�cance in physics.

One substantial drawback of polarization imaging, and polarization optics generally, is that it typically requires 
relatively complex optical trains, consisting of multiple beam splitters, linear polarizers, and birefringent crystal 
waveplates (in order to obtain information about the circular polarization content of the light)2. In this realm, 
metasurfaces represent an important new opportunity, enabling the combination of multiple optical elements into 
a single component. �e dimensions of the individual phase-shi�ing elements composing a metasurface may be 
adjusted, allowing for exquisite control over the phase imparted on orthogonal linear polarizations. �is aspect 
enables the design of metasurfaces which may act in a polarization-dependent fashion. Moreover, metasurfaces 
are also extremely compact, consisting of �at, sub-wavelength arrays of microscopic phase elements14–17, and may 
be fabricated in a variety of material platforms depending on the wavelength regime of interest.

In recent years, metasurfaces and di�ractive optics utilizing the so-called geometric phase have emerged as 
novel optical elements for addressing circular polarization states18–20. In the most common geometric phase-based 
scheme, a birefringent element (i.e., a half-wave plate) rotated at some angle θ causes le�- and right-hand circu-
larly polarized light to acquire equal and opposite phase shi�s φLCP = +2θ and φRCP = −2θ, respectively, upon 
interaction with the phase-shi�er21–23. In this way, any desired phase pro�le may be imparted on one circular 
polarization state; however, since the phase shi�s are always equal and opposite, only one of the circular polariza-
tion states may be independently controlled with such a scheme.

�is has some interesting and notable consequences. For example, if φLCP(x,y) is a converging lens phase 
pro�le, φRCP(x,y) is constrained to act as a diverging lens. �is results in a 50% e�ciency loss in any geometric 
phase device aimed at independently imaging both circular polarizations, even if two appropriate geometric 
phase designs are interlaced10,24. Moreover, the unfocused light forms an undesired background, lowering the 
signal-to-noise ratio of any circular polarization-discriminating measurement or image. Despite the advantage of 
geometric phase optical elements (such as ease of fabrication and simplicity), these e�ects threaten to limit their 
ultimate usefulness.

In the present work, we demonstrate a metasurface lens focusing each circular polarization at di�erent angles 
without the above-mentioned tradeo� (Fig. 1a). Figure 1b illustrates the merit of this approach. An o�-axis lens is 
analogous to a superposition of the phase pro�les of a lens and a wedge. If this phase pro�le is implemented using 
the geometric phase (le�), one circular polarization will be focused o�-axis, but when its handedness is reversed, 
the lens phase pro�le will act like a diverging lens and the slope of the wedge phase pro�le will change sign. Using 
the approach presented here, an o�-axis lens may be designed truly focusing light to two o�-axis positions, that 
is, by �ipping the wedge without changing the lens from converging to diverging (right).
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Our solution relies on a recently established general approach to metasurface polarization optics that does not 
rely on the geometric phase alone: by using a combination of geometric and propagation phases in tandem it is 
possible to impart fully arbitrary and independent phase pro�les on the two orthogonal polarizations states25,26, 
including the two circular polarization states. �is overcomes the symmetry constraint of geometric phase lenses, 
and a chiral lens that focusses the two polarizations in separate locations may be readily designed (Fig. 1a).
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In the case of metasurfaces, a birefringent phase shi�ing element implementing J must be found. J’s eigenvec-
tors specify the angular orientation of the required element. �e phases of its eigenvectors specify the phase shi�s 
required for linear polarized light along its symmetry axes. �e phase shi� for linear polarization along each sym-
metry axis can be controlled through the geometric dimensions of each element. Geometries best matching these 
required phase shi�s may be drawn from a library of known elements with roughly equal, high transmissivity. 
�e above method can be understood as a uni�cation of the propagation and geometric phases in a single element 
such that two independent lens pro�les can be imparted. Previous designs relied on multiplexing10,24.

For the present chiral meta-lens, the two orthogonal polarization states are given by λ
→

= i(1, )RCP
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. We desire to focus opposite circular polarizations to two points with equal focal lengths but 

equal and opposite angular displacements from the optic axis. In general, the location of the RCP and LCP foci 
could be fully arbitrary. �e phase pro�les for each polarization (Supp. Note 1) are then given by:
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Here, f denotes the desired focal length, θ denotes the o�-axis angle of the lens, λ0 is the design (free-space) 
wavelength, and x and y are Cartesian spatial coordinates of the lens. �ese phase pro�les can be understood as 
a hyperbolic lens phase pro�le merged with an equal and opposite gradient term for RCP and LCP (Fig. 1b, and 
Supp. Note 2).

In this work, we implement the above design using rectangular-shaped pillar elements, fabricated in TiO2. 
Neither choice is fundamental: in principle, any phase shi�er geometry with two perpendicular mirror symmetry 
axes could su�ce. TiO2 was chosen to target the ubiquitous visible range where TiO2 has low losses and high 
index, though given a proper material platform these concepts apply at any frequency.

In choosing element parameters, we draw from an FDTD-simulated library of pillars with dimensions in 
x and y ranging between 50 and 250 nm, with a height �xed at 600 nm. �e variation in the dimension from 
50 to 250 nm provided the full phase coverage from 0 to 2π for both linear polarizations simultaneously. �e 
pillars, fabricated on a 500-thick SiO2 substrate with a previously-reported fabrication process27, had a 350 nm 

Figure 1. Chiral meta-lens principle. (a) Illuminated with LCP or RCP light, the meta-lens focuses an RCP - 
LCP image on two di�erent positions. (b) Analogy demonstrating fundamental design di�erences with respect 
to previous chiral-lenses. A geometric phase lens designed for RCP has an equal and opposite phase pro�le 
for LCP. It focuses RCP to the right and defocus LCP to the le�, here in analogy represented with a refractive 
lens and a wedge. �e combined approach (propagation & geometric phase) allows focusing of LCP and RCP 
independently from each other.
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nearest-neighbor separation on a hexagonal lattice. �e lens is designed for λ0 = 532 nm, with f = 18 mm and 
θ = 8°. �e diameter of the meta-lens as-fabricated is 1.8 mm, yielding a numerical aperture (NA) of 0.05. At such 
low NA, the imaging system does not need to be designed for a speci�c image and object distance but can still 
focus di�raction-limited28. Electron micrographs of the fabricated chiral meta-lens are shown in Fig. 2a,b.

Characterization
In a �rst measurement, we sought to characterize the chiral imaging capabilities of the chiral meta-lens. A 1951 
USAF resolution test chart is illuminated by a �ber-coupled super-continuum laser source whose wavelength 
can be varied throughout the visible range. Additionally, as depicted in Fig. 2c, the light passes through a linear 
polarizer (LP) and a broadband quarter-wave plate (QWP) before reaching the resolution target, allowing the 
incident polarization to be varied.

�e images produced by the metasurface lens under di�erent circular polarizations are shown in Fig. 3a. For 
linearly polarized light an equally bright image would appear on both detectors since it contains an equal propor-
tion of LCP and RCP. �e smallest bars in group 5 have a spacing and width of 8.77 which is larger than the dif-
fraction limit of the chiral meta-lens: λ=d NA/20  = 5 µm. Due to the smaller size of the bars on the resolution 
test chart, the intensity contrast is lower. �e spatial resolution along the x-axis is more sensitive to chromatic 
aberrations than the spatial resolution along the y-axis due to the grating term ±2x f sinθ in the phase pro�le. �is 
e�ect can be seen in the di�erent sharpness between the horizontal and vertical bars in the image, because of the 
bandwidth of the super-continuum laser (10 nm).

In a second measurement, we characterized the LCP - RCP focusing e�ciency for di�erent polarizations. For 
this measurement the resolution test target in setup Fig. 2b was removed, and optical power meters were placed 
at the LCP and RCP foci. �e incident polarization is changed by rotating the QWP. �e LCP - RCP focusing e�-
ciency, ILCP − IRCP, which is de�ned as the ratio of the intensity in the respective focal spot over the incident inten-
sity across the aperture of the meta-lens, was measured for various QWP angles. �e QWP angle, θ, is de�ned 
as the angle between the incident linear polarization set by the polarizer and the QW plate fast axis, θ = 0°. Light 
incident on the chiral meta-lens is linearly polarized with vertical orientation and then focused as two beams of 
opposite CP and equal intensity. As |θ| increases from 0° to 45° the incident beam is elliptically polarized with 
varying ratios of LCP and RCP amplitudes, leading to di�erent measured intensities by the two detectors, shown 
in Fig. 3b.

�e RCP and LCP focusing e�ciency have the expected sinusoidal form with a maximum of 70%. �is is sig-
ni�cantly higher than the fundamental 50% e�ciency trade-o� imposed by geometric phase designs. Meta-lenses 
based on the geometric phase, in contrast, have been reported at a maximum focusing e�ciency of 24%, owing to 

Figure 2. Device and measurement setup. (a) Top-side view of the SEM micrograph picture at the edge of the 
metasurface lens. Scale bar: 1 (b) Top-view SEM micrograph picture close to the center of the chiral meta-lens. 
Scale bar: 1 (c) �e 1951 USAF resolution test chart illuminated with a supercontinuum laser. �e polarization 
is controlled with a linear polarizer LP and a quarter-wave plate QWP. �e sample focuses the LCP and RCP 
image of the resolution test chart on detector.
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fundamental limits and practical constraints10. �e transmission e�ciency, Itrans, de�ned as transmitted intensity 
through the meta-lens over the incident intensity across the aperture of the meta-lens, was measured by bring-
ing the power meter close to the meta-lens, so that all the di�raction orders were captured. �e transmission 
e�ciency is approximately 80% and polarization invariant. �e coupling into the 0th order is also polarization 
insensitive and stays around 10% (Supp. Note 3). It originates from the discretization of the phase pro�le29 and 
fabrication imperfections that a�ect transmission and phase.

�ough the lens is designed for a single wavelength, its imaging capabilities are relatively broadband (Supp. 
Note 4). We observe that the LCP focusing e�ciency (shown in Fig. 4a) and the RCP focusing e�ciency (Supp. 
Note 5) peak at 500 nm. We believe this o�set from the design wavelength (532 nm) can be explained through 
fabrication imperfections in width, length and height of the nanopillars.

�e polarization contrast, shown in Fig. 4b, is de�ned as the intensity ratio in the RCP focal spot with RCP 
illumination over the intensity with LCP illumination lies within 15 to 20 dB, and similarly for the polarization 
contrast of LCP, limited by the detection of our photodetector.

Conclusion
We have presented the design and realization of a chiral meta-lens that can simultaneously and separately image 
both circular polarizations of a scene without su�ering from the e�ciency trade-o� of geometric phase lenses. 

Figure 3. Device Performance. (a) RCP and LCP images taken of the 1951 USAF resolution test chart with the chiral 
meta-lens for RCP and LCP illumination at 500 nm. Scale bar: 180. In group 4 the bars have a spacing and width 
ranging from 31.25 to 17.54, in group 5 from 15.63 to 8.77. (b) Focusing e�ciency for RCP (IRCP), LCP (ILCP)  
and transmission e�ciency (Itrans) at di�erent quarter wave plate (QWP) angles for 500 nm illumination. �e 
transmission e�ciency through the chiral meta-lens is about 80% from which LCP and RCP have a combined 
focusing e�ciency of 70%. Most of the remaining light couples to the 0th order while higher orders can be neglected. 
�e data for LCP and RCP focusing e�ciency is �tted with: θ= . − . − . + .I 0 3377 sin( 0 0359 0 0065) 0 3509RCP  and 

θ= . − . + . + .I 0 3451 sin( 0 0334 3 1328) 0 3463LCP , here θ is the QWP angle in degrees.

Figure 4. Broadband properties. (a) Focusing e�ciency for LCP - RCP and 0th order coupling loss for LCP 
illumination at di�erent wavelengths. �e LCP focusing e�ciency is peaked at 500 nm. �e intensity in the 
0th order increases gradually from to 0% to almost 80% in the wavelength range 470 nm to 650 nm. (b) �e 
polarization contrast for RCP - LCP from 470 nm to 650 nm.
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�e design has a high polarization contrast of up to 20 dB without e�ciency trade-o� and thus provides the bases 
for a highly compact polarization imaging system for applications in remote-sensing, atmospheric science, med-
icine and biological imaging. �e design can readily be adapted to other wavelength ranges so long as low-loss, 
high index subwavelength elements with tunable birefringence can be realized.

References
 1. Born, M. & Wolf, E. Principles of Optics: Electromagnetic �eory of Propagation, Interference and Di�raction of Light (2009).
 2. Tyo, J. S., Goldstein, D. L., Chenault, D. B. & Shaw, J. A. Review of passive imaging polarimetry for remote sensing applications. 

Applied Optics 45, 5453–5469 (2006).
 3. Snik, F. et al. Long-range polarimetric imaging through fog. Applied Optics 53, 3854–3865 (2014).
 4. Snik, F. et al. An overview of polarimetric sensing techniques and technology with applications to di�erent research �elds. Proc. SPIE 

20, 317–330 (2014).
 5. Plucknett, W. & Dowd, R. Refraction and polarization properties of binary solutions of the nitrotoluene isomers with the xylene 

isomers, chloroform and cyclohexane. Journal of Chemical and Engineering Data 8, 207–210 (1963).
 6. Deuzé, J. et al. Remote sensing of aerosols over land surfaces from polder-adeos-1 polarized measurements. Journal of Geophysical 

Research: Atmospheres 106, 4913–4926 (2001).
 7. Lin, S.-S., Yemelyanov, K. M., Pugh, E. N. & Engheta, N. Polarization-based and specular-re�ection-based noncontact latent 

�ngerprint imaging and li�ing. JOSA A 23, 2137–2153 (2006).
 8. Salomatina-Motts, E., Neel, V. & Yaroslavskaya, A. Multimodal polarization system for imaging skin cancer. Optics and Spectroscopy 

107, 884–890 (2009).
 9. Gramatikov, B. I., Zalloum, O. H., Wu, Y. K., Hunter, D. G. & Guyton, D. L. Directional eye �xation sensor using birefringence-based 

foveal detection. Applied Optics 46, 1809–1818 (2007).
 10. Khorasaninejad, M. et al. Multispectral chiral imaging with a meta-lens. Nano Letters 7, 4595–4600 (2016).
 11. Hodgkinson, I., Lowrey, S., Bourke, L., Parker, A. & McCall, M. W. Mueller-matrix characterization of beetle cuticle: polarized and 

unpolarized re�ections from representative architectures. Applied Optics 45, 4558–4567 (2010).
 12. Sharma, V., Crne, M., Park, J. O. & Srinivasarao, M. Structural origin of circularly polarized iridescence in jeweled beetles. Science 

325, 449–451 (2009).
 13. Vignolini, S. et al. Pointillist structural color in pollia fruit. Proceedings of the National Academy of Sciences 109, 15712–15715 (2012).
 14. Groever, B., Chen, W. T. & Capasso, F. Meta-lens doublet in the visible. Nano Letters 8, 4902–4907 (2017).
 15. Lin, Z., Groever, B., Capasso, F., Rodriguez, A. W. & Loncar, M. Topology optimized multi-layered meta-optics. arXiv:1706.06715 

(2017).
 16. Yu, N. et al. Light propagation with phase discontinuities: Generalized laws of re�ection and refraction. Science 334, 333–337 (2011).
 17. Arbabi, A., Horie, Y., Bagheri, M. & Faraon, A. Dielectric metasurfaces for complete control of phase and polarization with 

subwavelength spatial resolution and high transmission. Nature Nanotechnology 10, 937–943 (2015).
 18. Berry, M. V. �e adiabatic phase and pancharatnam’s phase for polarized light. Journal of Modern Optics 34, 1401–1407 (1987).
 19. Pancharatnam, S. �e adiabatic phase and pancharatnam’s phase for polarized light. S. Proc. Indian Acad. Sci. 44, 247–262 (1956).
 20. Berry, M. V. Quantal phase factors accompanying adiabatic changes. Proceedings of the Royal Society of London A: Mathematical, 

Physical and Engineering Science 45–47 (1984).
 21. Lin, D., Fan, P., Hasman, E. & Brongersma, M. L. Dielectric gradient metasurface optical elements. Science 345, 298–302 (2014).
 22. Ze'ev, Bomzon, Kleiner, V. & Hasman, E. Pancharatnam–berry phase in space-variant polarization-state manipulations with 

subwavelength gratings. Optics Letters 26, 1424–1426 (2001).
 23. Hasman, E., Ze'ev, Bomzon, Niv, A., Biener, G. & Kleiner, V. Polarization beam-splitters and optical switches based on space-variant 

computer-generated subwavelength quasi-periodic structures. Optics Communications 209, 45–54 (2002).
 24. Hasman, E., Kleiner, V., Biener, G. & Niv, A. Polarization dependent focusing lens by use of quantized pancharatnam–berry phase 

di�ractive optics. Applied physics letters 82, 328–330 (2003).
 25. Mueller, J. B., Rubin, N. A., Devlin, R. C., Groever, B. & Capasso, F. Metasurface polarization optics: Independent phase control of 

arbitrary orthogonal states of polarization. Physical Review Letters 118, 113901 (2017).
 26. Devlin, R. C., Ambrosio, A., Rubin, N. A., Mueller, J. B. & Capasso, F. Arbitrary spin-to – orbital angular momentum conversion of 

light. Science 358, 896–901 (2017).
 27. Devlin, R. C., Khorasaninejad, M., Chen, W. T., Oh, J. & Capasso, F. Broadband high-e�ciency dielectric metasurfaces for the visible 

spectrum. Proceedings of the National Academy of Sciences 358, 896–901 (2016).
 28. Groever, B., Roques-Carmes, C., Brynes, S. J. & Capasso, F. Substrate aberration and correction for meta-lens imaging: an analytical 

approach. Appl. Opt. 57, 2973–2980 (2018).
 29. Kress, B. C. & Meyrueis, P. Applied Digital Optics: From Micro-optics to Nanophotonics (2009).

Acknowledgements
F.C. acknowledges �nancial support from KAUST (Award CRG-1-2012-FRA-005). B.G. and J.P.B.M. acknowledge 
�nancial support from Air Force O�ce of Scienti�c Research (#FA9550-14-1-0389 and FA9550-16-1-0156). N.A.R. 
acknowledges �nancial support from NSF Graduate Research Fellowship Program (GRFP #DGE1144152). R.C.D. 
acknowledges �nancial support from the Charles Stark Draper Laboratory. �is work was performed in part at 
the Center for Nanoscale Systems (CNS), a member of the National Nanotechnology Coordinated Infrastructure 
(NNCI), which is supported by the National Science Foundation under NSF award No. 1541959. CNS is part of 
Harvard University.

Author Contributions
F.C., B.G., N.A.R. and J.P.B.M. conceived the experiments, B.G. and N.A.R. conducted the experiments, R.C.D. 
helped B.G. with the fabrication, all authors except R.C.D. reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-25675-3.

Competing Interests: �e authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

http://dx.doi.org/10.1038/s41598-018-25675-3


www.nature.com/scientificreports/

6SCIENTIFIC REPORTS |  (2018) 8:7240  | DOI:10.1038/s41598-018-25675-3

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	High-efficiency chiral meta-lens
	Design
	Characterization
	Conclusion
	Acknowledgements
	Figure 1 Chiral meta-lens principle.
	Figure 2 Device and measurement setup.
	Figure 3 Device Performance.
	Figure 4 Broadband properties.


