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Increased demands emerge for lenses
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Introduction

Single lens
Samsung S8
12-megapixel
Released: April 2017

Triple lens
Samsung S20
12-megapixel main lens
12-megapixel, 120o lens
64-megapixel telephoto lens
Released: February 2020

Penta lens
Nokia 9 Pureview
Five lenses stiched together 
for one picture
Released: February 2019



Classical optical systems

Classical optical components are bulky
• Especially when attempting to supress chromatic aberrations

Lens systems are among the greatest sufferes of this
• Mobile phone sizes are inherently limited by the lens system

• Microscopy, lithography, etc. is unnecessarily expensive

There is a great desire to miniaturise optical components
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Introduction

Ref: U.S. Patent 0116569 A1, 30 Apr. 2015.



Classical optics – chromatic aberration
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Introduction

Refractive lens
Dispersion is given by material (Abbe number)

Fresnel lens
Fixed dispersion due to periodicity

∆𝑓 ∝
𝑛blue − 𝑛red
𝑛green − 1



Metasurfaces

Metasurfaces: nano-structured surfaces 
• Tailor light functionalities

• Control amplitude, wavenumber, phase, and polarisation

𝐄 = 𝐴 ∙ exp i 𝑘𝑧 ∙ 𝑧 + 𝜑 𝜔 ො𝑦

Metasurfaces enable sub-wavelength thick components
• Holograms, polarisation-elements, (meta)lenses, etc.
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Introduction

Ref: Yu, N et al. Science 334, 333-337 (2011)



Metalenses

Metalenses have been demonstrated
• Ultrathin lenses

• Diffraction-limited

• Sub-wavelength image resolution

Metalenses experience chromatic aberrations
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Ref: science.sciencemag.org/content/352/6290



Achromatic metalens demonstrations
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Introduction

Ref: Shrestha, S. et al. Light Sci. Appl. 7, 85 (2018)Ref: Khorasaninejad, M. et al. Nano Lett. 15, 5358-5362 (2015)



Achromatic metalenses
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Introduction

Ref: Chen, W. T. et al. Nat. Nanotech 13, 220-226 (2018)Ref: Wang, S. et al. Nat. Nanotech 13, 227-232 (2018)



Comparison
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Introduction

First author
Wavelength

(nm)
Focusing-

efficiency (%) NA Polarisation Mode
Parasitic 

focal spots Material

Khorasaninejad, M. 490-550 15 0.2 Insensitive Reflection Yes TiO2

Chen, W. T. 470-670 20 0.2 Sensitive Transmission No TiO2

Wang, S. 400-660 40 0.125 Sensitive Transmission No GaN

Shrestha, S. 1200-1650 35 0.24 Insensitive Transmission Yes Si

Chen, W. T. 460-700 30 0.2 Insensitive Transmission Yes TiO2



Mid-infrared

In the mid-infrared (MIR) spectrum
• Molecule sensing, thermography, etc.

• Limited amount of materials available for optical systems

Achromatic lenses does not exist in the MIR
• High-performance lenses are inherently reflection-based

• Inherent limit to technological development
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Objective

Design and analyse achromatic metalenses in MIR
• Transmission-mode

• Polarisation-insensitive

Develop a general platform
• The methodology should be applicable to virtually any spectrum

Is it possible to focus an ultrashort light pulse?
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Outline

• Theoretical foundation

• Design of achromatic metalenses

• Full-wave simulation based analysis of achromatic metalenses

• Fabrication, conclusions, and outlook
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Outline



Generalised Snell’s law
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Theoretical foundation



Generalised Snell’s law

Two infinitesimally close light paths
𝑘0𝑛𝑖 sin 𝜃𝑖 𝑑𝑟 + 𝜑 + 𝑑𝜑 − 𝑘0𝑛𝑡 sin 𝜃𝑡 𝑑𝑟 + 𝜑 = 0

Constant phase gradient bring about the generalised Snell’s law

sin 𝜃𝑡 𝑛𝑡 − sin 𝜃𝑖 𝑛𝑖 =
𝜔

𝑐

𝑑𝜑 𝑟,𝜔

𝑑𝑟
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Theoretical foundation



Metalens

Necessary diffraction angle

sin 𝜃𝑡 = −
𝑟

𝑟2 + 𝑓2

Phase gradient
𝑑𝜑 𝑟,𝜔

𝑑𝑟
= −

𝜔

𝑐

𝑟

𝑟2 + 𝑓2

Required phase profile

𝜑 𝑟,𝜔 = න−
𝜔

𝑐

𝑟

𝑟2 + 𝑓2
𝑑𝑟 = −

𝜔

𝑐
𝑟2 + 𝑓2 + 𝐶 𝜔
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Metalens

Taylor expansion

𝜑 𝑟,𝜔 = 𝜑 𝑟,𝜔0 + ቤ
𝜕𝜑 𝑟,𝜔

𝜕𝜔
𝜔=𝜔0

𝜔 −𝜔0 + อ
𝜕2𝜑 𝑟,𝜔

2𝜕𝜔2

𝜔=𝜔0

𝜔 −𝜔0
2 +⋯
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Waveguide model

The phase induced by a waveguide

𝜑 𝜔 =
𝜔

𝑐
𝑛eff 𝜔 ℎ

Different phase and group delay values
can be achieved

The waveguide model can be employed
to design a library of meta-elements
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Theoretical foundation



Waveguide model – higher-order modes
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Theoretical foundation



Meta-element design
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Design of achromatic metalenses



Meta-element library
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Design of achromatic metalenses

Achievable phase and group delay values
• Group delay values are positive

𝜑 𝜔 linearly interpolated
• RMS of 1% and SD of 0.8%

The library is repeatable for every 2𝜋



Resonances in meta-elements
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Design of achromatic metalenses

The waveguide model ignores
complex modal interactions

Sharp resonances can occur due
to back reflections (Fabry-Perot)

• Guided modes might also materialise

The validity of the waveguide model
should be verified



Resonances in meta-elements
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Design of achromatic metalenses

MODE vs FEM analysis

Very similar behaviour
• Slight deviation for intricate

meta-elements

Replacing substrate causes
sharp Fano resonances



Redefining 𝐶 𝜔
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Design of achromatic metalenses

How do we fit our library to the required phase?

𝜑 𝑟,𝜔 = −
𝜔

𝑐
𝑟2 + 𝑓2 + 𝐶 𝜔

Previous works:
• Particle swarm method

• 𝐶 𝜔 =
𝜔

𝑐
𝑟0
2 + 𝑓2, where 𝑟0 =edge of lens



Redefining 𝐶 𝜔
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Design of achromatic metalenses

Describe the library by its boundaries

The red line denotes the largest achievable
phase difference

An accurate spectral degree of freedom
is revealed

𝐶 𝜔 =
𝜔

𝑐
𝑓 + 𝜑2 𝜔0 +

𝜕𝜑2 𝜔0

𝜕𝜔
𝜔 −𝜔0

Viable for pulses and continuous beams



Redefining 𝐶 𝜔
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Design of achromatic metalenses



Redefining 𝐶 𝜔
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Design of achromatic metalenses
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Design of achromatic metalenses



‘Pulse beam’ lens

Diameter = 100 μm

Focal length = 90 μm

NA = 0.49

No significant chromatic aberrations

Hexagonal lattice causes slight spot
variations with respect to x- and y-axis

No parasitic focal spots
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Full-wave simulation based analysis of achromatic metalenses



‘Continuous beam’

Diameter = 120 μm

Focal length = 90 μm

NA = 0.55

Similar performance

Both methods work properly
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Full-wave simulation based analysis of achromatic metalenses



Comparison

‘Pulse beam’ lens outperforms
diffraction-limit

Great depth of focus
• Light interferes exactly at the focal spot

Above 45% focusing effiency
• Average above 50%

• Maximum above 58%
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Full-wave simulation based analysis of achromatic metalenses



Comparison – pulse propagation
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Full-wave simulation based analysis of achromatic metalenses



Fabrication
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Fabrication

Deep reactive-ion etching (DRIE)

Metal assisted chemical etching (MacEtch)



Fabrication – electron beam lithography
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Fabrication



Fabrication – MacEtch
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Fabrication

1 μm 1 μm 100 μm



Characterisation
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Characterisation

Image the focal spot by moving the metalens



Design of achromatic metalenses
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Conclusions and outlook

𝐶 𝜔 has finally been analytically clarified

Pulse beam lenses can now also be designed

The framework is general – i.e. it can be 
applied to any well-defined library 

Future work would benefit from combing 
full-wave simulations and the waveguide model



Full-wave simualtion analysis
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Conclusions and outlook

‘Pulse beam’ and ‘continous beam’ lens designs have been verified
• Broadband achromatic focusing has been achieved in MIR spectrum

• High NA

• Diffraction-limited lenses

• Above 45% focusing effiency – average above 50%

Properties of the lens designs have been compared

The lens design can be used for high-performance 
nano-optical systems



Comparison
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Conclusions and outlook

First author
Wavelength

(nm)
Focusing-

efficiency (%) NA Polarisation Mode
Parasitic 

focal spots Material

Khorasaninejad, M. 490-550 15 0.2 Insensitive Reflection Yes TiO2

Chen, W. T. 470-670 20 0.2 Sensitive Transmission No TiO2

Wang, S. 400-660 40 0.125 Sensitive Transmission No GaN

Shrestha, S. 1200-1650 35 0.24 Insensitive Transmission Yes Si

Chen, W. T. 460-700 30 0.2 Insensitive Transmission Yes TiO2

Heiden, J. T. 6000-8500 50 0.55 Insensitive Transmission No Si



Future work
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Conclusions and outlook

Inverse design methods
• Adjoint method

• Machine learning

Unit-cell optimisation
• Increase achievable group delay values

Large area achromatic metalenses

Ref: Phan, T. et al. Light Sci. Appl. 8, 48 (2019)

Ref: Chung, H. & Miller, O. D. Opt. Express 28, 6945-6965 (2020)



Thank you for your attention


