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Abstract 
 

Rapid advances in ultrafast optics over the last few decades 

have led to numerous developments in the field of ultrafast 

science and technology, of which many are enabled by the 

ability to arbitrarily shape an ultrafast pulse, namely 

controlling its phase, amplitude, and polarization. Here, 

using a dielectric-metasurface-enabled Fourier transform 

pulse shaper, we demonstrate the temporal polarization 

shaping on femtosecond timescales, allowing rich time-

evolving instantaneous polarization states within a single 

pulse. Such three-dimensionally shaped, vectorial pulses 

are essential both for studying fundamental light-matter 

interactions and for applications in chiral spectroscopy, 

coherent control, and nonlinear optics. 

 

1 Introduction 
 

Ultrafast pulse shaping plays an important role in 

applications such as quantum coherent control [1], ultra-

high-speed optical communications [2], higher-order 

nonlinear processes [3], and many more. Although 

arbitrary shaping in the radio frequency part of the 

electromagnetic spectrum has continued to generate far-

reaching impacts, shaping ultrafast optical waveforms still 

faces significant challenges where full control of a 

femtosecond pulse requires the pulse shaper to be able to 

simultaneously and independently manipulate the phase, 

amplitude, and polarization of millions of frequencies 

constituting an ultrafast pulse train. 

 

Dielectric metasurfaces are ultrathin planar photonic 

platforms consisting of deep-subwavelength dielectric 

nanostructures. Their abilities to locally modify the 

properties of light has led to a variety of spatial domain 

wavefront manipulation demonstrations [4]. Recently, 

temporal domain waveform shaping of a near-infrared, 

ultrabroad band femtosecond pulse has been reported using 

dielectric metasurfaces, where simultaneous and 

independent control of the phase and amplitude of a 

linearly polarized femtosecond pulse enabled pulse 

splitting, compression, chirping, and higher-order 

distortion [5]. Such approaches offer control over an ultra-

wide bandwidth with record-high spectral resolution and 

support high peak powers, capabilities that are not 

supported by existing pulse shaping apparatus. Being able 

to further tailor the temporal polarization degree of 

freedom of the ultrafast pulse permits truly arbitrary pulse 

shaping. In addition, the advantage of multi-functionalities 

at a single-pixel level provided by metasurfaces shows the 

potential of combining the temporal waveform and spatial 

wavefront shaping of ultrafast pulses using one 

metasurface. 

 

2 Experiment 
 

The temporal polarization degree of freedom of a 

femtosecond pulse is controlled through parallel 

manipulation of its constituting spectral components in the 

focal plane of a Fourier-transform pulse shaper (Fig. 1a).  

 

 

Figure 1. Spatiotemporal shaping of ultrafast pulses using 

a dielectric-metasurface-enabled pulse shaper. (a) 

Schematic of the Fourier transform pulse shaper, consisting 

of a pair of diffraction gratings, a pair of parabolic mirrors, 

and a dielectric metasurface designed to shape the 

spatiotemporal profile of a femtosecond pulse. (b) A 

hybrid-order Poincaré sphere representation of the 

expected spatiotemporally shaped pulse. The temporal 

waveform shows rich instantaneous polarization states 



within the pulse. And the spatial wavefront represents a 

vortex beam carrying a topological charge of 1. 

 

A p-polarized femtosecond pulse of ≈10 fs duration (full-

width at tenth-maximum bandwidth of ≈ 80 THz, centered 

at 800 nm) is first spectrally dispersed then focused by a 

pair of grating and parabolic mirror, leading to an elongated 

focal spot with varying wavelengths along the x-direction. 

A metasurface is positioned in the focal plane, providing a 

complex masking function sampled by 200 super-pixels 

designed for the spectral components in the elongated focal 

spot. Each super-pixel contains a two-dimensional (2D) 

array of rectangular silicon nanopillars orientated at 45° 

with respect to the x-direction, providing independent 

modulation functions 𝜙+45(𝜔) and 𝜙−45(𝜔) to the +45° 

and -45° polarization components for a set of spectral lines 

centered at frequency 𝜔. The shaped spectral frequencies 

are subsequently recombined by another pair of parabolic 

mirror and grating.  

 

For an input pulse with an angular frequency bandwidth of 

1/Δ and a central angular frequency of 𝜔0 , the temporal 

waveform of the output pulse exiting the metasurface can 

be expressed after the Jones calculus and Fourier 

transform, as follows: 
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where 𝐴 = 𝑒−Δ
2(𝜔−𝜔0)

2
, assuming a Gaussian envelope. 

By engineering the complex spectral masking functions 

𝜙+45(𝜔) and 𝜙−45(𝜔), temporal polarization states of the 

output pulse can be tailored at will. 

 

By exploiting metasurfaces’ multi-functionalities at a 

single-pixel level, additional spatial wavefront shaping of 

the ultrafast pulse can be further implemented using the 

same metasurface device. Such spatial shaping is 

introduced by superimposing a secondary 2D phase-

function to the designed spectral phases 𝜙+45(𝜔)  and 

𝜙−45(𝜔) within each super-pixel, achieving simultaneous 

spatiotemporal pulse shaping. 

 

3 Results 
 

To demonstrate the versatility of the proposed approach, 

we first design and fabricate a metasurface device allowing 

three-dimensional vector-shaped pulses exhibiting rich 

time-evolving instantaneous polarization states, as shown 

in Figure 2. The output femtosecond pulse starts with an 

initial right circular polarization, which gradually changes 

to right-handed elliptical polarizations with time, then 

crosses a linear polarization around the time zero followed 

by left-handed elliptical polarizations before finally 

approaches a left circular polarization. 

 

 

 

Figure 2. A temporal polarization shaped pulse with rich 

instantaneous polarization states implemented by a 

dielectric metasurface. (a) Normalized time-domain three-

dimensional electric field representation of the measured 

output pulse, plotted from -60 fs to 60 fs. The light grey 

curve overlaid on the surface of the pulse tracks the tip of 

the electric field vector as a function of time. The orange 

and cyan projections represent the real part of the electric 

field for p- and s-polarized components, respectively. (b) 

The temporal evolution of the instantaneous polarization 

state of the output pulse from -20 fs to 20 fs is mapped to 

points on the surface of a Poincaré sphere. Note that colors 

in (a) and (b) represent time on femtosecond scales.  

 

Next, we add a vortex phase front with a topological charge 

l = 1 to the time-varying polarization states (Figure 3). The 

dimensions of the nanopillars within each super-pixel are 

modulated to introduce a helical phase (𝑒𝑖𝑙𝜑 , where φ is the 

azimuthal angle) to the constituting spectral components of 

the pulse, with the phase singularity positioned at the center 

of each super-pixel, ensuring an effective phase (averaged 

over the super-pixel) that follows the complex spectral 

masking function 𝜙+45(𝜔) and 𝜙−45(𝜔) designed for the 

temporal polarization shaping (Fig, 3a-b). An optical 

reflection image of the first 10 representative super-pixels 

acquired under unpolarized white light is shown in Fig. 3c. 

Initial measurement performed at one of the continuous-

wave (CW) spectral lines constituting the pulse, at 785 nm, 

shows the generation of a vortex beam of charge l = 1 (Fig. 

3d). Measurements of the full spatiotemporal profile of the 

shaped pulse comprising all the spectral lines are currently 

underway. 

 



 

Figure 3. Spatiotemporal shaping of a femtosecond pulse 

using a single-layer dielectric metasurface. (a, b) Designed 

phase topographies for (a) 𝜙+45(𝜔)  and (b) 𝜙−45(𝜔)  in 

the first 10 super-pixels. The spatial shaping is 

implemented through the 2D spiral phase, while the 

temporal shaping is ensured by the averaged phase within 

each super-pixel. (c) An optical reflection image of the first 

10 super-pixels of the fabricated metasurface under 

unpolarized white light illumination. (d) Interference 

pattern of a metasurface-generated 785 nm vortex beam 

with a plane wave. 

 

4 Conclusion 
 

In summary, we have demonstrated temporal polarization 

shaping of an ultrawide bandwidth, near-infrared 

femtosecond pulse by controlling the spectral phases for 

two orthogonal polarizations using dielectric metasurfaces, 

enabling three-dimensionally shaped, vectorial pulses with 

rich time-evolving instantaneous polarization states. The 

multi-functionalities at a single-pixel level provided by 

metasurfaces have the potential of further combining the 

temporal waveform and spatial wavefront shaping of 

ultrafast pulses using a single-layer transmission-mode 

metasurface. Such an approach expands the versatility of 

the already fruitful applications of metasurfaces, revealing 

new possibilities in the field of ultrafast science and 

technology. 
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