
Articles
https://doi.org/10.1038/s41565-022-01197-y

1Geballe Laboratory for Advanced Materials, Stanford University, Stanford, CA, USA. 2Van der Waals–Zeeman Institute for Experimental Physics, Institute 
of Physics, University of Amsterdam, Amsterdam, Netherlands. 3Department of Bioengineering, Stanford University, Stanford, CA, USA. 4Department of 
Genetics, Stanford University, Stanford, CA, USA. 5ChEM-H Institute, Stanford University, Stanford, CA, USA. 6Chan Zuckerberg Biohub, San Francisco, CA, 
USA. 7Department of Applied Physics, Stanford University, Stanford, CA, USA. 8CREOL, The College of Optics and Photonics, University of Central Florida, 
Orlando, FL, USA. ✉e-mail: brongersma@stanford.edu

Microfluidics facilitates highly automated direction, mix-
ing and manipulation of minute volumes of liquids1 and 
has been instrumental in advancing a wide variety of 

technologies that range from culturing cells and high-throughput 
diagnostics in biology2,3 to microreactors for synthetic chem-
istry4. The tremendous synergy derived from integrating optics 
and fluidics on a single chip has further expanded the possi-
bilities as liquids can be used to control local optical properties, 
and conversely, light can also be used to monitor chemical and 
biological processes inside liquids5–8. Initial attempts have been 
made to extend this integration to metasurface-based flat optics9 
in gigahertz10 and terahertz11 regimes. Here we apply different 
materials and a conceptionally new mechanism to move this inte-
gration to the very important visible spectral range and provide 
new optical functions that can be transformative in the devel-
opment of novel displays, dynamic on-demand flat optics and  
sensing technologies.

Displays are omnipresent in our daily lives as they are used in 
our smartphones, tablets, computer screens, televisions and data 
projectors. Advances in display technology may ultimately enable 
us to turn our entire environment, clothing and belongings into dis-
plays to personalize our life and to satisfy our ever-increasing need 
for information12. Organic light-emitting diode and liquid-crystal 
displays currently dominate the display market13. Such displays pro-
vide vivid images, but compared with regular ink on paper, there 
are also some important shortcomings. Paper is low cost, superior 
in terms of readability and does not actively consume power to dis-
play colours. Its excellent readability is the most obvious in bright 
daylight where liquid-crystal display and organic light-emitting 
diode displays exhibit unwanted glare, and the use of polarizers 
and colour filters limits the display’s brightness. Pioneering real-
izations of electronic-paper displays employed the physics of elec-
trophoresis14 and electrowetting15,16 in a microfluidic architecture 

to reversibly cover back reflectors with coloured inks, leading to 
widespread use of electronic-paper displays that mimic the appear-
ance of printed papers and magazines. These displays operate at 
impressively low power and achieve video speeds17. However, the 
use of inks prevents long-term durability and their functionality 
is severely constrained to a basic light absorption function. It also 
remains challenging to manipulate the dimensions of ink-display 
pixels down to sub-micrometre resolution. Additionally, an opaque 
back reflector is needed to enhance reflectivity and hide idle ink 
underneath, hindering the realization of transparent displays. Here 
we illustrate why metasurfaces comprising dense arrays of strongly 
scattering nanostructures could become the new ‘ink’ by solving a 
number of outstanding challenges that have plagued ink displays. 
We demonstrate subwavelength-resolution pixels that offer bright 
structural colours18–22 and long-term stability, and present new ways 
to dynamically control the light field23–25. These features can enable 
the realization of transparent displays and dynamic on-demand flat 
optics, and bring new sensing modalities. The recent demonstra-
tion that metasurfaces can increase the brightness and pixel density 
of organic light-emitting diode displays highlights their potential 
commercial use26.

Given the virtually immutable optical properties of metals and 
semiconductors, it has been challenging to create dynamically tun-
able metasurfaces. However, the sensitivity of the optical properties 
of nanostructures to their dielectric environment can be harnessed 
to tune their scattering behaviour and colour18,27. Optical meta-
surfaces have an open structure with many voids and crevasses 
between the scattering nanostructures that allow easy infiltration 
with liquids. This made it possible to create tunable metasurfaces 
using mature liquid-crystal technology28–31. Here we demonstrate 
a meta-optofluidic platform on a transparent substrate capable of 
dynamic intensity and spectral control of light fields without the 
need for polarizers or colour filters.
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Development of a dynamic-metasurface optofluidic platform
Figure 1a visualizes several important dynamic control functions 
that can be achieved by incorporating silicon (Si) metasurfaces 
inside a microfluidic channel. The nanostructures are designed to 
alter their scattering properties in real time by flowing liquids over 
them with different refractive indices (n = 1.0–1.7) (Supplementary 
Fig. 1 shows the numerical simulations of dynamic functions). 
First, we experimentally demonstrate the dynamic reflectivity tun-
ing of colour pixels (Supplementary Fig. 8 shows the experimental 
geometries). We employ a square lattice of Si nanodisks to ensure 
a polarization-independent response. Although the geometry of 
colour pixels in conventional ink displays is defined by the shape of 
tiny liquid cells, the metasurface colour pixels can be patterned in 
arbitrary shapes and offer diffraction-limited resolution. Figure 1b  
shows the highly reflective ‘on’ state of a single, blue pixel and 
various characters for a channel filled with air (n = 1.0) and the 
low-reflectivity ‘off ’ state that results from flowing a liquid with 
n = 1.7. The 25 × 25 μm2 metasurface pixel contains 10,000 Si 
nanodisks and yet appears optically uniform due to the subwave-
length disk spacing. The printed word ‘Stanford’ highlights the 
sub-micrometre resolution enabled by metasurface ‘inks’. The 
switching of pixels requires large and broadband changes in reflec-
tivity, as evident in our spectral measurements (Fig. 1c). Second, 
we demonstrate the dynamic colour tuning of reflective pixels 
with another metasurface design. In both optical reflection images  
(Fig. 1d) and measured reflection spectra (Fig. 1e), we observe the 
gradual tuning of colour across the visible spectrum as the index 
in the channel increases from 1.0 to 1.7. Third, we show how we 

can realize optics on demand, where optical elements can be made 
to appear and disappear. This requires efficient, dynamic control 
over the diffraction efficiency of phased-array optics. To illustrate 
this concept, we design and fabricate a geometric phase metasur-
face32 composed of rotated rectangular Si nanoblocks that encodes 
a local geometric phase profile with subwavelength resolution. This 
creates an engineered wavefront that generates a desired light-field 
distribution. These metasurfaces can be designed to encode various 
functions, such as high-numerical-aperture (NA) beam focusing, 
holography (Fig. 1f) and large-angle beam steering (Fig. 1g, insets). 
Figure 1g shows that these optical functions are initially turned 
off in the entire visible-frequency range when n = 1.0. They can be 
gradually turned on as we increase the refractive index of the sur-
rounding medium. We quantitatively measure the increase in inten-
sity from 0.6% to 14.4% of the incident intensity at 555 nm, a 24-fold 
increase in the diffraction efficiency.

Modelling metasurfaces with tunable fictitious surface 
currents
To achieve the abovementioned functions, we capitalize on the pres-
ence and strong dispersion of several optical resonances that are sup-
ported by the Si nanodisk arrays in the visible spectral range. Previous 
research on the Kerker effect33–35 has shown that the resonant multipo-
lar excitation of nanostructures can be used to very effectively direct 
the flow of light. The far-field scattering for each multipole is charac-
terized by a unique angular distribution and phase symmetry. When 
two or more multipoles are simultaneously excited, strong interference 
effects can be observed and harnessed to direct the scattered light. 
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Fig. 1 | A comprehensive dynamic-metasurface optofluidic platform. a, Schematic of three Si metasurfaces with different dynamic control functions 
fabricated on the same chip. Integrated microfluidics provide on-demand control over the refractive index (n = 1.0–1.7) of the environment of nanoresonators 
in a metasurface by flowing liquids with different refractive indices in real time. Inset: scanning electron microscopy (SEM) images of the fabricated 
metasurfaces that provide the corresponding functions. Scale bars, 10 μm (bottom-left SEM image); 500 nm (all other SEM images). b,c, Reflection optical 
images (b) and measured reflection spectra (c) of the metasurfaces (height, h = 75 nm; diameter, D = 165 nm; period, p = 250 nm) for dynamic reflectivity 
tuning. A 530 nm short-pass colour filter is inserted to enhance the contrast in b. Scale bars, 25 μm. d,e, Reflection optical images (d) and measured 
reflection spectra (e) of the metasurfaces (h = 75 nm, D = 185 nm, p = 280 nm) for dynamic colour tuning. Scale bars, 25 μm. f, Optical images of the back 
focal plane of a meta-lens (NA = 0.45) (left) and far-field distribution of a meta-hologram (right) illustrating the dynamic diffraction efficiency tuning of 
optics on demand. Scale bars, 3 μm (left), 1 mm (right). g, Measured diffraction efficiency spectra of geometric phase metasurfaces (h = 120 nm; length, 
L = 120 nm; width, W = 90 nm; p = 320 nm). Insets: the Fourier plane of a meta-grating that can effectively steer the beam when turned on.
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This line of thinking has led to the design of Huygens’ metasurfaces 
comprising many Kerker scatterers36–38. Here we design highly tun-
able metasurfaces by expanding on these notions and applying them 
to dispersive resonators. Specifically, we engineer the nanostructures 
to display different spectral shifts and changes in their quality factors 
when the local index is altered. We show that this ability to dynami-
cally move and shape the optical resonances offers a valuable new 
route to control the flow of light in a spectrally dependent manner.

The scattering properties of metasurface elements can be mod-
elled by fictitious electric (Js) and magnetic (Ms) surface currents36. 
The magnitude of these currents can be found by summing the con-
tributions from all the excited multipoles with a top-bottom sym-
metric (for Js) or antisymmetric (for Ms) radiation phase with respect 
to the metasurface plane (Supplementary Note 1 and Supplementary 
Fig. 2). For the disk sizes and geometries considered here, we find 
two dominant optical resonances in the visible spectral range via 
a quasi-normal-mode analysis39. Their electric-field distributions 
show the required symmetric and antisymmetric phase symmetries 
(Fig. 2a). With increases in the refractive index of the surround-
ing medium, the two resonances exhibit notably different spectral 
shifts and changes in optical quality factor (Fig. 2b; Supplementary  
Fig. 3 provides details on modal dispersion). This can be attributed 
to the differences in the modal confinement to the nanodisks as well 
as the optical coupling between neighbouring disks. The latter is 
modified by dielectric screening when the environmental index is 
altered (Supplementary Note 2). We find that compared with the 
antisymmetric mode in which the electric field is tightly confined 
in the nanodisks, the electric field of the symmetric mode has three 
antinodes inside the disk and is more extended beyond the disk 
boundary. This results in a strong overlap of the near fields with 

the dielectric environment and therefore very effective shifting of 
the resonance wavelength. Therefore, the symmetric mode exhibits 
a stronger spectral shift than the antisymmetric mode. Meanwhile, 
radiative coupling is dominant for the antisymmetric mode, which 
can lead to a boost in the quality factor when the effective lattice 
constant approaches the resonant wavelength40. As a result, we can 
achieve broad tuning of the relative spectral positions and band-
widths of the two dominant optical resonances. This implies that at 
a fixed wavelength, the amplitude and phases of the scattered fields 
can greatly vary, which can be used to manipulate the reflection, 
transmission and absorption properties.

For our metasurface, we find that Js and Ms have dominant con-
tributions from one symmetric and one antisymmetric resonance. 
For this reason, many of the observed spectral features can be quali-
tatively understood using a temporal coupled-mode theory for two 
resonators with Lorentzian spectral lineshapes: one for the sym-
metric mode and the other for the antisymmetric mode. The model 
expresses the metasurface reflectivity R in terms of the angular fre-
quency ω of the incident light wave and the refractive index of the 
surrounding medium n:

R (n, ω) = |r(n,ω)|2 ∼=
∣

∣as(n, ω)eiφs(n, ω) − aa(n, ω)eiφa(n, ω)
∣

∣

2 ,
(1)

where as (aa) and φs (φa) refer to the amplitude and phase of the 
plane waves emerging from the symmetric (antisymmetric) reso-
nators, respectively. Equation (1) clearly shows how the reflectiv-
ity is controlled by the interference of these two plane waves. For 
this reason, the manipulation of spectral reflectivity comes down 
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Fig. 2 | Mechanism of dynamic reflectivity and colour control in Si metasurfaces. a, Electric-field distributions (Ey) of two dominant optical resonances in 
a Si nanodisk array with symmetric and antisymmetric radiation profiles. b, Illustration of two dominant optical resonances in nanodisks showing different 
dispersions with the refractive index of the surrounding medium. Inset: the top view of a unit cell of a nanodisk array supporting two dominant optical 
resonances. c, Analysis for dynamic reflectivity control by Si metasurfaces. The top and middle panels show the amplitude (a, solid lines) and phase (φ, 
dashed lines) of the scattered plane waves from the symmetric (blue) and antisymmetric (red) modes as a function of the incident wavelength when the 
Si metasurface is embedded in different dielectric environments (n = 1.0 (1.7) for the top (middle) panel). The bottom panel shows the calculated reflection 
spectra of the metasurface for dynamic reflectivity control. d, Similar analysis to c but for dynamic colour control. The designed wavelength λd is set as 550 nm.

Nature Nanotechnology | www.nature.com/naturenanotechnology

http://www.nature.com/naturenanotechnology


Articles NaTure NanoTeCHnology

to achieving strong resonances (that is, large amplitudes) and con-
trolling their relative phases. From coupled-mode theory, we find 
that these quantities critically depend on the resonance frequency 
ωs (ωa), radiative damping γrs (γra) and dissipative damping γds (γda) 
of the resonators:

as(n, ω)eiφs(n, ω) =
−γrs(n)

i(ω − ωs(n)) + γrs(n) + γds(n)

and an equivalent expression for the antisymmetric mode response. 
The resonator geometry, size and spacing can be engineered to 
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modify these resonator properties and elicit a wide variety of  
effects (Fig. 1).

Equation (1) reveals that we can achieve low reflectivities when 
strong symmetric and antisymmetric resonances spectrally overlap. 
It also shows that high reflectivities are expected when these reso-
nances are spectrally displaced such that a large (near-π) phase shift 
is obtained between the two resonances. Physically, this results in a 
situation where the currents Js and Ms radiate in phase in the back-
wards (that is, reflection) direction. To realize dynamic reflectivity 
control, we capitalize on the different modal dispersions to set up a 
situation where the two strong resonances are spectrally displaced 
with environment index n = 1.0 and perfectly overlapped for index 
n = 1.7 (Fig. 2c). We can also achieve dynamic colour control in a 
system with two spectrally displaced resonances that shift to lon-
ger wavelengths together when the index is changed from n = 1.0 
to n = 1.7 (Fig. 2d). Note that in this case, high reflectivities can be 
achieved for both refractive indices, consistent with the need for 
reflective displays. Quasi-normal-mode simulations are used to 
identify the realistic metasurface designs that can match the target 
modal dispersion to achieve a desired function, such as dynamic 
reflectivity or spectral control (Supplementary Fig. 4).

Achieving dynamic control over on-demand optical 
elements
The above analysis can also be applied to understand the mecha-
nism of dynamic diffraction efficiency control of geometric phase 
metasurfaces (Fig. 1d). The main difference is that geometric 
phase metasurfaces41 used to achieve this type of control are con-
structed from anisotropic resonators (Fig. 1a). As a result, we need 
to account for symmetric and antisymmetric resonances that can be 
excited for polarization directions along the long and short axes of 
the resonators, resulting in four distinct resonances. The diffraction 
(polarization conversion) efficiency η under circularly polarized 
illumination in this case becomes

η =
1
4 |tx − ty|2 ∼=

1
4

∣

∣

∣

axeiφx − ayeiφy
∣

∣

∣

2
, (2)

where axeiφx = ax,seiφx,s + ax,aeiφx,a is the sum of the scattered plane 
waves from two resonators and tx is the transmission coefficient of 
the anisotropic resonators under x-polarized illumination, and an 
equivalent equation for y polarization.

Figure 3a illustrates the dispersion of the four resonant modes 
with the refractive index of the surrounding medium. It is impor-
tant to note that we accurately include the dissipative absorption 
loss in Si in these simulations. This is particularly important in 
this example, where the changes in amplitude and spectral width 
play an essential role. For n = 1.0, the scattering from the two sym-
metric resonances can be ignored as they are located in the spec-
tral range where Si shows strong materials absorption (λ < 450 nm). 
The two antisymmetric modes are located at a longer wavelength 
(λ ≈ 520 nm) and moderately damped. This results in a scattering 
amplitude that is halved compared with the lossless case (Fig. 3b, 
top). In sharp contrast, all the four resonant modes experience less 
material absorption and become degenerate for both polarizations 
when the index is changed to n = 1.7 and the resonances shift to 
λ ≈ 560 nm. This results in doubling of the total scattering amplitude 
as well as a boost in the scattering phase difference between the two 
polarizations (Fig. 3b, middle). Altogether, this results in a large on/
off ratio (equation (2) and Fig. 3b, bottom). This analysis corrobo-
rates the experimental result shown in Fig. 1g.

Next, we demonstrate how advanced control of modal dispersion 
can be leveraged to spectrally control optical functions by multiplex-
ing two geometric phase metasurfaces composed of differently sized 
nanoblock arrays that resonate at different wavelengths (Fig. 3c).  
For example, we create a multiplexed meta-lens (NA = 0.45) capable 
of focusing solely red (λ = 602 nm) or green (λ = 562 nm) light on 
the same back focal plane, depending on the dielectric environ-
ment. Figure 3d shows the simulated diffraction efficiency spectra 
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integrated-metasurface digital number display. f, Reflection optical images of the display showing different digital numbers. Scale bar, 1 mm. The display is 
illuminated by unpolarized white light and a 530 nm short-pass filter is inserted to enhance the contrast.
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for two nanoresonator arrays in two different environments. The 
modal dispersion of each of the two types of nanoblock is judi-
ciously engineered in such a way that both of them resonate weakly 
with either green or red light in the ‘off ’ state (Fig. 3d, grey lines), 
but they efficiently interact with one certain colour in the ‘on’ state  
(Fig. 3d, green and red lines), driven by optical resonances at the cor-
responding wavelength. Figure 3e shows a series of optical images 
taken at the back focal plane of the meta-lens with different dielec-
tric environments and illumination conditions, which confirm the 
validity of the optics-on-demand concept (Fig. 3c). We note that 
different phase profiles are applied for the two phased arrays, ensur-
ing achromatic focusing.

Integration of metasurfaces with microfluidic systems
To bring the advantages of this versatile platform closer to a practical 
reality, we integrate our dynamic metasurfaces with a programmable 
microfluidic cavity system. Such a system provides on-demand con-
trol over the refractive index (n = 1.0–1.7) of the environment of the 
nanoresonators by flowing different liquids (or air) in real time. We 
first integrate a 100-μm-sized geometric phase meta-lens (NA = 0.45) 
with a Y-shaped microfluidic channel (Fig. 4a) to study the modulation 
dynamics with liquids. High-index oil (n = 1.70) and low-index liquid 
cleaner (HFE-7500, n = 1.29) are pumped into the main channel in 
an alternating fashion, with flow controlled by two pneumatic valves 
formed by crossing the control channels. This enables the modulation 
of intensity in the focal point by changing the liquid’s refractive index. 
Figure 4b shows a series of optical images of the focal point as the 
refractive index flowing over the meta-lens is alternated between high 
and low to turn on and off the intensity in the focal point, respectively. 
The results show that the intensity modulation can be completed 
within 100 ms (~10 Hz). Considerable improvements in modulation 
speed are expected by optimizing the fabrication process of the micro-
fluidic circuitry (Supplementary Note 3). A hydrophobic surface 
treatment42,43 is also possible to help prevent the molecules of different 
fluids from sticking to the metasurface. A clear liquid phase interface 
is found in the images, as the two types of liquid used here do not mix 
(Supplementary Video 1). This gives rise to a square-function-shaped 
modulation (Fig. 4c). We note that a sinusoidal-function-like mod-
ulation is also possible by utilizing low-index cleaner dissolvable in 
high-index oil (Supplementary Fig. 5 and Supplementary Video 2). 
The designed dynamic meta-lens has a bulk refractive-index sensi-
tivity of 37 nm per refractive index unit (RIU−1) and a figure of merit 
of 1.91 RIU−1. We note that our design is optimal for image-based 
spectrometer-less refractive-index sensing. The refractive-index 
information is decoded to the intensity of a bright focal spot, which 
allows low ISO sensing to obtain a larger dynamic range. Considering 
that the intensity of the focal point is modulated by ~300% with an 
~30% refractive-index change under a light-emitting-diode-like illu-
mination (Fig. 4c), the dynamic meta-lens shows great potential as an 
ultracompact refractive-index sensor in real-time chemical/biological 
sensing (Supplementary Fig. 6).

Finally, we demonstrate dynamic, integrated meta-optofluidics 
display functions. By leveraging mature microfluidics valve tech-
nology44, we design and fabricate a transparent-metasurface digital 
number display (Fig. 4d). The display is composed of seven meta-
surface bars whose reflectivity can be individually controlled with 
a set of valves that can deliver either oil or air to the metasurface 
regions. Figure 4e shows the optical image of the integrated system, 
where polydimethylsiloxane microfluidic circuits (Supplementary 
Fig. 7) are stacked on top of the metasurface display elements 
that are patterned into a Si-on-sapphire wafer. An objective lens 
underneath the transparent sapphire wafer is used to illuminate 
and collect the reflected light from the display. Figure 4f shows the 
reflection images captured from the display, clearly demonstrating 
all the different digital numbers from 0 to 9 (Supplementary Video 
3). The observed contrast ratio largely matches the performance of 

liquid-crystal displays without the use of polarizers, thereby paving 
a promising new way to the realization of metasurface displays on a 
transparent substrate.

Conclusions
In conclusion, we have demonstrated a comprehensive 
dynamic-metasurface flat-optics platform that offers dynamic 
intensity and spectral control of light fields. The unprecedented 
high-spatial resolution and transparency provide new degrees of 
freedom in designing multifunctional, integrated and dynamic flat 
optics. The high sensitivity of scattering that is engineered into the 
metasurface elements also opens new sensing modalities by display-
ing subtle index changes in microfluidic channels. Combined with 
well-established large-scale microfluidic integration, this platform 
offers a bright future for dynamic display, imaging, holography and 
sensing applications.
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Methods
Numerical simulations. We perform three-dimensional finite-element simulations 
in the frequency domain using the commercial software package COMSOL 
Multiphysics to study the optical properties of Si metasurfaces embedded in 
different dielectric environments (refractive index of the surrounding medium 
n = 1.0–1.7). In the full-field simulations (Fig. 3d and Supplementary Figs. 1 and 
2), we apply periodic boundary conditions and use two ports along the light 
propagation direction to simulate the properties of Si nanoresonator arrays. In the 
quasi-normal-mode simulations (Fig. 2a and Supplementary Figs. 3 and 4), the 
two ports are replaced by perfect matching layers. We first study the case where 
Si nanoresonators are suspended in an isotropic dielectric environment without 
a substrate. Different types of Si are used in the simulation to match the specific 
experimental condition (single-crystalline Si for nanodisk array metasurfaces and 
poly-Si for geometric phase metasurfaces). The optical constants are retrieved 
from spectroscopic ellipsometry. We characterize the reflection and transmission 
of the Si nanoresonator array for a normally incident plane wave. The electric-field 
distribution inside the Si nanoresonator is extracted, too, and used for the 
multipole decomposition analysis. We also study the impact of the substrate 
underneath the metasurface. The refractive index of sapphire and fused silica is set 
as 1.77 and 1.46, respectively.

Device fabrication. Si metasurfaces for dynamic reflectivity and colour control. We 
start the fabrication with a 1 cm square 500-nm-thick single-crystalline Si on a 
sapphire substrate (MTI). Reactive ion etching (Lampoly) is used to thin down the 
Si film to 75 nm. Furthermore, 70-nm-thick hydrogen silsesquioxane (HSQ) is then 
spin coated on the Si film (4% HSQ, 4,000 rpm for 40 s) to serve as a negative-tone 
electron-beam resist layer followed by post-baking at 90 °C for 45 min. A thin 
conductive polymer layer (Espacer 300Z) is then spin coated on the Si film to 
mitigate charging effects during the electron-beam lithography process (JEOL 6300 
100 kV system). The nominal electron-beam dose is set to ~2,000 µC cm−2 and the 
development is performed in 25% tetramethylammonium hydroxide for 2 min. 
Reactive ion etching is then used again to transfer the HSQ hard-mask patterns 
to the silicon slab, and the remaining HSQ hard-mask pattern is removed by 
immersing the sample in diluted 2% hydrogen fluoride solution for 1 min.

Si geometric phase metasurfaces for dynamic diffraction efficiency and spectral 
control of phased-array optics. We choose fused silica as the substrate for the 
geometric phase metasurfaces, since its isotropic refractive index is preferred 
over birefringent sapphire when modulated light transmits through the substrate. 
We first deposit a 200-nm-thick poly-Si layer on a fused silica substrate by 
low-pressure chemical vapour deposition. We note here that, in principle, 
single-crystalline Si can also be bonded to a borosilicate glass substrate by a more 
complex yet robust wafer-bonding process45. The optical constants and thickness of 
the poly-Si slab are measured by ellipsometry (J.A. Woollam M2000). The poly-Si 
slab is then etched down to 120 nm. The same fabrication process described above 
is subsequently conducted to pattern the poly-Si slab into metasurfaces.

Microfluidic device fabrication and operation. Devices are fabricated in 
polydimethylsiloxane (RTV 615, Momentive Performance Materials) by multilayer 
soft lithography. Each device consists of a two-layer elastomeric structure with 
a top control layer of channels that act as valves capable of pushing down and 
pinching off the channels to close them in the underlying liquid flow layer. This 
flow layer rests on the sample substrate, with the channels for injecting fluids (or 
air) overlaying the patterned display features.

Planar silicon moulds are defined by photolithography, using photomasks 
designed with computer-aided design software (AutoCAD, Autodesk) and 
printed on transparency films at a resolution of 20,000 dots per inch (FineLine 
Imaging). The moulds are fabricated on four-inch test-grade silicon wafers 
(University Wafer). The ‘control’ mould is fabricated using SU-8 2025 photoresist 
(Microchem) to deposit valve channels that are 24 μm in height. The ‘flow’ 
mould is fabricated with three lithographic steps. First, a blank layer of SU-8 
2005 is deposited to promote the adhesion of subsequent layers. Next, areas 
that will be pinched off to restrict flow via the pressurization of the control 
channels are fabricated using 13-μm-high SPR220-7 photoresist (Shipley). These 
SPR220-7 channels are rounded to facilitate valve closure by incubation at 115 °C 
for 15 min. A hard bake at 190 °C for 2 h is used to prevent SPR photoresist 
erosion during the addition of subsequent layers. Finally, flow-channel features 
that will not be valved are fabricated using 14 μm SU-8 2015 photoresist 
(Microchem). All the photoresist processing is performed according to 
manufacturer specifications.

Oil, solvents and air are injected into the device via Tygon tubing and pins 
(New England Small Tube) by using pressure-driven flow from regulated house air. 
Valve actuation within the device is accomplished by applying pressure to water 
within the control channels, which deflects the polydimethylsiloxane membrane 
and pinches close the flow channel below. This turning on and off of pressure 
is controlled by pneumatic solenoid valves (Festo) driven by an ethernet-based, 
programmable field-bus input/output system with digital output modules (750-
841 programmable field-bus controller and 750-504 four-channel digital output 
module; Wago). An open-source custom software platform written in Python 2.7 

(ref. 46) allows for real-time control and script-driven automation of all the aspects 
of the chip operation.

Optical measurements. Sample dielectric environment setup. A set of 
refractive-index liquids (Cargille Labs, n = 1.4–1.7) is used to set up the dielectric 
environment of the sample. A droplet of refractive-index liquids is transferred 
onto the sample by a pipettor and then covered by a microscopy cover glass before 
optical characterization (Supplementary Fig. 8a).

Bright-field reflection measurements. We perform the optical reflection 
measurement using a Nikon C2 confocal microscope (Supplementary Fig. 8b). 
Unpolarized light from a halogen lamp is used for top-illumination of the sample 
through a ×20 objective (Nikon, NA = 0.4). The reflection signal is then collected 
by the same objective and the reflection optical images of the samples are taken 
by a Nikon DS-Fi1 camera. A confocal scanner with a 60 µm pinhole is used to 
spatially select the signal, which is analysed using a SpectraPro 2300i spectrometer 
(150 lines per millimetre, blazed at λ = 500 nm) and Pixis Si charge-coupled device 
(−70 °C detector temperature). The reported spectra are averaged by 20 frames  
(1 s integration time each). All the reflection spectra are normalized by the 
reflection spectra of a protected silver mirror (Thorlabs, PF10-03-P01).

Meta-lens characterization. We characterize the focal point of the meta-lens using 
a Nikon C2 confocal microscope (Supplementary Fig. 8c). A monochromatic 
beam (bandwidth, ~5 nm) is generated first by an NKT SuperK EXTREME 
supercontinuum laser with an acousto-optic tunable filter. The beam is collimated 
and then circularly polarized using a linear polarizer followed by a quarter-wave 
plate. The meta-lens is bottom illuminated and its back focal plane (100 μm above 
the sample plane) is then imaged through a ×50 objective (NA = 0.6) and captured 
with a Nikon DS-Fi1 camera.

Meta-hologram characterization. We characterize the far-field distribution of the 
meta-hologram using a home-built optical setup (Supplementary Fig. 8d). The 
preparation of a collimated, circularly polarized monochromatic beam is described 
earlier. The sample is mounted on a three-axis translation stage and illuminated 
by the monochromatic beam weakly focused with a bulk lens (f = 15 cm). A 
whiteboard placed behind the translation stage is used as a projection screen, and 
images on the screen are finally captured by a Nikon D750 camera.

Diffraction efficiency measurements. To characterize the optical diffraction 
properties of the geometric phase metasurfaces, we construct a home-built 
angle-resolved spectroscopy setup (Supplementary Fig. 8e). A broadband beam 
from the supercontinuum source illuminates the metasurface at normal incidence 
and we characterize the first-order transmissivity. The metasurface sample and 
source are simultaneously rotated with respect to the collection optical path. Since 
the direction of the diffracted beams depends on the light frequency, we measure 
the diffracted radiant fluxes at different frequencies as we sweep the angle between 
the source and collection optical path. A 1-mm-wide pinhole (aperture stop) 
is located at the back focal plane of the collection lens to resolve the frequency 
component of the diffracted beam.

Modulation with programmable microfluidics. The microfluidic meta-lens is 
imaged using a custom Nikon Ti microscope with a transilluminator similar 
to the one described previously47. Light from a Lambda LS xenon arc lamp 
(Sutter) is passed through a band-pass filter (Semrock; centre wavelength, 
565 nm; full-width at half-maximum, 24 nm) before being focused into a liquid 
light guide (Sutter). The other end of the liquid light guide is mounted above 
the sample by a custom three-dimensional printed assembly in place of the 
microscope condenser. Images are acquired with a scientific complementary 
metal–oxide–semiconductor camera (Andor) at 2 × 2 binning, using a ×20 
objective (Nikon, NA = 0.45). The number display is imaged using the same 
Nikon Ti microscope, but using inverted microscopy with a ×2 objective (Nikon, 
NA = 0.1). Light is provided by a SOLA light engine (Lumencor) and filtered 
by standard fluorescence filter cubes (Semrock) mounted in a motorized filter 
turret. A 530 nm short-pass colour filter is inserted to enhance the contrast. The 
microscope is controlled by µManager software48. The images and videos are 
captured with a Nikon DS-Fi1 camera.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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