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to fulfill the functionality of an optical 
reconfigurable system; on the other hand, 
probing into the time-resolved observation 
of photonic phenomena requires real-time 
evolution of those mathematical opera-
tors. As such, rewritability, with successful 
examples in other fields like field-pro-
grammable gate arrays (FPGA),[2] would 
create new optical functionalities via (re)
compilation of photonic operators,[3] and 
thus inevitably attracts vast attention in 
the field of photonics. Previous attempts 
at realizing the reconfigurability used 
micro/nanomechanical metamaterials,[4–6] 
liquid crystals[7] or amorphous-crystalline 
phase-transition materials,[8] which are 
limited in terms of functionality, pixel 
density, efficiency, fabrication/reconfigu-
ration cost or high working temperature 
(>623 °C).[9] It is much desired to utilize 

phase-transition materials to reconfigure photonic elements 
in a fast, scalable, cost-effective, and lithography-free way at or 
near room temperature.

In this work, we present an all-solid, rewritable metacanvas 
for photonic applications, on which arbitrary photonic devices 
can be rapidly and repeatedly written and erased for real-time 

The unique correspondence between mathematical operators and photonic 
elements in wave optics enables quantitative analysis of light manipulation 
with individual optical devices. Phase-transition materials are able to provide 
real-time reconfigurability of these devices, which would create new optical 
functionalities via (re)compilation of photonic operators, as those achieved 
in other fields such as field-programmable gate arrays (FPGA). Here, by 
exploiting the hysteretic phase transition of vanadium dioxide, an all-solid, 
rewritable metacanvas on which nearly arbitrary photonic devices can be rap-
idly and repeatedly written and erased is presented. The writing is performed 
with a low-power laser and the entire process stays below 90 °C. Using the 
metacanvas, dynamic manipulation of optical waves is demonstrated for 
light propagation, polarization, and reconstruction. The metacanvas supports 
physical (re)compilation of photonic operators akin to that of FPGA, opening 
up possibilities where photonic elements can be field programmed to deliver 
complex, system-level functionalities.

Reconfigurable Photonic Platforms

Mathematical operators are generally used in wave optics to 
quantify the light manipulation of photonic devices, and dif-
ferent photonic devices correspond to specifically fixed math-
ematical operators,[1] which indeed leads to principal and 
experimental limitations. On the one hand, in situ modifica-
tion of the corresponding mathematical operators is necessary 
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manipulation of light waves. Different patterns can be written 
and erased on the same metacanvas successively. The writing 
is performed with a low-power laser and the entire process 
stays below 90 °C. Dynamic manipulation of optical waves is 
demonstrated with the metacanvas, specifically light propaga-
tion, polarization, and reconstruction. The metacanvas sup-
ports physical (re)compilation of photonic operators akin to 
that of FPGA, thus realizing the in situ modification of the 
corresponding mathematical operators of the metacanvas. 
This dynamic optical system without moving parts opens pos-
sibilities where photonic elements can be field programmed to 
deliver complex, system-level functionalities.

The metacanvas is realized using the hysteretic metal–
insulator phase transition (MIT) of polycrystalline vanadium 
dioxide (VO2) films. Figure 1a shows the schematic of a meta-
canvas being micropatterned with a focused laser beam. VO2 
undergoes a temperature-driven, reversible transition from 
the insulating (I) to the metallic (M) phase when heated above 
its transition temperature (Tc = 68 °C).[10] These two phases 
differ drastically in their physical properties: the electron den-
sity (1.9 × 1023 cm−3 for the M-phase vs 1.9 × 1019 cm−3 for the 
I-phase), relative dielectric constant (−35 + 119i vs 4.9 near the 
operation wavelength of 10.6 µm in this work), and color (dark 
green vs bright yellow under white light illumination) are all dis-
tinct,[10,11] thus attracting much attention in various fields.[12–14]  
These contrasts, together with the MIT hysteresis of polycrys-
talline VO2 films, lay the material foundation that enables the 
all-solid metacanvas for nonvolatile patterning and erasing.

As illustrated in Figure 1b, we first globally heat the VO2 
film from room temperature (cooler than Point A) to Tc (Point 
B), and the entire film is still in the I-phase. Subsequently, a 
laser is focused onto the film to locally heat the VO2 to the 
M-phase (Point C). When the laser is turned off or moves to 
other regions, the laser-heated region will still stay in the 
M-phase (Point D) owing to the hysteresis.[15] Hence, a nonvola-
tile M-phase pattern is written onto the I-phase film. The pat-
tern can easily be erased by reducing the global temperature 
of the entire film beyond the hysteresis (e.g., to Point A). Upon 
reheating to Point B, the film is reset and ready for rewriting 
a new pattern in the same region. This process is illustrated 
in Figure 1c, as well as shown in Video S1 (Supporting Infor-
mation). As such, nearly arbitrary patterns of the M-phase can 
be written, erased, and rewritten onto the I-phase film, hence 
forming a canvas to “field program” various metaphotonic 
elements.

Such a rewritable metacanvas is ideal to physically realize 
mathematical operators for the manipulation of light. This pro-
cess is similar in spirit to compilation in electrical engineering: 
to realize a desired logic in the form of a software program, it 
is compiled into FPGA using an assembly language. In such a 
process, the speed of compilation and the programmability of 
FPGA are critically important. In analogy, to realize the desired 
mathematical operator to manipulate light, it is rapidly[16] 
compiled onto the metacanvas using the “photonic assembly 
language” (Figure 1d), which can be optical gratings,[17,18] 
metasurfaces,[8,19–22] holography,[23,24] metatronics,[25] etc. 
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Figure 1. A rewritable metacanvas. a) Schematic of laser writing different photonic operator patterns on a metacanvas. b) Temperature-dependent 
resistance of a VO2 film, where the transition temperature (Tc) is denoted by a vertical dashed line. Insets A and B: Unpatterned VO2 film (all in 
I-phase). Inset D: The VO2 film (global temperature kept at Tc) is laser written with a pattern of a bear in the M-phase. c) Optical images from writing 
and erasing process on the metacanvas: i–iii) a pattern of a bear (M-phase) is written onto an I-phase VO2 film, iv,v) then erased by decreasing the 
global temperature, vi) and another pattern of the word “METACANVAS” is written subsequently. d) Diagram showing the mathematical matrix (F) is 
compiled onto a metacanvas in the form of a photonic operator for manipulation of light waveform (II). e) Schematic of a metacanvas programmed as 
a beam steerer with a steering angle ϕ. Inset: Optical image of the beam steering phase array compiled on the metacanvas. f) Normalized, measured 
light intensity as a function of the propagation direction angle ϕ. Scale bar is 100 µm in (b) and (c), and 10 µm in (e).
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Therefore, the metacanvas is analogous to the FPGA in three 
aspects: the compilation of mathematical logics into hardware 
to suit different applications; the resultant multifunctionalities 
within one single device; and the real-time reprogrammability 
after the device is already deployed. Unlike previous litho-
graphically made VO2 devices that can only be switched ON/
OFF with permanent patterns and fixed functionalities,[26–36] 
the lithography-free metacanvas is fully reconfigurable in 
terms of both patterns and functionalities (see Section S2 in 
the Supporting Information for detailed comparison). As such, 
the rapid, cost-effective, and reversible compilation of photonic 
operators on the rewritable metacanvas with lithography-free, 
micrometer-sized features potentially enables a rich collection 
of photonics research and applications. Note that the thickness 
of the VO2 film used is only 200 nm and the probe beam wave-
length is 10.6 µm, forming a wavelength-thickness ratio as 
high as 53 for all the photonic operators compiled. The writing 
beam used in the following experiments is a 532 nm contin-
uous laser with a power around 1 mW and a diameter <1 µm, 
such that a feature size of ≈1 µm is achieved. Here, we start by 
dynamically compiling a beam steering operator[20,37,38] on the 
metacanvas as a proof of concept, based on which we show a 
more general prototype for a reconfigurable photonic system. 
Finally, we develop the concept of and demonstrate a physical 
simulator utilizing the fast (re)compilation of operators on the 
metacanvas.

Electromagnetic phase arrays have found various applica-
tions ranging from radar, communication,[37] biomedical sci-
ences,[39] holography,[23,24] to optical tweezers.[40] Currently, 
large-scale integrated phase array has been reported,[38] but a 
cost-effective way to implement large-scale, lithography-free, 
and rapidly reconfigurable phase arrays is much desired to 
boost these applications. Here, we first test a basic function 
of the phase array, beam steering. Figure 1e shows the dia-
gram of the beam steering process with the metacanvas. The 
designed phase array is compiled onto the metacanvas, which 
steers the input light beam to an angle of ϕi as well as changes 
the handedness of the steered beam.[24] In the experiment, a 
steered beam was indeed observed along the designed direc-
tion (Figure 1f). As we erased the phase array on the meta-
canvas by decreasing the global temperature, the steered beam 
vanished, so a new photonic operator can be compiled after-
ward onto the same metacanvas for beam steering in different 
directions, thus verifying the (re)compilation of operators on 
the metacanvas.

As a versatile platform capable of “free-style” (re)compila-
tion of operators, the metacanvas can go beyond device-level 
applications such as the beam steerer and enable construction 
of a comprehensively reconfigurable photonic system. Here, 
we demonstrate a prototype of such reconfigurable system 
using two metacanvases for time-resolved observation of 
dynamic transitions. Transitions between physical phenomena 
have been heavily investigated in attempt to reveal the other-
wise hidden dynamics in various contexts, such as quantum 
systems[41] and topological phase transition.[42] However, in 
photonic systems, it is rather difficult or even impossible to 
experimentally achieve smooth transitions without interrupting 
the optics. Aided with in situ programming capabilities, a 
metacanvas-based system enables real-time reconfiguration of 

photonic operators to manipulate light, thus opening up new 
opportunities for resolving and probing dynamic transitions. 
Again as a proof of concept, we use manipulation of structured 
light with structured devices[43] as an example. Concentric-
ring gratings have been studied intensively for exploration of 
cylindrical vector and orbital angular momentum with possible 
applications such as tight focusing and structuring of light.[43] A 
circularly polarized beam transmitting through the grating gen-
erates a doughnut-shaped light field with a dark center due to 
high transmittance of the radial component of the light beam, 
while a linearly polarized incident beam results in a two-lobe-
shaped light field.[43]

The diagram of achieving such transition is shown sche-
matically in Figure 2a. Sequentially erasing operators F1 and 
F2 would enable the transition from II3

  to II3


′, and finally II1
 . The 

definition of the operator Fi, light waveform IIi
 , and detailed 

formulas are summarized in Section S4 in the Supporting 
Information. The experimental setup is shown in Figure 2b, 
where two metacanvases are used. The first metacanvas pro-
grammed as a linear polarizer (F1) transforms the circularly 
polarized light (II1

 ) into linear polarized light (II2
 ), which is fur-

ther transformed into a two-lobe pattern (II3
 ) by a concentric-

ring grating (F2) compiled on the second metacanvas. Prior 
to the transition experiment, we separately characterized the 
performance of the linear polarizer at variable temperatures, 
which proved that F1 was correctly compiled, functioning, 
and erasable (Figure 2c). The polarization ratio of this linear 
polarizer is maximized and equal to 4.5 at Tc and gradually 
decreases to about 1 at Tc − 15 °C when the pattern is nearly 
completely erased. The polarization ratio depends on tempera-
ture in a way that is in full agreement with the cooling-down 
curve of conductance derived from Figure 1b (see Section S7 
in the Supporting Information), proving that the erasing of 
F1 indeed arises from the MIT of VO2.[26] The concentric-ring 
grating was also similarly characterized and its performance 
was confirmed. As we assembled them as an optical system 
in Figure 2b, a two-lobe pattern (II3

 ) was detected, as shown in 
Figure 2di. When F1 was being erased, we observed a smooth 
transition from the two-lobe pattern II3

  to a doughnut pattern 
II3


′, thanks to the smooth transition of the light before F2 from 
linear polarization to circular polarization. The reduced optical 
contrast of the patterns, which are practically new operators, 
carries the information of intermediate states. Finally, when 
F2 was also completely erased, the doughnut pattern vanished 
and the output returned the light field of II1

  since there is no 
operator acting on it (Figure 2dvii). This process is shown 
in Video S2 (Supporting Information). We note that what is 
plotted in Figure 2d is the transmission ratio in order to explic-
itly show the pattern (see the Experimental Section). Thus, 
the metacanvas based optics could enable dynamical transi-
tion in optics without physically replacing the optical compo-
nents. New photonic operators can be subsequently complied 
onto these metacanvases, hence realizing system-level recon-
figuration, potentially a valuable merit for applications such as 
optical computing.[44]

To further employ such photonic operator recompilation as 
demonstrated by the reconfigurable photonic system, we use 
the metacanvas to experimentally simulate the design of optical 
elements, thereafter termed as a physical simulator. Physical 

Adv. Mater. 2018, 30, 1703878
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simulation is generally used in engineering projects to evaluate 
and compensate random errors arising from real-world applica-
tions that cannot be precaptured by theoretical calculation or 
computer simulation[45] but are critical in fields such as holog-
raphy. One deep-rooted problem in holography is the mismatch 
between the designed and experimental results caused by ubiq-
uitous experimental errors, such as fabrication error, detector 
resolution, laser noise, and diffraction distortion.[46] Although 
numerical full-wave simulation is able to partially solve these 
problems, the solution is severely limited by the memory 
size and computation power of the simulating computer. As 
a result, it has not been possible to simulate large-scale holo-
grams with billions of meshes, let alone the random influence 
of optical setups involved.[47] The metacanvas, with the advan-
tages of lithography free, economical, and rapid recompilation, 

presents an approach to simulate the hologram with a physi-
cally real system, i.e., a physical simulator.

The work flow of physical simulation is depicted in Figure 3a, 
where the analytically designed hologram Fd is compiled onto a 
metacanvas to output an experimental holographic image. The 
difference between the designed (I A

 ) and the physically simu-
lated (IP

 ) images is analyzed to find the lumped experimental 
error (Fe). In the next step, a correction (Fe

1− ) is added to the 
design to compensate Fe, hence achieving the error-corrected 
output (IP



′ ). Such corrected design (Fd
′) can then be applied to 

real-world fabrication of holograms. To demonstrate a proof 
of concept of this process, we compiled onto the metacanvas 
a computer-generated hologram of an image consisting of two 
spots, each with the size of a pixel (Figure 3b). The design (i, ii) 
and the experimental observation (iii) are shown in Figure 3c. 
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Figure 2. Dynamic compilation of operators on the metacanvas. a) Schematic diagram of light manipulation with dynamic control of operators.  
b) Schematic of the experimental setup. Inset: Optical images of a linear polarizer F1 (top left) or a concentric-ring grating F2 (bottom right) compiled 
on the metacanvas. Scale bar: 10 µm. c) Evolution of the normalized, polarization-dependent light transmission from the linear polarizer as temperature 
is decreased from Tc to Tc − 15 °C. d) Transmitted light intensity normalized by the profile of the incident light intensity. i) Two-lobe pattern where the 
arrow shows the polarization direction. i–iv) Transition from the two-lobe pattern (F1 + F2) to a doughnut pattern (F2 only) when the linear polarizer 
(F1) is erased. iv–vii) Fading of the doughnut pattern when the concentric-ring grating (F2) is also erased.
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The experimental result (iii) in Figure 3c shows that the two 
spots were not separated sufficiently far from each other, 
resulting in an overlap between the two spots. We then fixed the 
error by adding one more pixel between the spots (iv, v), which 
led to a complete separation of the two spots (vi). The com-
parison between the design and the experimental data clearly 
shows the limitation of the analytical designing (Figure 3d).  
Therefore, by comparing the experimental results to the analyt-
ical design, the metacanvas-based physical simulator effectively 
processes a full-wave simulation breaking the computational 
limitations, providing a fast, cost-effective, lithography-free 
approach to optimize metaphotonic elements before their real-
world fabrication.

In conclusion, we have exploited the VO2 phase transition to 
attain real-time reconfigurability and field programmability of 
photonic devices, and achieved rapid (re)compilation of various 
photonic operators on the metacanvas for full light manipu-
lation in both space and time dimensions. From the high-
speed, large-scale, “free-style” writing and erasing, the dynamic 
compilation of photonic operators has the potential to enable 
unprecedented applications (e.g., real-time analysis and control 

of photonic devices) as well as basic research (e.g., probing 
into time-dependent optical processes). We note that all the 
experiments (including Videos S1 and S2 in the Supporting 
Information) we show in this work were completed with only 
three VO2 films, which have undergone several tens of damage-
free writing–erasing processes under ambient condition, exhib-
iting great versatility and stability. Different patterns have been 
repetitively written and erased on the same film, thus proving 
the context of rewritability.

The technical specifications of the metacanvas are analyzed 
as follows: First, the patterns shown in Figures 1e, 2b, and 3b 
were written at a speed of 0.03–2 mm s−1, depending on the 
complexity of the patterns. The current writing speed is only 
limited by the stability of the direct laser writing system, in 
which high writing speeds result in strong mechanical vibration. 
Considering the feature size and the laser power (see the Exper-
imental Section), the energy cost to pattern the metacanvas is 
calculated to be ≈600 nJ µm−2, which is higher than the theoret-
ical lower bound of the writing power of 0.064 nJ µm−2 because 
of nonideal optical absorption of the VO2 films as well as heat 
dissipation. Second, the theoretical lower bound of standby 
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Figure 3. The metacanvas functioning as a holographic physical simulator. a) Diagram showing the image correction process using the physical 
simulator with schematic images. The first attempt in the physical simulator output (IIP ) includes the lumped experimental error (Fe) and the designed 
phase distribution (Fd). This error information can then be identified and taken into consideration in the second-round design (F F F=′ −

d e
1

d) in the 
physical simulation to eliminate the error. The corrected phase array (F ′

d) can then be used in real implementation to yield an ideal image as designed. 
b) Optical images of a hologram compiled on the metacanvas with different magnifications. Note that this hologram consists of the information 
for the two-spot image and 18° beam steering phase distribution, and thus is different from that in Figure 1e. Scale bar: 100 µm (main) and 10 µm 
(inset). c) Target two-spot images, the corresponding calculated phase distribution, and the experimental holographic images with i–iii) one-pixel and 
iv–vi) two-pixel separation. Note that (i) and (iv) only show the middle parts of the full images, and (ii) and (v) have taken the beam steering phase 
into consideration. d) Comparison between the analytical design and the physical simulator output data along the horizontal dashed lines in the 
holographic images in (ciii,vi).
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power of the metacanvas is the heat loss from the sample sur-
face to air, as the other heat losses (to solid heat sinks) can be 
minimized by design for good heat isolation. This is estimated 
to be ≈700 µW per sample size of 1.28 × 1.28 mm2. Practically, 
microheaters with a similar geometry can maintain ≈68 °C with 
a power consumption on the order of ≈10 mW.[48,49] Third, the 
relaxation time of the metacanvas is limited by the cooling rate 
rather than the intrinsic phase transition speed of VO2.[16] In 
the experiment, it was observed that the patterns can be erased 
in <≈ 1 s at room temperature. In the extreme case that air 
cooling is the only heat loss, numerical calculation shows that it 
takes ≈27 s to cool down an Si chip (1 × 1 × 0.5 mm3, imitating 
the metacanvas) from 68 to 45 °C to erase all M-phase patterns 
(see Section S9 in the Supporting Information for details).

The performance of the photonic operators compiled on 
the metacanvas can be further improved by optimizing the 
feature size and shape, the film thickness, and the material 
quality. Current limitations for unleashing the full potential 
of the metacanvas are related to our facilities rather than the 
metacanvas itself. Further improvements in the metacanvas 
can be made at least in two aspects: first, switching the laser 
writing to electrical control of metacanvas will potentially 
yield a friendlier device footprint for some integrated elec-
tronic systems; second, the technology of metacanvas can be 
applied to other materials with first-order phase transition and 
a hysteresis akin to that of VO2 films,[50] potentially expanding 
the spectral range and working condition. In all, aided with 
more advanced facilities, one can envision to further apply the 
metacanvas technology for more advanced applications, such 
as optical computing[44] or fully reconfigurable photonic cir-
cuitry.[51] It is also possible to build dynamic optical systems 
without moving parts, where a wide range of functionalities 
can be customized in situ by repeatedly programming and 
coding the metacanvases.

Experimental Section
VO2 Growth and Characterization: VO2 films were deposited onto 

double-side polished, undoped Si substrates in a DC magnetron 
sputtering system using a high-purity vanadium metal target. The 
sputtering was carried out with a flowing gas mixture (49.7 sccm Ar and 
0.3 sccm O2 under 0.55 Pa for 30 min, DC power of 60 W) at room 
temperature. After the VO2 deposition, it was annealed in a low-pressure 
O2 atmosphere (3 × 10−2 mbar) at 450 °C for 10 min to facilitate the 
crystallization. The resistance hysteresis curve of the VO2 shown in 
Figure 1b was measured using a probe station and a home-made 
heating stage with a Lakeshore 325 temperature controller.

Laser Writing: The temperature control (heating and cooling) was 
achieved using Lakeshore 325 (and/or 321) temperature controller(s) 
and home-made heating stages which consisted of Pt temperature 
sensors and Kapton insulated flexible heaters.

For the characterization experiments, an LRS-0532 diode pumped 
solid-state continuous-wave laser (Laserglow Technologies) was used 
for the laser writing at 532 nm wavelength. Besides the laser, key 
components in the direct laser writing system included an Olympus 
100 × lens (NA = 0.95, infinity corrected), a nanopositioning stage 
(Aerotech, ANT130-XY series), and a mechanical shutter (Thorlabs). 
The laser power irradiated at the VO2 film was 1.14–1.25 mW, with 
a diameter less than 1 µm. The writing speeds for the polarizers, 
concentric rings, and the metasurface were 2 mm s−1, 0.05–0.2 mm s−1, 
and 0.03 mm s−1, respectively. As such, the intrinsic spatial resolution 
is set by the thermal diffusion length in VO2 and is estimated to be 

≈100 nm within the laser exposure time (<40 ms) of the area of 1 µm2, 
which is on the similar order of the grain size of the VO2 film (Figure S2, 
Supporting Information). Also, the latent heat of VO2 phase transition 
helps prevent the leakage. Hence, it can be concluded that finer features 
can be achieved with advanced writing tools.

For writing the patterns of the bear and the word “METACANVAS”, 
a 20 × lens (Mitutoyo) was used instead, and the laser power irradiated 
at the VO2 film was 11.5 mW, which had a diameter of approximately 
3 µm. The movement of the nanopositioning stage and the ON/OFF of 
the mechanical shutter were computer programmed and automatically 
controlled, as shown in Video S1 (Supporting Information), where a 
CCD camera was used for in situ observation and recording.

Metacanvas Characterization: A CO2 laser (DIAMOND C-20A, 
Coherent Inc.), with a waveform generator (33600A series, Keysight 
Technologies Inc.), was used for generating the 10.6 µm laser radiation 
in all the characterization experiments. A commercial wire grid linear 
polarizer (WP25M-IRC, Thorlabs) and a 90° phase retarder (Ophir) were 
used for the creation of the circularly polarized light. The subsequent 
integrated power measurement in Figure 2c was carried out using a 
high-sensitivity thermal power sensor (S401C, Thorlabs), where each 
data point is the average of 20 measurements continuously recorded 
at 10 Hz. The mapping of intensity distribution was achieved with 
pixel-by-pixel scanning: an iris and the power sensor (S401C) were 
integrated onto a three-axis nanomax stage (Thorlabs) controlled by 
a three-channel APT benchtop stepper motor controller (BSC203, 
Thorlabs). Similarly, each data point in the mapping is averaged from 
10 consecutive measurements. B-spline interpolation was applied to all 
the mapping data using Mathematica.

In the beam steering experiment, the circularly polarized light 
transmitted through the metacanvas programmed as a phase array. A 
focusing lens was positioned behind the metacanvas. Since the distance 
between the metacanvas and the lens was equal to its focal length, the 
steered light was focused at the focal plane on the other side, where a 
2D mapping was conducted. After converting the position information 
at the mapping plane into the steered angle, we obtained data to plot 
Figure 1f.

For characterization of the metacanvas programmed as a linear 
polarizer, the generated circularly polarized light went through the 
metacanvas, another commercial linear polarizer (WP25M-IRC, 
Thorlabs), and then finally into the power sensor (S401C) for integrated 
power measurements. The transmittance power was measured as a 
function of the rotation angle of the commercial linear polarizer. We 
fitted to the data points with sine functions ( ω ϑ δ= + +sin( )i i i i if A B ) and 
then normalized them with the value of Bi to plot Figure 2c. In a separate 
characterization experiment, the metacanvas was programmed as a 
concentric-ring grating. The commercial linear polarizer (WP25M-IRC) 
was positioned before the metacanvas to image the two-lobe pattern, 
while the doughnut pattern was mapped without the commercial linear 
polarizer, i.e., the circularly polarized light went directly through the 
metacanvas. We divided the experimentally recorded 2D light intensity 
map with the input Gaussian beam intensity profile to obtain the 2D 
transmission ratio map, as shown in Figure S9 in the Supporting 
Information. Figure 2d was obtained with the same setup as shown in 
Figure 2b and the same image processing method described above. We 
thus resolved the transition process (see Video S2 in the Supporting 
Information) from Figure 2d using interpolation.

Fast Fourier transform was used to generate a hologram, which 
is shown in Figure 3a,c. To separate the holographic image from the 
transmitted main peak without degrading the signal-to-noise ratio, we 
added an extra 18° beam steering phase information to the hologram. 
The experimental realization of the holography utilized the same setup 
as the beam steering experiment.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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S1. Details of metacanvas writing 

Since the metacanvas writing is only a heating process, there is no special requirement on the 

writing laser. We experimentally achieved pattern writing on the metacanvas with various 

lasers in addition to the one used in the main text, such as a 488 nm continuous-wave (CW) 

diode laser in a micro-photoluminescence/Raman system (Renishaw), a 400 nm femtosecond 

laser from a Chameleon laser source (Coherent), and a 10.6 μm CO2 laser (Coherent). 

Ultraviolet laser can also be used for patterning the metacanvas.[1] Theoretically, other 

heating methods, such as thermal nanoimprinting[2] and electron beam irradiation,[3] can also 

be used to write patterns on the metacanvas. 

    Shown in Figure S1 are the patterns we achieved with our micro Raman system. 
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T<TcT=Tc T=Tc
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Figure S1. Metacanvas writing with a 488 nm CW laser. a) A dot array was written when the 

metacanvas was globally heated to Tc. b) The dot array was erased by cooling down the 

metacanvas. c) A new pattern of “CAL” was created after the metacanvas was heated back to 

Tc. Scale bar: 20 μm. 

 

    It is well worth noting that, the laser power density must be optimized to have the best 

writing results, which also depends on the thermal conductivity of the substrate, the 

absorption coefficient of VO2 at the laser wavelength, and the intensity distribution of the 

laser beam. Insufficient power results in a blurry and vague pattern, while too much power 

causes irreversible damage to the metacanvas. For experiments with a 488 nm CW laser and 

10 second exposure time, the writing power is in the range of 0.02-0.5 mW/μm2, respectively. 

    If the probe laser is too powerful, it will heat the metacanvas up and remove all patterns 

on it. Even though there is an upper limit for the input power, that value is quite high for 

many applications. In our test, at 10.6 μm wavelength, ~800 μm diameter CO2 laser beam can 

only induce the phase transition of VO2 at a power of several hundred milliwatts. With lower 

power density, it is safe to conduct experiments on the metacanvas. 

    The grain size of the VO2 thin film is roughly 50-200 nm (see Figure S2a). Raman 

spectrum of the VO2 thin film verifies its good quality (see Figure S2b). 
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Figure S2. a) SEM image and b) Raman spectrum of the VO2 film. 

 

The quality of VO2 plays a pivotal role in VO2 hysteresis as well as practical 

applications.[4] The characterization results in Figure S2, together with the temperature-

dependent resistance curve in Figure 1b of the main text, indicate the high ON/OFF ratio, 

steep metal-insulator transition, strong Raman signals, and correct phase transition 

temperature of the VO2 films used in the experiments. Hence, the good quality of the VO2 

films, from a practical point of view, used as the metacanvas has been verified. Also, the 

quality of such VO2 films was demonstrated elsewhere.[5] 

 

S2. Detailed comparison between switchable devices and the metacanvas 

Most previous VO2-based devices are lithographically made with permanent patterns and 

fixed functionalities.[1,6-15] As a result, those devices are only switchable due to the phase 

transition of the active material of VO2.
[1,6-15] Some VO2 devices are based on pump-probe 

mechanism, but still work with fixed pattern design and functionalities.[16] In addition, some 

lithographically made switchable devices are based on other active materials rather than VO2, 

but again, their functionalities and patterns are not reconfigurable.[17] 

In stark contrast, the metacanvas is lithography-free and fully reconfigurable. 

Reconfigurable devices allow changes of patterns and functionalities, while the patterns in 
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switchable devices are fixed and can only be switched “ON” and “OFF”. The difference 

between switchable and reconfigurable patterns is illustrated in Figure S3. 

 

Figure S3. Difference in reconfigurable and switchable patterns. 

 

    Detailed comparison between the metacanvas and previous VO2 works are summarized 

in Table S1. 

Table S1. Comparison between the metacanvas and previous VO2 works. 

Contrasts Previous VO2 works[1,6-15] Metacanvas Consequence 

Lithography-
free? No Yes 

Fabrication cost, speed 
and possibility of in 

situ re-patterning 

Reconfigurable? No Yes New functionalities 
(see the main text) 

Switchable? Yes Yes Switching between 
two states 

Applications Switchable, monofunctional 
devices 

In addition, reconfigurable, 
multi-functional devices 

and systems 

Enabling new 
possibilities 

Mechanism 
based 

Metal-insulator phase 
transition 

Hysteresis of the phase 
transition  
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As shown in the table above, both the pattern and the functionality of the metacanvas can 

be arbitrarily reconfigured, which leads to many more degrees of freedom in metasurface 

design and functionalities. One piece of metacanvas is thus able to function as different 

optical components (holograms, phase arrays, polarizers, modulators, etc.) at different times. 

In addition, different from all these previous VO2 works that utilize merely the phase 

transition, the metacanvas instead utilizes the hysteresis in the phase transition to enable the 

reconfigurability. 

 

S3. Numerical simulation for the beam steering experiment 

Numerical simulation for the beam steering experiment was done with COMSOL 

MultiphysicsTM. The phase array geometric parameters were extracted from optical images of 

the metacanvas programmed as a beam steerer, and the permittivity of VO2 was based on a 

previous report.[18] The simulation result in Figure S4 clearly shows a beam steering effect, 

which well matches the design and the experiment. 

E-field w
ith 

norm
alized intensity

0

-1

1

0.5

-0.5

 

Figure S4. COMSOL simulation of light steering with the phase array. The green and red 

arrows represent the input and the steered light propagation direction, respectively, while the 

horizontal white line shows the plane of the VO2 metacanvas. 
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The mechanism of this beam-steering effect based on the nanorod metasurface can be 

found in other works.[19,20] To clearly show that the nanorod metasurface written on the 

metacanvas is able to generate similar phenomena, here we plot the cross-sectional view in 

the metasurface plane of the metacanvas in Figure S5. 

 

Figure S5. Cross-sectional view of the metacanvas simulation 

Based on the simulation, the efficiency of the metacanvas (as the nanorod metasurface) 

is calculated to be 1.2% using the following equation.[21] 

controlled

transmitted

P
P

η =                                                                                                                        (S1) 

where Ptransmitted is the energy of the total transmitted light, and Pcontrolled  is the power of the 

fraction of the transmitted energy that is controlled by the metasurface.  

Therefore, the efficiencies for the beam-steering experiment and the holography 

experiment were the same: in the beam-steering experiment, 1.2% of the total transmitted 

power was steered; in the holography experiment, 1.2% of the total transmitted power went to 

the two-dot holographic image. 

S4. Equivalent mathematical formulas for the experiments 

In the main text, mathematical operators are compiled onto metacanvases while mathematical 

diagrams are used to summarize the experiments. Here, the mathematical operators and 
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diagrams are analyzed in detail to give a complete description of the experiments in the main 

text.  

(1) Basic definition 

Without loss of generality, the light is represented as a two-dimensional (2D) complex 

vector (x, y)I   


x

y

j
x

j
y

a e
(x, y)

a e

θ

θ

 
 =
 
 

I                                                 (S2) 

where xa  and ya  denote the amplitudes of light in the x and y direction, while xθ  and yθ  

represent the corresponding phases, respectively. 

(2) Beam steering 

A nanorod optical antenna with a rotation angle of ϑ  yields a phase shift of 2ψ ϑ= .[19,20] 

It is assumed that the light is rotated along the y axis, such that the phase shift follows 

Equation S3. 

2 sin( , )x y xπ ϕψ
λ

=                                                                                                                    (S3) 

Thus, ϑ  of each nanorod is 

sin( , ) ( , ) / 2x y x y xπ ϕϑ ψ
λ

= =                                                                                                    (S4) 

Hence, rotation around the y axis by ϕ   can be denoted as 

1 2
sin(x, y)= r Exp j x rπ ϕ
λ

  + 
 

F  
    

                                                                                              (S5) 

which illustrates the way in which the beam steering operator in the Figure 1e of the main text 

is calculated. 

Since the incident light is partially preserved after the metacanvas,[19,20] here we define 

two coefficients 1r  and 2r . 1r  denotes the amplitude of the phase-controlled light, and 2r  
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corresponds to that of the uncontrolled transmitted incident light, both of which are 

determined by the metacanvas configuration.[19,20] 

(3) Linear polarizer  

A left-hand or right-hand circularly polarized light (LHC or RHC) can be expressed as 

 ( ) ( ) ( ) 1
ˆ ˆ, , ( , )j j

LHC x yx y a x y e j a x y e
j

θ θ  
= + =  

 
I e e                                            (S6) 

 ( ) ( ) ( ) 1
ˆ ˆ, , ( , )j j

RHC x yx y a x y e j a x y e
j

θ θ  
= − =  − 

I e e                                           (S7) 

For a linear polarizer, the transmission coefficient of ˆxe  and ˆye  polarization have 

different values. Such a linear polarizer has the following expression of matrix 

1

0
0
x

y

t
t

 
=  
 

F                                                                                                                             (S8) 

For example, a perfect polarizer letting x-polarized light transmit satisfies the following 

condition 

1xt =  , and 0yt =                                                                                                                      (S9) 

(4) Formation of the two-lobe pattern 

In the cylindrical polarization coordinates, LHC and RHC have the following expression 

 ( ) ( ) ( ) ( )ˆ ˆ ˆ ˆ, , cos sin sin cosj
LHC r rr a r e jθ

φ φφ φ φ φ φ φ = − + + I e e e e                                                (S10) 

 ( ) ( ) ( ) ( )ˆ ˆ ˆ ˆ, , cos sin sin cosj
RHC r rr a r e jθ

φ φφ φ φ φ φ φ = − − + I e e e e                                                (S11) 

which can also be written as 

 ( )  ( ), ,LHC LHCr x yφ = ⋅AI I                                                                                                        (S12) 

 ( )  ( ), ,RHC RHCr x yφ = ⋅AI I                                                                                                        (S13) 

where A  is the rotation matrix 

cos sin
sin cos

φ φ
φ φ

− 
=  
 

A                                                                                                                           (S14) 
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The effect of a concentric-ring grating on the light is a radial polarizer, which permits the 

polarization direction of ˆre , so it can be represented by a matrix ′P   in the cylindrical 

polarization coordinates in Equation S15. 

0
0
rt

tφ

 
′ =  

 
P                                                                                                                           (S15) 

where rt  and tφ  are the transmission coefficients in ˆre  and φ̂e  polarization directions, 

respectively. For a perfect concentric-ring grating, 

1rt =  and 0tφ =                                                                                                     (S16) 

The effect of a concentric-ring grating can be expressed in { }ˆ ˆ,x ye e  by multiplying the 

matrices 

2 2

2 2 2

cos sin cos sin cos sin
cos sin cos sin sin cos

r r

r r

t t t t
t t t t

φ φ

φ φ

φ φ φ φ φ φ
φ φ φ φ φ φ

 + − +
′= =   − + + 

TF A P A                                  (S17) 

If one multiplies the light vector by the linear polarizer and concentric-ring matrices, a 

two-lobe pattern will be created. 

(5) Hologram 

A hologram achieves image reconstruction by designing the phase retardation at every 

point. We can get a 2D phase distribution ( , )h x yϑ  with computer-generated hologram design, 

whose effect on the probe light is expressed as 

[ ]( , ) ( , )hx y Exp j x yϑ=dF                                                                                                         (S18) 

We can then reconstruct the far-field holographic image by performing Fourier 

transform W  with a focusing lens 

 0( , ) ( , ) ( , )x y x y x y= WA dI F I                                                                                                   (S19) 

 

S5. Experimental setup schematic for the beam steering and holographic physical simulator 

experiments 
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The same experimental setup was used for the beam steering and holographic physical 

simulator experiments and is illustrated in Figure S6. Note that some reflective mirrors are 

omitted for clarity of the diagram, and the distance between optical components is not shown 

to the scale. 

3-axis stage

CO2 Laser

Power sensor

RM

LP

PR

L1 L2

MC
Iris

 

Figure S6. Detailed diagram of the setup used in the beam steering and holographic physical 

simulator experiments. RM, reflective mirror; LP, commercial linear polarizer; PR, 90° phase 

retarder; L, focusing lens; MC, metacanvas.  

 

S6. Experimental setup schematics for transition observation 

The experimental setups used for characterizations of the metacanvas programmed as a linear 

polarizer or a concentric-ring grating, as well as the transition observation with two 

metacanvases simultaneously, are illustrated in Figure S7. Note that some reflective mirrors 

are omitted for clarity, and the distance between optical components is not drawn to the scale. 

The light immediately after the phase retarder is circularly polarized.  
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CO2 Laser

Power sensor
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CO2 Laser
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3-axis stage

CO2 Laser

RM

LP1

PR

L1 L2 L3

MC1 MC2

b

c

a

Power sensor

Iris

3-axis stage
 

Figure S7. Detailed diagrams of a) the metacanvas as a linear polarizer, b) the metacanvas as 

a concentric-ring grating, and c) the transition observation setups. RM, reflective mirror; LP, 

commercial linear polarizer; PR, 90° phase retarder; L, focusing lens; MC, metacanvas.  

 

S7. Temperature-dependent polarization ratio of the metacanvas as a linear polarizer 

Figure 2c in the main text clearly shows a temperature-dependent polarization ratio of the 

metacanvas programmed as a linear polarizer. This is because, when the global temperature of 
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the metacanvas was decreased, the written M-phase patterns on it went through a metal-

insulator phase transition and gradually faded away. After that, the metacanvas became a 

homogenous I-phase VO2 film.  

Since the performance of such a VO2 linear polarizer is directly related to the free 

charge carrier response to the incident probe light beam, it is not surprising that the 

polarization ratio follows the overall conductance change of the VO2 film. We extract the 

polarization ratio as a function of the temperature away from Tc, and plot it in Figure S8, 

together with the hysteretic conductance curve of VO2 derived from Figure 1b in the main text. 

It is clearly seen that these two sets of data agree very well, proving that the fading of the 

linear polarizer polarization ratio originates from the phase transition of the laser-written 

pattern from the M-phase to the I-phase. 
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Figure S8. Temperature dependent polarization ratio of the metacanvas programmed as a 

linear polarizer, in comparison to the conductance hysteresis of the VO2 film.  

 

S8. Characterization of the metacanvas as a concentric-ring grating 

To test the functionality of the metacanvas programmed as a concentric-ring grating, we 

characterized the grating with the setup shown in Figure S7b. The first measurement was 

taken using a linearly polarized light beam provided by a commercial linear polarizer (LP2), 
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and the result is shown in Figure S9a. Then we rotated LP2 by 90°, and obtained Figure S9b. 

These two-lobe patterns match well the results reported in previous work.[22] Finally, we 

removed the LP2 to let a circularly polarized light beam transmit through the metacanvas, 

resulting in the light field in Figure S9c, where a doughnut-shaped pattern with a dark center 

is seen. Note that all the panels in Figure S9 are the transmitted light intensity normalized by 

the profile of the incident light intensity. 

a b c
1.0

0.9

0.8
 

Figure S9. Experimental characterization of a metacanvas programmed as a concentric-ring 

grating. a and b) Two-lobe patterns created by passing linearly polarized light through the 

concentric-ring grating. Arrows show the corresponding polarization directions. c) A 

doughnut-shaped pattern created by passing circularly polarized light through the concentric-

ring grating.  

 

S9. Calculations regarding the technical specifications 

First, the practical energy cost to pattern the metacanvas is calculated as follows: a maximum 

writing speed of 2 mm/s was used to write 1 μm-wide patterns, so it only took 0.5 ms to 

switch an 1 μm2 VO2 film into the M-phase. Considering the laser power is 1.14-1.25 mW, the 

energy cost to practically pattern the VO2 film using the facility described in the Experimental 

Section is ~600 nJ/μm2. 
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Secondly, the lower bound of the writing power needed is the latent heat of the phase 

transition of the VO2 film plus the energy needed to heat it from the standby state to the M-

phase.[23] The theoretical energy TE  needed to pattern VO2 is 

TE V c T VHρ= ∆ +                                                                                                             (S20) 

where V  is the unit volume of VO2
 with a thickness of 200 nm and an area of 1 μm2, which is 

calculated to be 2×10-13 cm3. ρ , c , H  are the density (4.66 g/cm3), the specific heat (690 

J/(kg·K)), and the latent heat of phase transition (250 J/cm3) of VO2, respectively.
[23] Judging 

from Figure 1b in the main text, the temperature change T∆ is 22 oC (heated from 68 oC to 90 

oC). As such, TE  is estimated to be 0.064 nJ/μm2. 

Thirdly, the theoretical lower bound of the standby power is estimated by heat 

dissipation from the sample surface to air as the only heat loss. Considering a sample size of 

1.28×1.28 mm2 (the case of the hologram), the temperature difference of 48 oC (68 oC - 20 

oC), and the heat transfer coefficient of 5 W/(m2·K) for convective air cooling, the ideal 

standby power is estimated to be ~786 μW, which is much lower than the power consumption 

of most electronic chips. In addition, all semiconductor chips generate heat and many of them 

naturally reach ~70 oC while working. If there is such a chip nearby, no additional power is 

needed to maintain the working temperature of the metacanvas. Also, only 2 at.% W doping is 

known to decrease the phase transition temperature of VO2 from 68 oC to room temperature. 

With proper W doping, an optimal working temperature for the metacanvas can be chosen to 

achieve negligible standby power. 

Finally, numerical simulation was conducted to calculate the upper bound of the erasing 

time. For clarification, a Si chip (1×1×0.5 mm3) was used to imitate the metacanvas and air 

cooling was set to be the only heat loss. The initial temperature of the Si chip and the 

environment temperature were set to be 68 oC and 20 oC, respectively, and the heat transfer 

coefficient was 5 W/(m2·K). The calculated maximum temperature within the Si chip as a 
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function of time is depicted in Figure S10, which indicates that ~27 s is needed to cool the 

chip down to 45 oC (see Figure 1b in the main text) to erase all patterns. 
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Figure S10. Maximum temperature within the Si chip as a function of air cooling time. 
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