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ABSTRACT: Optical reconﬁgurability has enabled the realization of photonic devices that
change in functionality, including modulators, sensors, and signal processors. Yet, most
approaches to date require the application of power, which severely limits their usage in
portable devices. We demonstrate the concept of transient photonics based on Mg, a
burgeoning material for (nano)photonics. We realize dynamic Mg/MgO/Mg color pixels
covering the entire sRGB gamut color spectrum, where all hues vanish completely in less than
10 min upon exposure to water at room temperature and neutral pH, ideal for encryption. This
scalable thin-ﬁlm architecture has a robust angular response, maintaining vivid colors up to 80 degrees of incidence. Our
transient photonics approach using materials that are earth-abundant and CMOS-compatible opens the door for the
implementation of reconﬁgurable devices with controlled responses in the UV−IR that can disappear without leaving any trace
after stable operation, relevant for healthcare, defense, and energy applications.
KEYWORDS: transient photonics, reconﬁgurability, dynamic optical response, magnesium, color pixels,
earth-abundant materials for photonics

T

at optical frequencies motivated the development of Al for
plasmonics in the past few years.1,25,26 Al is the third most
abundant material on the earth’s crust and, therefore, is lowcost, CMOS-compatible, and also low density (2.70 g/cm3),
facilitating portable applications. Further, diﬀerent from Ag
and Au, the plasmon resonances in Al extend into the UV
because this metal does not contain interband transitions at
short wavelengths.26 Although Al easily forms a self-passivating
Al2O3 oxide layer of ∼3 nm,27 it still has resonance tunability
through nanostructuring. As a result, thin-ﬁlm and nanostructured Al have been shown to be working components in
color-selective detectors,1,28 polarization-dependent color
palettes for encoding,2 scattering centers for solar cells,29
nanoantennae,25 photocatalysts,27 etc. While Al presents a set
of suitable characteristics for photonics, it is not biocompatible,
and it cannot disintegrate under ambient conditions.30 For
many applications, including communication and sensing, a
“holy grail” objective in photonics is to create optical devices
that can (i) hide and reveal sensitive information on demand
for encryption, (ii) vanish as needed after stable operation
without leaving any trace, and (iii) be swallowed by humans if
required (with conﬁrmed biocompatibility). To date, most
eﬀorts in the blossoming ﬁeld of transient photonics have
focused on using silk31−33 and polymers,34 which can be
unstable upon exposure to UV radiation, hindering the lifetime
of the devices. Hence, we propose a platform for transient
photonics using Mg (metal) and MgO (dielectric), which are

he ability to control the optical behavior of metals has
enabled the development of photonic devices ranging
from color pixels for displays1−3 and nanolasers4,5 to
superabsorbers6−8 and novel designs for photovoltaics,9,10
Recently, the necessity for devices with tunable functionality
has triggered the search for materials and architectures that
allow optical reconﬁgurability, e.g., change in light absorption,
reﬂection, and transmission. Up until now, the pathways for
achieving reconﬁgurability have been based on modifying the
materials’ electrical and/or optical properties, including the
application of bias or carrier injection,11 selective light
polarization,2 mechanical actuation,12 and strain.13 Concerning
materials commonly implemented in reconﬁgurable photonics,
most approaches are based on VO2,13,14 where a change in
temperature of >40 °C is responsible for the transition
between a dielectric (low temperature) and a metal (high
temperature).14 Regarding emerging optical materials, changes
in chemical composition can also allow for reconﬁgurability.
Speciﬁcally, the hydrogenation of Mg nanostructures capped
by a Pd layer has been recently shown to be an eﬀective knob
for color tunability, resulting from the reversible shift between
Mg (metallic) and MgH2 (dielectric behavior) upon hydrogenation and dehydrogenation.15,16
The extensive research performed with Ag, Au, Al, and
Cu,17,18 as well as their combinations,6,19−23 has proven that
engineered permittivity can be achieved in the vis−NIR range
of the electromagnetic spectrum. Nevertheless, Ag and Au are
neither CMOS-compatible nor earth-abundant. These constraints prompted intense investigation of ceramic materials,
such as TiN,24 and intermetallics,23 which present low optical
losses in the NIR. The search for photonic devices that operate
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Figure 1. Mg-based color pixels with full RGB gamut. (a) Schematic illustration of scalable Mg/MgO/Mg color pixels for transient photonics. (b)
Photographs of 1 by 1 in.2 samples with variable MgO thicknesses, which provide colors varying along the visible range of the electromagnetic
spectrum. (c) Measured (open circles) and calculated (solid line) transmission spectra of the color pixels. (d) CIE 1931 space chromaticity diagram
with the fabricated pixels indicated by #1 to #5.

Al up to 934 nm, where ε2 quickly increases with wavelength.
Thus, Mg is an ultra-low-loss material in the UV−vis range of
the spectrum, outperforming Ag, Au, and Al. Diﬀerent from Al,
Ag, Au, and Cu, Mg is water-soluble. Thus, devices can
completely disintegrate upon exposure to water. The chemical
reactions of both Mg and MgO with water (at room
temperature and neutral pH) result in the production of
magnesium hydroxide [Mg(OH)2], a mineral commonly found
in nature in the form of brucite and a compound used as an
active ingredient in milk of magnesia (with conﬁrmed
biocompatibility). These reactions are described in eqs 1 and
2):

stable under ambient conditions, earth-abundant, biodegradable, and biocompatible materials.
In this Letter, we demonstrate a novel material system for
transient photonics based on Mg (metal) and MgO
(dielectric), both earth-abundant and CMOS-compatible. We
realize scalable color pixels formed by metal−insulator−metal
(MIM) stacks composed by Mg/MgO/Mg, where the colors
vanish in less than 10 min when exposed to water, at room
temperature and neutral pH. These pixels present vivid
chromaticity as a result of constructive interference and can
encompass the entire color gamut, varying from blue to red,
depending on the thickness of the middle MgO layer. Our
experiments and calculations show that the full standard red
green blue (sRGB) color space diagram can be obtained,
including yellow (often not achievable by MIM). This scalable
thin-ﬁlm deposition and the low-cost materials utilized are
ideal for coating applications. The dynamic behavior of our
color pixels is validated by etching the MIM structures in
water, under ambient conditions. The hues disappear in
minutes when the samples are etched in water, conﬁrming the
optical transiency of the devices, a very valuable characteristic
for encryption. We provide a detailed analysis of the color
changes that take place while the MIM devices are exposed to
water, where distinct hues are found to contribute to the ﬁnal
hue observed. The pixels are omnidirectional with respect to
hue up to 40 degrees and provide bright colors up to 80
degrees. Our results lay the foundation for stable and transient
photonics based uniquely on low-cost and nontoxic materials.
Thus, we foresee the development of game-changing devices
for zero-power reconﬁgurability, including transient modulators, sensors, beam steers, and optical ﬁlters, all based on the
controlled dissolution of Mg and MgO in water.
Mg is a material with unique properties: it can vanish in
water (at room temperature and neutral pH), has ultralow
optical losses,35,36 is earth-abundant (eighth most abundant
element on Earth), conducts electricity, is paramagnetic, is
CMOS compatible, has very low density (1.738 g/cm3, suitable
for portable devices), is biodegradable and biocompatible,30
and can be fabricated into thin ﬁlms35 and nanostructures.37,38
Concerning the optical properties of Mg, its permittivity shows
an ε1 similar to Al39 (up to ∼1300 nm, see Figure S1), without
the interband transitions well known for causing losses in both
Ag and Au. The imaginary part of the permittivity (ε2),
primarily responsible for light absorption, is lower than that of

Mg(s) + 2H 2O(l) → Mg(OH)2(s) + H 2(g)

(1)

MgO(s) + H 2O(l) → Mg(OH)2(s)

(2)

Mg(OH)2 is found naturally in several countries, making it
easily untraceable when disposed. Moreover, both Mg and
MgO are stable under UV light and can be fabricated into
nanostructures, ideal for metamaterials and metasurfaces with
dynamic magnetic responses and tunable chirality upon
controlled exposure to water. Considering all aforementioned
physical and chemical properties and the very low cost of Mg
(US $3.7 per 100 g, compared to > US $48.0 for Ag and US
$3,800 for Au), we propose Mg and MgO as a novel platform
for zero-power reconﬁgurable photonics, which enable devices
to change their optical response or disappear on demand, ideal
for hiding highly secure information (encryption).
We implement Mg/MgO/Mg MIM stacks for transient and
low-cost color pixels for sRGB, as illustrated in Figure 1. The
vivid, full-color gamut is obtained by varying the thickness of
the MgO middle layer (from 92 to 153 nm), resulting in
constructive interference.40 The advantage of this fabrication
method is that it is easily scalable, not requiring the use of ebeam lithography or templated deposition (no need to
nanostructure the surface of the ﬁlms), making it very suitable
for coating applications. Figure 1b,c shows photographs and
the transmission spectra of ﬁve representative 1 in.2 pixels. The
thicknesses of each layer are presented in Table S1. The
measured and calculated transmission data (open circles and
solid lines, respectively) are in excellent agreement. The
transmitted spectra show full-width-half-maximum (fwhm)
values as narrow as 54 nm in some cases. As presented in
Figure 1d, we can achieve the entire portion of the CIE 1931
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hue is still attained. A thickness threshold for both materials is
required to provide color, where a lower bound occurs for 8−
10 nm of Mg. The white region of the map presented in Figure
2 indicates this situation. Very thin (<45 nm) and very thick
(>150 nm) MgO layers combined with metallic layers with
thicknesses above 20 nm result in a dark gray hue in the visible
range of the spectrum, as a consequence of light absorption.
Our calculations can be used as a design guide for color pixels.
In Figure 3 we present the unique transient optical response
of Mg-based color pixels. The MIM stacks vanish by exposing
them to water (at room temperature and neutral pH),
demonstrating our concept of reconﬁgurability. Snapshots of
the dissolution of Mg on water are presented in Figure S3.
After 2 min the hues are still present, but less vivid than the
original samples, due to the reduced Mg layer. Within 4 min,
the yellow color essentially disappears, as it refers to a thinner
metal layer (etches faster). Simultaneously, all other pixels have
their original color barely preserved. At 8 min of etching in
water, all original colors vanish completely (see supplementary
video for real-time experiment), and all pixels look similar.
This fast change in chromaticity (see Figure S4) is particularly
valuable for encryption, where sensitive information could be
quickly erased if needed, without the need of any power
sources in this case. In such situations, water or urine (with an
average pH of ∼6.2) would be suﬃcient to erase the
information being stored by the Mg/MgO/Mg pixels. Further,
if the MIM is deposited on poly(vinyl alcohol) (PVA, a
biocompatible substrate that also dissolves in water), the entire
device could disappear without leaving any trace or even be
swallowed by humans if needed. Dynamic optical responses
have also been shown using metallic nanostructures, such as
Al,41 Ag,42,43 and Mg, as well as high-index dielectric
metasurfaces.44 These approaches generally rely on either
changing the material, e.g., its chemical composition or its
mechanical conﬁguration, or selective light polarization. A
primary advantage of our paradigm is that it is “zero-power”,
i.e., there is no need to change the material itself or the light
source. Moreover, our thin-ﬁlm architecture enables straightforward scalability, diﬀerent from the vast majority of
nanostructuring fabrication routes.

color diagram required for pixel displays by varying the
thickness of the MgO middle layer. Here, the fabricated hues
are indicated by #1 to #5. For the electric ﬁeld intensity
distribution of all ﬁve MIM stacks as a function of depth and
wavelength, refer to Figure S2.
All colors from the sRGB gamut can be obtained by simply
changing the relative thicknesses of the Mg and MgO layers,
potentially delivering all hues in the full chromaticity diagram
for use in displays. As a proof-of-concept, we fabricate the
pixels indicated by the square symbols in Figure 2, which

Figure 2. Mg and MgO for full chromaticity diagram. Calculation of
transmitted color as a function of Mg (y-axis) and MgO (x-axis) layer
thicknesses in a Mg/MgO/Mg conﬁguration. All hues are obtained by
using the transmission spectra of the MIM stacks and the respective
CIE color matching functions. The square symbols indicate the Mg
and MgO thicknesses of the fabricated pixels.

shows the calculated transmitted hues that can be realized by
MIM stacks composed of Mg (y-axis) and MgO (x-axis). Note
that it is diﬃcult to achieve vivid yellow with our thin-ﬁlm
MIM structures, as the window for accessing this hue is
extremely narrow. For Mg top layers > 30 nm, reﬂection from
the metallic layer results in poor light absorption. As this top
layer becomes optically thick (i.e., a mirror), no color is
generated. Yet, by decreasing the thickness of the Mg top and
bottom layers from 34 nm to 22 nm we attain bright yellow
pixels (see also Figure 1b,c). Despite the broader fwhm of this
sample (100 nm, as presented in Figure 1c), a bright and vivid

Figure 3. Transient color pixels. Snapshots of Mg/MgO/Mg color pixels with 1 in.2 area covering the full chromaticity gamut as it dissolves in
water, at room temperature (23 °C) and neutral pH. The photographs are obtained by back illuminating the samples with a white light source and,
thus, refer to the transmitted light.
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material from its top in increments of 0.5 nm. In the
calculations, we assume that both the original MIM stack and
all etching snapshots are ﬂat (with no roughness), which could
produce slight color variation in comparison to the
experimental MIM stacks (see Figure 3). In particular, the
hues formed upon the partial removal of the top Mg layer on
both green and yellow pixels cannot be observed in our
experiments. This happens because as the Mg top layer is
etched, it becomes rougher (5.6 nm) than the original ﬁlms
(<1.6 nm, see Figure S5), and the color changes for the pixels
correspond to a very narrow range in thickness: 6 and 5 nm,
respectively. We convert the transmission vs wavelength data
corresponding to a speciﬁc MIM thickness into equivalent CIE
1931 tristimulus XYZ values by matching the CIE 1931 (2°
observer) data to every wavelength and multiplying the Y value
by the relative transmission intensity for each respective
wavelength. Y represents the luminance of each color, where a
luminance factor L represents the eﬀect of transmission
ﬁltering. These XYZ tristimuli are then converted into xyz
chromaticity coordinates using the following equations:45

The dynamic optical behavior of the Mg-based color pixels is
further analyzed by calculating the chromaticity variations as a
function of exposure to water, until both Mg and MgO react
completely (and all hues totally vanish). In Figure 4 we display

Figure 4. Color tunability with Mg/MgO/Mg MIM structures.
Calculations of color change as a function of Mg/MgO/Mg etching in
water (the fraction of each speciﬁc layer is indicated by dashed lines).
Initially, ﬁve vivid hues are achieved by varying the ratio between the
Mg and MgO layers. Upon exposure to water, the Mg top layer is
etched away, resulting in a fast (∼8 min) change in hue, which occurs
once most of the Mg layer is removed. As the low threshold for Mg is
achieved, the original hues are erased and all colors look essentially
the same.

x=

X
Y
Z
y=
z=
X + Y + Z,
X + Y + Z,
X+Y+Z

x+y+z=1

The x and y chromaticity coordinates for all wavelengths in a
speciﬁc MIM stack thickness are then combined using the
equations45 below to determine their equivalent color with the
mixture x and y chromaticity coordinates xm and ym,
respectively.

each color change, from the initial thickness of each MIM stack
(and original color) through their pathway until they
completely vanish and all material dissolves in water. The
time-dependent, dynamic behavior of the MIM stacks is
generated using the transmission response resulting from water
exposure (and the changes in thickness). We assume periodic
x-direction and perfectly matched layer y-direction boundaries
for all calculations, with a broadband light source comprised of
471 equally spaced wavelengths ranging from 360 to 830 nm,
to match the wavelength range for the CIE 1931 color space.
The initial thicknesses for each metallic and dielectric layer are
selected based on the experimental data presented in Table S1.
Then, we calculate the etching eﬀect by computing the
transmission intensity as a function of wavelength for every
MIM stack thickness between its original maximum value and
zero, where the overall thickness is reduced by “removing”

ij x1
y
x
x
x
jj y L1 + y2 L 2 + + y3 L3 ... + yn Lnzzz
1
2
3
n
k
{
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L3
Ln y
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2
3
k 1
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(L1 + L 2 + L3 + ... + Ln)
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L
L y
L
jj y + y2 + y3 + ... + yn zzz
2
3
n{
k 1

The combined equivalent z value (zm) is calculated using xm
and ym. The tristimulus X and Z values for the ﬁnal color are

Figure 5. Angular dependence of Mg/MgO/Mg chromaticity. Measured (open circles) and calculated (solid line) transmission spectra of MIM
color pixels for MgO thicknesses of (a) 92 nm, (b) 114 nm, (c) 120 nm, (d) 140 nm, and (e) 153 nm as the orientation of the incident light is
rotated from 0 (normal incidence) to 80 degrees. The insets are photographs of the fabricated samples.
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then calculated, where Y aﬀects both X and Z. Therefore, any
choice of Y will result in a tristimulus XYZ triplet
corresponding to the same color because these quantities are
directly proportional. Only the luminance of the ﬁnal color will
be changed with the choice of Y as long as X and Z follow the
same proportionality to Y, as described by the following
relations:
x
z
X = Y and Z = Y
y
y

systems, contact lenses containing Mg metasurfaces could be
implemented for low-cost, portable devices for short-term
augmented reality experiences.46 Moreover, Mg and MgO are
also suitable for implanted optical responses (e.g., sensors),
where no additional medical procedure would be needed to
remove them from a patient’s body.
In conclusion, we have demonstrated a novel paradigm for
transient photonics based on inorganic materials: Mg and
MgO. We showed how vivid color pixels covering the entire
sRGB color gamut can be achieved by simply varying the ratio
between the thicknesses of the metal and the dielectric layers.
Due to the unique chemical reactions of Mg and MgO with
water, the color of the pixels disappears completely after 8 min
of exposure to water at ambient conditions, enabling
(irreversible) reconﬁgurability. The fabricated hues are robust
up to ∼40 degrees of light incidence, shifting to darker colors
as the angle of illumination increases, while preserving their
intense brightness. This approach can be expanded to the
fabrication of dynamic devices based on Mg and MgO
nanostructures, such as optical modulators, split ring
resonators, and metasurfaces with tunable chirality. Thus, our
work represents a critical step toward the ﬁeld of transient
photonics, where there is a pressing need for the realization of
portable devices with dynamic optical response for energy,
healthcare, and defense applications. We foresee our new and
versatile material combination becoming a platform for
transient and biocompatible photonic devices for operation
in the UV-IR range of the electromagnetic spectrum, possibly
expanding to the THz regime.

These XYZ tristimulus quantities are then converted to sRGB
hues using a 3 × 3 matrix with standard values corresponding
to the conversion between the two sets. Note that this method
can produce negative R, G, and B coordinates if the
determined color lies outside of the sRGB gamut. In this
case, they must be replaced with “zero” in order to produce
sRGB triplets capable of being ultimately displayed. While the
new triplets are not an exact representation of the MIM stack
in these situations, they provide an accurate depiction of a
similar color (i.e., a blue hue outside of the sRGB gamut still
appears as blue inside the sRGB gamut using the new triplet).
All vivid colors for the Mg/MgO/Mg pixels persist even for
oblique light incidence. Up to 40 degrees, they have essentially
the same sRGB coordinates; the photographs and the
transmission data as a function of angle are displayed in
Figure 5. For blue, Figure 5(a), the hue is unchanged up to 40
degrees. Beyond that, there is a modest shift in the
transmission peak to shorter wavelengths, resulting in a darker
hue. The originally green pixel behaves in a similar manner
(see Figure 5(b)): for angles above 40 degrees, its color
changes to teal, with a concomitant broadening of the
transmission peak. The yellow pixel is highly dependent on
the angle of incidence. As shown in Figure 5(c), the hues
change from yellow (0 to 20 degrees), to light green (40 to 60
degrees), to emerald green (at 80 degrees). The oblique angles
also aﬀect the transmission of the originally orange color pixel
(see Figure 5(d)), which transitions to very dark yellow and
then green at 60 and 80 degrees, respectively. Following the
same trend as all other samples, the transmission peak of the
dark red pixel also shifts as a function of incident light, as
presented in Figure 5(e). Our measurements and calculations
are in excellent agreement and display the overall consistent
shift in transmission to shorter wavelengths as the angle of
incidence increases.
We show that optical transience can be achieved using an
earth-abundant, nontoxic, and CMOS-compatible metal with
very low optical losses: Mg. To demonstrate this new concept,
we fabricate color pixels covering the sRGB color space that
“disappear” quickly when exposed to water. While our
approach relies on the device’s exposure to water, this
reconﬁgurable optical behavior can be controlled by varying
the temperature and pH of the water (key parameters).
Experiments to determine their relation to the etching rate
and, therefore, the precise time-dependent response are
planned for the near future. Although the dynamic optical
response reported here is irreversible, it exclusively encompasses low-cost materials (Mg and MgO), which signiﬁcantly
facilitates scalability. The nonreversible chemical reactions
between water and both Mg and MgO are an advantageous
feature in situations where highly sensitive information must be
completely erased, ideal for encryption. In environmental
science, Mg-based chemical sensors would safely degrade in
the landﬁll after stable operation. Concerning biocompatible

■

METHODS
Sample Fabrication. All ﬁlms were fabricated by RF
sputtering deposition (AJA ATC 1800 sputtering unit) and by
e-beam evaporation (custom-built Denton Ebeam/thermal
evaporator) of Mg and MgO, respectively, at room temperature, with deposition rates of 2.3 and 1.0 Å/s, onto 1 × 1 in.2
glass slides. In both cases, we used 99.9% pure sources. The
glass slides (substrates) were cleaned with acetone, 2-propanol,
and DI water and then dried with N2, prior to physical
deposition. Once removed from the thin-ﬁlm deposition
chambers, the ﬁlters were characterized by transmission
measurements.
Transmission Measurements/Calculations. These
measurements were performed using a variable-angle spectroscopic ellipsometer (M-2000 ellipsometer from J.A. Woollam)
containing a light source with a wavelength range of 193−1690
nm. Although Mg easily oxidizes, we observed a negligible
change in the permittivity of Mg thin ﬁlms 4 weeks after
fabrication. The baseline for all transmission measurements
was in air, and the angular dependence was obtained by
rotating the samples from 0 (normal incidence) to 80 degrees
in 20-degree increments, while keeping both the light source
and the detector ﬁxed. Color matching calculations for
mimicking the MIM etching experiments were performed
using tristimulus XYZ values from the CIE 1931 standard
colorimetric observer data, which provides a coordinate set for
wavelengths between 360 and 830 nm in 1 nm increments.
Sample Etching in Water. All color pixels were etched in
water simultaneously. The samples were loaded into a holder
and submerged in DI water, at room temperature and neutral
pH. During the process, a video was recorded while imaging
the transmitted color of the samples. Here, a white light source
was used for illuminating all samples.
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