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High-Chroma, High-Contrast Tunable Color Coatings

Using Sb,S;3 in a Metal-Dielectric Stack

Riley Shurvinton,* Arjun Karimbana, Priya Dominic, Antonin Moreau, Olivier Hector,
Konstantinos lliopoulos, Fabien Lemarchand, and Julien Lumeau*

Thin-film coatings are a versatile option for creating color. These coatings can be
made tunable by introducing phase-change materials (PCMs), whose optical
response changes due to an external signal. However, commonly used PCMs
such as Ge,Sb,Tes (GST) are limited in their applications for color coatings, due
to high absorption of visible light. Here, the alternative PCM Sb,S; is used, and a
novel coating design is demonstrated, which incorporates the PCM layer into an
asymmetric Fabry—Perot cavity with Ag, SiO, and Ti layers. Simulations are used
to show that this design yields high-chroma colors in a wide range of hues, which
exhibit a large tunable hue shift when the phase of the Sb,S; layer changes. Three
coatings are deposited to experimentally verify these results, which give good
agreement with the simulations. The phase change of the Sb,S; layer is dem-
onstrated using direct heating using a hotplate, and also using laser annealing,
which allows microscale image writing to be realized on the coatings.

Another advantage of thin-film coatings
is that they may be made active and tunable
by the inclusion of a phase-change material
(PCM). PCMs are a class of materials,
which have two or more solid phases, with
a large optical contrast between them. An
external signal, such as a laser or heater,
causes the PCM to switch between its
phases, which changes the refractive index
of the PCM. When incorporated into a thin-
film stack, this phase change can be
exploited to yield tunable color, where the
color of the coating depends on the phase
of the PCM layer.

Many PCMs have been studied for
active photonics using thin-film coatings.

1. Introduction

Thin-film stacks are a powerful and well-controlled option for
generating color. By using thin layers of materials (typically tens
to hundreds of nanometers thick), interference effects occur to
create a reflectance (or transmittance) spectrum that depends on
the thickness and refractive index of each layer. For example, a
three-layer stack using alternating layers of metal-dielectric-metal
behaves analogously to an asymmetric Fabry—Perot cavity in
reflectance, where the resonance conditions depend on the thick-
ness of the dielectric layer. With proper material choice, this
stack can be used to create highly saturated color in a wide variety
of hues, making it a versatile option for precise color control.!"!
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However, the most widely used PCMs, such

as Ge,Sb,Tes (GST), have limited use for

visible photonics, due to a high absorbance
for visible wavelengths of light (380-780 nm). An alternative PCM,
antimony trisulfide (Sb,Ss), has seen significant interest for visible
photonics in recent years, due to its lower absorption and large
optical contrast.**! However, previous demonstrations of color
coatings using Sb,S;**”! have been limited by complex many-
layered designs, a restricted gamut (range of colors that can be
obtained), a low chroma (saturation or “strength” of color), or a
low optical contrast between the amorphous and crystalline phases
of the coating.

In this work, we seek to demonstrate a coating design with a
low number of layers that can fulfill three key goals: a wide gamut
of possible colors, covering as much of the visible color space as
possible; a high chroma and brightness; and a large optical con-
trast between amorphous and crystalline phases. In particular,
we seek to show a large difference in hue between phases,
enabling the coating to exhibit as large a range of intermediate
colors as possible.

To fulfill these goals, we propose a coating design based on a
Fabry-Perot cavity with a layer of Sb,S; between the opaque
lower mirror and the cavity material. This design allows a wide
gamut of colors to be generated by tuning the thickness of the
cavity layer, but also maximizes the optical contrast between the
amorphous and crystalline phases of Sb,S;. We use simulations
to find the coating designs with the optimal hue shift. Selected
coatings are fabricated using electron beam evaporation, and
show good agreement with the simulated predictions. We also
demonstrate switching between the amorphous and crystalline
phases using direct heating on a hotplate and with a femtosecond
pulsed laser. Finally, we discuss the dramatic intermediate colors

© 2025 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH
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seen in one of the fabricated coatings, and consider the origin of
these intermediate states is discussed based on other reports in
the literature. The wide gamut, large color shift and attractive
appearance of these coatings paves the way for a wide range
of applications, such as for security features or full-color micro-
scale image writing.

2. Theory
2.1. Phase-Change Materials

A phase-change material (PCM) has two or more distinct solid
phases, which exhibit a contrast in optical or electrical properties.
An external signal, such as a laser or pulsed current, can be
used to switch between phases, which causes the optical or elec-
trical response of a device incorporating the PCM to change.
Depending on the PCM, this change may be reversible or
irreversible. The phase change should also be bistable, so the
material will not spontaneously switch at room temperature.

A well-known group of PCMs are the chalcogenide PCMs,
which are compounds containing chalcogens such as sulfur
and tellurium. Many chalcogenide PCMs have desirable proper-
ties: high optical or electrical contrast, bistable phases, and fast,
reversible switching. Most notably, the family of germanium-
antimony-telluride (GST) PCMs have seen significant research
interest, and are also used commercially in re-writable optical
memories such as CDs and DVDs.

A typical chalcogenide PCM exhibits a change between an
amorphous and a crystalline solid phase, shown in Figure 1.
In the amorphous phase, the PCM is in a disordered, glasslike
structure. It can be switched to the crystalline phase by heating
above its crystallization temperature T, which provides enough
energy for the PCM atoms to overcome the energy barrier and
rearrange into an energetically favorable ordered crystalline

As-deposited

Constant
heat
above T¢

—) )
Amorphous Crystalline
Rapid heat-
quench above
Tm
00 | o8 N@
® O e O Oe0e
00 L JO¥ N6
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Figure 1. A flowchart schematic showing a representation of the amorphous
and crystalline phases of a typical chalcogenide PCM. When deposited as a
thin-film layer, the PCM is initially in its disordered amorphous phase.
Crystallization may be induced by heating above the crystallization tempera-
ture Tc in order to overcome the energy barrier between the two states. The
crystal phase may be re-amorphised by further heating above the melting
temperature Ty (where Tc < Ty) followed by rapid quenching to “lock
in” the disordered arrangement of the liquid state.
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structure. To return the PCM to its amorphous phase, it must
be heated above its melting temperature Ty (>T¢) and then rap-
idly cooled (quenched) to “lock in” the disordered arrangement
of the atoms.

2.2. PCMs in Color Coatings

Recent interest in phase-change photonics has brought renewed
attention onto many PCMs. Their behavior at scale and fast
switching speeds has made them an attractive option for meta-
surfaces and photonic integrated circuits, opening up new oppor-
tunities in sensing, photonic memories, plasmonic structures,
and color control.®? The design of structures with large optical
contrast has applications in read-write optical memory,*” but
has also seen interest for nanoscale image reproduction, low-
power displays, and security features.

There are generally two main approaches for generating color
in reflectance using thin films. The first is in an asymmetric
Fabry—Perot cavity, which exhibits absorption bands at resonant
wavelengths, leading to strong color.' %! A large gamut can be
obtained by changing the thickness of the cavity layer, making
these coatings a very versatile option to generate color. These
devices are typically highly angle-dependent, although use of a
higher-index cavity material mitigates this. Previous works have
used a thin layer of GST!'**% or GeTel®” as the top layer of the
cavity, due to its large absorbance. These coatings generate bright
color in a range of hues, and show excellent optical contrast
between phases, especially in the greyscale.!'”*® These may also
be integrated with metasurfaces!**? to further tune the color
and create an array of pixels that can be individually switched.
The drawback of these coatings is a limited hue shift between
phases, due to the low thickness of the GST layer and its place-
ment in the stack. For example, a Fabry—Perot stack incorporat-
ing Al, SiO,, and a top layer of GST was shown to generate good
colors,®® but with a limited hue shift of only Ak =45 as defined
in the CIELCh color space (see Section 2.4 for definition).

A second coating type, the so-called perfect absorber
design,**?! typically yields a larger hue shift between phases.
This coating type uses a highly reflective metallic layer with a thin
lossy absorber layer to generate color. The response is highly sen-
sitive to the index of the lossy layer, meaning that when a PCM is
used, the change in phase leads to a large shift in the absorption
band.!” The drawback of this approach is that the gamut of avail-
able colors is limited. The color may be tuned by changing the
thickness of the lossy layer; but increasing the thickness also
adds additional absorption losses, which degrade the brightness
and chroma of the color. This is especially an issue for GST and
similar materials (such as GeTe), which have large absorbance in
the visible spectrum.

2.3. Sb,S; for Visible Photonics Applications

With the renewed interest in PCMs, many alternative materials
have also seen study, including those previously rejected as viable
candidates. Sb,S; is an example of a PCM that has recently ree-
merged as a promising candidate for phase-change photonics. Its
bistable phase transition was first described in the 1950s,2% but
work in the 1990s determined its phase change was irreversible
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and that the material was most suited to write-once, read-many-
times (WORM) memory.””*®/ However, newer works!** have
recently demonstrated reversible and repeatable switching of
Sb,S; using a pulsed laser, which opens up a wide range of
new applications for this material.

Sb,S; has very attractive optical properties, particularly in the
visible range. Figure 2 shows a comparison between the refrac-
tive index of GST (left) and Sb,S; (right) between 380-780 nm.
Compared to GST, the value of k for Sb,S; is much lower in both
the amorphous and the crystalline phases, leading to lower absor-
bance in the visible range. Meanwhile, the index contrast
between the phases of Sb,S; is large over the whole of the visible
range. This makes Sb,S; a compelling alternative to GST in the
realm of visible phase-change photonics. It also has excellent
switching properties, with a lifetime better than 4000 cycles.?’!
Its crystallization temperature Tc is around 250°-300°,%*2%731
and its melting temperature is around 550°.2? Crystallization
may be achieved using direct heating, Joule heating with a cur-
rent, or laser heating; re-amorphisation may be achieved using a
pulsed laser or current, which enables heating above the melting
temperature followed by rapid cooling at a rate of around 1°/ns!
to “lock in” the disordered arrangement.

Due to its excellent properties in the visible spectrum,
Sb,S; has seen interest for use in color coatings, particularly
in the perfect-absorber type stacks. Excellent color can be
obtained from a layer of Sb,S; on top of an Al mirror,>*! with
an impressive hue shift of Ah =87, and the authors also demon-
strated microscale image writing using a pulsed laser to change
the phase of the Sb,S; layer. However, the gamut of colors that
can be obtained from this stack type is limited. A similar coating
using Sb,S; and Ag!® showed an improved gamut in the green
and blue region, but gave a limited hue shift between the amor-
phous and crystalline phases. The use of Sb,S; as the cavity mate-
rial in a Fabry-Perot-type stack was also shown to be possible,
due to its low absorbence in the amorphous phase,” but the
gamut of available colors was also limited in this case. Finally,
a stack design with many alternating layers of SiO, and Sb,S;
has been shown to give an excellent hue shift of Ah =81, with
the possibility of generating pure blue and pure red colors;”’
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however, this coating type is difficult to optimize and fabricate,
due to the large number of layers with very low thickness.

In this work we suggest an alternative design, based on our
previous work using an Ag/SiO,/Ti Fabry—Perot coating to gen-
erate color. In contrast to previous approaches using PCMs in
this coating type, the Sb,S; layer is inserted on top of the lower
metallic layer to modify the cavity resonance. This combines the
advantages of both the Fabry—Perot and the perfect absorber coat-
ing types. Using the Fabry—Perot structure enables a wide gamut
of colors to be obtained, and placing the Sb,Ss layer next to the
lower metallic layer exploits the sensitivity of the phase-shift on
reflection between these layers to the index of the Sb,S; layer. In
this way, the Ag/Sb,S3/Si0,/Ti coating yields both a wide gamut,
and an excellent hue shift between the amorphous and the crys-
talline phases. We also demonstrate a second design using Ag as
the top layer, showing that this gives further improved color com-
pared to using Ti.

2.4. Simulating Color and Color Shift

To assess the range of colors that could be obtained using the
proposed coating design, we used simulations to predict the
color of the coatings for different thicknesses of Sb,2S;, SiO,,
and metal layers. The transfer-matrix method was employed
to calculate the reflectance spectrum of the coatings over the vis-
ible range, between 380 and 780 nm. For this, we used the
open-source Thin Film Toolbox,**) a MATLAB software package
designed to aid in thin-film modeling. The refractive index values
for bulk Ag were taken from the SOPRA database, available at
http://www.sspectra.com/sopra.html (accessed February 2022).
Refractive index information Sb,2S; in the crystalline and amor-
phous states was determined experimentally (see Section 6 for
more information). The refractive indices of SiO,, Ti and thin
Ag were determined in previous experimental work.>***! In
all cases, the coating appearance was simulated at normal
incidence.

To calculate the color of the coatings, we multiplied the simu-
lated reflectance spectrum with the spectral power distribution of
a CIE D65 standard illuminant.*®*”) This represents average

(b) Sb,S;

n (crystalline)

n (amorphous)

2 S

« Kk (crystalline)

k (amorphous)

0
0.3 0.4 0.5 0.6 0.7 0.8

Wavelength (um)

Figure 2. The refractive index n (real) and k (imaginary) of thin-film a) GST and b) Sb,S;, in the amorphous and crystalline states (solid, dashed).
Sb,S; shows comparable optical contrast to GST, and also has a consistently lower k, leading to lower absorption over the visible range. Data obtained

from experimental measurements, as described in Section 6.
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daylight, and was chosen to represent viewing the coatings under
neutral lighting. The reflected spectrum was then converted to
CIEXYZ color coordinates using the defined CIE color-matching
functions,*® which describe the color of the coating as viewed by
a standard observer.

To visualize the predicted colors, we converted the XYZ coor-
dinates to SRGB coordinates to generate color swatches. We also
converted the XYZ coordinates to the CIELCh coordinate system,
which is a polar representation of the CIELab coordinate sys-
tem.?! This system uses intuitive parameters to describe color:
luminance L (brightness or lightness of the colors), chroma C
(saturation or “strength” of the color), and hue h (represented
as an angle, with red at 0° and green at 180°). In this coordinate
system, the hue shift Ah gives a close match to the perceived dif-
ference between hues.

The hue shift is given by the length of the chord between two
colors L;Cihy and L,Csh,

Ah=V/AE2 — AI? — AC? (1)

where AL=1; — L,, AC=C; — C, and AE is the total color
difference given by the Euclidean distance between the two

SiO,
PCM
Ag

—— Increasing SiO, thickness —,>300mm

a
nm 23 JC
a

200nm SiO,
30 nm Sh,S;

110nm Si0,  250nm SiO,
10 nm Sb,S; 50 nm Sb,S;

350nm Sio,
20 nm Sh,S;

200nm Sb,S;
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points (= VAL? + Aa? + Ab? in CIELab). Ah is larger when
the chroma C of both colors is high and when there is a large
hue angle difference between them.

3. Results
3.1. Simulated Color Coatings with Sb,S; Layer

Two stack types were investigated in this work: Ag/Sb,S3/SiO,/Ti,
and Ag/Sb,S3/Si0,/Ag. Simulations were used to assess the range
of colors that could be achieved for different thicknesses of the
Sb,S; and SiO, layers, with the goal of demonstrating a wide
gamut, high chroma, and a large hue shift Ah between the amor-
phous and crystalline phases.

Figure 3 shows the results of the simulations for the coatings
using Ti (left) or Ag (right) as the top layer. The gamuts demon-
strate the range of colors obtained for different thicknesses of
the SiO, cavity layer, without a layer of Sb,S; (top) or with
10, 30, 50 or 200 nm of Sb,S; (descending). The insets at the
bottom show selected combinations of SiO, and Sb,S; thickness,
which exhibit a large color change between the amorphous (a)
and crystalline (c) phases.

Ag

SiO,

PCM
Ag

500nm

——— Increasing SiO, thickness —— sio
2

a
R __B K

[}

|

a
C

a .
. . c
140nm Si0,  180nm SiO, 250nm SiO, 390nm SiO,
30nmSb,S;  30nmSb,S; 30nmSb,S; 30 nm Sb,S;

Figure 3. The range of colors that can be obtained by adding a layer of Sb,S; into a metal-dielectric-metal coating using either 10 nm Ti (left) or 10 nm
Ag (right) as the top layer. Insets (below) show selected amorphous (a) and crystalline (c) color pairs for certain combinations of SiO, and Sb,S;
thickness. For the stack with Ti, increasing the Sb,S; thickness significantly decreases the brightness and chroma of the colors, due to absorption losses.
Conversely, for the stack with Ag, a layer of 30-50 nm Sb,S; the chroma of the resulting colors, leading to coatings with excellent brightness and large
color contrast between the amorphous and crystalline phases.

Adv. Photonics Res. 2025, 2400194 2400194 (4 0f11) © 2025 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH

85US017 SUOILIOD B0 9|edt(dde 8Ly Aq peusenob afe il YO ‘8sn 4O Sain1 10} Akeiq1 8UIjUO A8|IM U (SUOIIPUOD-PUE-SLLBIALIOD A8 1M A.q RUIIUO//SAIY) SUORIPUOD PUe SWiB | 81885 *[5202/90/v2] U0 ARiqiauljuo A8|IM ' e 8iwepexy 8YdsLBZIMUDS - Mealin | ualint Aq ¥6T00KZ0Z dPe/Z00T OT/1I0p/LI0D" A3 1M Aleiq iUl [UO'peoLRAD.//:SH1Y WO PBPeo|umMOq ‘0 ‘€6266692


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

PHOTONICS
RESEARCH

www.advancedsciencenews.com

3.1.1. Simulated Coatings with Ti

When Ti is used as the top layer of the coating, it was found that
the optimal Sb,S; thickness to generate a large hue shift was
between 20 and 30nm. As seen in Figure 3, left, introducing
a layer of 30 nm Sb,S; produces a significant hue shift between
the amorphous and crystalline phases. A coating with 200 nm
SiO, and 30nm Sb,S; (inset, left) gives a vibrant teal color in
the amorphous phase, shifting to a bright yellow-green color
in the crystalline phase.

However, the Sb,S; layer also introduces additional absorp-
tion losses to the cavity, causing the overall chroma of the colors
to be reduced compared to the coating with no Sb,S; layer.
Increasing the layer thickness to 50 nm and then 200 nm also
increases the absorption losses, which causes the colors to
become even darker with lower chroma. On the contrary,
decreasing the Sb,S; layer thickness to only 10 nm improves
the chroma in the amorphous phase, but significantly reduces
the hue shift between the amorphous and crystalline phases.
As such, the optimal thickness of Sb,S; was determined to be
between 20 and 30 nm to generate the largest possible hue shift.

For this coating, the optimal hue shift was found to be given by
a coating with 350 nm SiO, and 20 nm Sb,S3. The resulting color
is shown in the bottom right inset, with a magenta color in the
amorphous phase and a green color in the crystalline phase. The
hue shift of this coating was Ah = 63. This coating design was
selected for experimental deposition and annealing using a hot-
plate, which is described in Section 3.2.1.

3.1.2. Coatings Using Ag

When Ag is used as the top layer of the coating (Figure 3, left), the
colors obtained without a layer of Sb,S; are very pale, close to
white. This is because the absorption band of the cavity is very
narrow, as Ag is close to an ideal reflector (n < k). When a layer
of Sb,S; is introduced, it adds absorption losses into the cavity
and significantly widens the absorption band, which increases
the chroma of the resulting colors.

As before, a layer of only 10 nm Sb,S; is insufficient to give a
large hue shift between the amorphous and the crystalline
phases. When the thickness is increased to 30 nm, a large hue
shift is seen between the amorphous and crystalline phases of
the layer. In addition, the colors are much brighter than those
seen with a Ti top layer, due to the lower absorption losses over-
all. Increasing the Sb,S; layer thickness further does not increase
the hue shift between phases, and for very thick layers of 200 nm
the chroma in the amorphous phase is reduced.

For these coatings, the optimal Sb,S; thickness was found to
be 30 nm. Several coating designs are shown in insets below,
with especially large hue shifts of Ah =78 for the orange-purple
coating (first inset, 140 nm SiO,) and Ah = 74 for the magenta-
blue coating (second inset, 180 nm SiO,). Along with a large hue
shift, the colors also display an excellent brightness and high
chroma.

The coating design with 140 nm SiO, was chosen for deposi-
tion, as it had the highest hue shift. The coating design with
250 nm SiO, (green-gold, third inset) was also chosen for depo-
sition, to demonstrate the range of colors that could be achieved
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from these coatings. The phase change of these coatings was
explored using laser writing, detailed in Section 3.2.2.

3.2. Experimental Deposition

3.2.1. Ti Coating and Hotplate Annealing

The optimized Ti coating design with 20 nm Sb,S; and 350 nm
SiO, was deposited onto the unpolished side of single-side pol-
ished 1" Si test wafers. Figure 4a shows a schematic of the coat-
ing design. The thickness of the lower Ag layer was 150 nm, and
a 5nm layer of Cr was deposited between the substrate and the
Ag layer to aid adhesion. Additionally, a top layer of 26 nm SiO,
was deposited on top of the Ti layer to prevent oxidation,
and a 26nm SiO, barrier layer was deposited between the
Ag layer and the Sb,S; layer to prevent diffusion (as reported
in®*% Therefore, the final coating design was 5 nm Cr/150 nm
Ag/2.6nm Si0,/20nm Sb,S3/350nm SiO,/10nm Ti/26 nm
SiO,. Further information on the deposition parameters is
described in Section 6.

Figure 4b shows the simulated reflectance spectra when the
Sb,S; layer is in the amorphous and crystalline phases. When
the phase changes from amorphous to crystalline, the reflectance
spectrum is shifted toward longer wavelengths. The amplitude of
the rightmost peak in the spectrum is also lower in the crystalline
phase, due to the larger absorbance of Sb,S; in the crystalline
phase. These changes cause the color of the coating to shift from
magenta in the amorphous phase to green in the crystalline
phase.

After deposition, some samples were annealed using a hot-
plate at 300 °C to change the phase of the Sb,S; layer from amor-
phous to crystalline. Figure 4c shows a photograph of the coating
on samples at various stages of crystallization, after heating for
different lengths of time. The as-deposited coating (left) is in the
amorphous phase, and shows a magenta color similar to that pre-
dicted by simulations. The sample on the right was heated until
the color stabilized (suggesting complete crystallization), which
took approximately two minutes. Further heating over one hour
did not produce any further color change. This sample shows a
green color, which also gives a good match to the simulation.

In between the fully amorphous and fully crystalline states, the
sample was seen to progress through a range of intermediate col-
ors when placed on the hotplate: first purple, then dark blue, fol-
lowed by lighter blue-green, finally settling at the green color of
the fully crystallized samples. The blue sample in the center of
the photograph represents one of these intermediate states, seen
after around 30 s of annealing on the hotplate. The possibility of
intermediate crystallization states is investigated further in
Section 4.1.

3.2.2. Ag Coating and Laser Annealing

Two coatings with an Ag top layer were deposited on the unpol-
ished side of single-side polished 1" Si test wafers. Figure 5 shows
schematics of the two coatings: (a), a coating with 140 nm SiO,
with an optimized hue shift (orange-purple); and (b), a coating
with 250 nm SiO,, chosen to demonstrate two additional colors
possible with this stack type (green-gold). As before, an adhesive
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Figure 4. a) Schematic of an MDM stack with opaque Ag, 350 nm SiO, and 10 nm Ti, incorporating a 20 nm Sb,S; layer. b) The simulated reflectance of
this stack in the amorphous and crystalline phases, and the resulting color under a D65 illuminant. The stack exhibits a large hue shift, from magenta in
the amorphous phase to green in the crystalline phase. c) Photographs of the coating deposited on 1" Si wafers (with additional adhesive and protective
layers, as described in Section 3.2.1). Left: the as-deposited coating in the amorphous phase, showing a magenta color. Middle: the coating after hotplate
annealing for thirty seconds, leading to partial crystallization and a deep blue color. Right: the coating after full crystallization via hotplate annealing,

showing a green color.

layer of Cr was used, along with additional barrier layers of SiO,.
The final coating recipes were 5 nm Cr/150 nm Ag/2.6 nm SiO,/
30 nm Sb,S3/140 nm SiO,/10 nm Ag/26 nm SiO, for the orange-
purple coating, and 5nm Cr/150nm Ag/2.6nm SiO,/30 nm
Sb,S3/250nm Si0,/10nm Ag/26 nm SiO, for the green-gold
coating.

The plots in Figure 5¢,d show the reflectance spectra of the
coatings. Both coatings show relatively narrow absorption bands
with wide reflection peaks compared to the coating using Ti as
the top layer (Figure 4). This contributes to the brighter colors
obtained from these coatings. When the Sb,S; phase changes
from crystalline to amorphous, the reflection spectrum becomes
redshifted for both coatings, with the peaks and troughs of the
spectrum shifting to longer wavelengths. This effect is more
prominent at longer wavelengths, where the index contrast
between the phases of Sb,S; is greater. The reflectance peaks
are also slightly lower in the crystalline phase, especially at longer
wavelengths, owing to the greater absorption of crystalline Sb,S;.

After deposition, these coatings were exposed to a 1030 nm
laser to induce crystallization in selected areas (see Section 6
for more information). Photographs of the laser-annealed coat-
ings are shown in Figure 6, with (a) and (c) showing the

Adv. Photonics Res. 2025, 2400194 2400194 (6 of 11)

orange-purple coating and (b) and (d) showing the green-gold
coating. In (a) and (b), the squares were etched using increasing
laser energy from 0.2 to 1.9 pJ to demonstrate control over inter-
mediate phases of crystallization. In (c) and (d), the laser was
used to selectively etch certain areas of the sample, creating
the letters “FR”. This demonstrates that both the degree and loca-
tion of crystallization can be finely controlled using a laser.

4. Discussion

Simulations have shown that Fabry—Perot coatings incorporating
Sb,S3 can be used to generate a wide gamut of colors, which have
a large hue shift between phases while preserving high chroma.
When deposited, these coatings showed good agreement with the
predicted results from simulation, yielding bright and saturated
colors. It was also demonstrated that these coatings could be
switched from the amorphous to the crystalline phase using
either heating on a hotplate, or etching using a pulsed laser.
The success of selective switching using a laser has particular
interest for applications such as microscale image writing, security
features, or low-powered displays. However, a key drawback of the
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(b) MDM stack with Sb,S; layer
(green-gold)
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Figure 5. Two PCM-MDM stack designs with a large hue shift between the amorphous and crystalline PCM phases, which were chosen for deposition.
a) A stack with 30 nm Sb,Ss, 140 nm SiO,, and 10 nm Ag. The spectrum in c) reveals the color of the coating as observed under a D65 illuminant, showing
that the coating changes from an orange color to a deep magenta color when the Sb,Ss; layer changes from amorphous to crystalline. b) A stack with
30 nm Sb,S3, 250 nm SiO,, and 10 nm Ag. The spectrum in d) shows that the coating changes from a green color in the amorphous state to a yellow color

in the crystalline state, when viewed under a D65 illuminant.

Figure 6. Photographs of laser writing on the two coating designs shown in
Figure 5. a,c) show the orange-purple coating, and b,d) show the green-gold
coating. In (a) and (b), the squares 1-4 were annealed with increasing laser
energy: 0.2,0.5, 1.0, and 1.9 pJ, respectively. A gradual change in color is seen
from fully amorphous to fully crystallized, showing the intermediate anneal-
ing states that can be accessed at different laser energies. In (c) and (d),
the letters “FR” were etched at a laser energy of 1.9 pJ.

Adv. Photonics Res. 2025, 2400194 2400194 (7 of 11)

laser switching approach is limited scalability to large areas. While
addressing a manufacturing challenge like this is beyond the
scope of this work, it is a hurdle that needs to be overcome for
future development and implementation of these coatings.

Both methods of annealing also show the ability to access
intermediate states for the Sb,S; layer. For laser annealing, a
laser power below 1.9 uJ yielded an intermediate color appear-
ance, indicating that the degree of crystallization might depend
on the laser power. For hotplate annealing, the sample shown in
Figure 4 showed a spectacular shift in color during the heating
process, progressing from the initial magenta to dark purple,
deep blue, cyan, and finally green after ~2 min. The vivid appear-
ance of the intermediate colors was particularly intriguing.
Below, we discuss previous work investigating the formation
of intermediate amorphous-crystalline states for Sb,S;, and com-
pare to our own experimental results.

4.1. Intermediate States - Bilayer versus Domain-Driven Model

The intermediate colors seen here have also been shown in other
works. Liu et al.* demonstrated image writing using a pulsed
laser to re-amorphise an Sb,S; layer. By tuning the laser power,
they were able to access a range of colorscolors between the fully
crystalline and the fully-amorphous states. These results appear
similar to the range of colors we observed using laser writing
(Figure 6).

© 2025 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH
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The mechanics of a hybrid crystalline-amorphous layer were
further investigated by Gao et al.*!l Their work found that the
optical properties of partially re-amorphised Sb,S; films were
consistent with a bilayer model, where upon irradiation with a
small number of pulses, the upper part of the Sb,S; layer was
amorphised but the lower part of the layer remained in the crys-
talline phase. By selectively tailoring the pulse power and num-
ber of pulses, the degree of amorphisation could be controlled
from 0 to 100%.

Conversely, Parize et al.*? showed that the opposite transition—
amorphous to crystalline—appeared to be mostly domain-driven.
Raman scattering and X-ray diffraction of Sb,S; films during
crystallization showed the formation of coarse grains at tempera-
tures between 260° and 290°, with an intermediate metallic
Sb phase. When the temperature was raised to 300°, diffusion
occurred, leading to large pyramidal clusters at the surface of
the film. These results indicate that a partially crystallized layer
may be in an inhomogeneous intermediate state, and that the
nature of this intermediate state depends on the crystallization
process (which itself depends on temperature, environment,
and so on).

We implemented two models to attempt to describe interme-
diate states. The first assumed a bilayer formation, with crystal-
line Sb,S; forming at the lower interface with the substrate (the
direction of heat transfer) while the upper interface remained
amorphous. The second assumed an effective layer with an inter-
mediate index that was interpolated smoothly between the amor-
phous and crystalline states. The simulated colors for each
intermediate-state model are shown in Figure 7.

The smooth color transition seen here matches well with the
intermediate color changes seen for the laser etching. However,
neither model appears to be able to explain the blue appearance

Bilayer model

PCM-a
Ag

www.adpr-journal.com

of the intermediate states obtained from hotplate annealing.
Instead, both models predict an intermediate state of a dull red-
dish-brown color, which smoothly transitions between magenta
and green with no blue hues. This suggests that our simulations
may not be a good fit for the actual behavior of the coating during
hotplate annealing, and there may be other effects present when
the Sb,S; layer is heat-treated that these models cannot explain.

4.1.1. Layer Diffusion at Metal-Chalcogenide Interface

A possible explanation for the strange behavior of the Sb,S; layer
is diffusion at the Ag-Sb,S; interface. Although a barrier layer
was used (of 2.6 nm SiO,), it is possible that this layer thickness
was insufficient to prevent diffusion, especially when the
layer was heated for several tens of seconds on the hotplate.
Notably, unexpected intermediate colors were not seen for the
laser-annealed samples, where the annealing time was much
lower (100 ps), which may suggest that different behavior is seen
over longer timescales.

Diffusion of chalcogenide layers at the interface with plas-
monic metals (such as Al and Ag) is a known issue.*”
Previous works depositing Sb,S; over Al>* use a 5 nm barrier
layer of Si;N, between the layers in order to prevent diffusion. It
is possible that the thinner layer we used (2.6 nm, to minimize
the impact on color) or the material choice (SiO,, rather than the
more commonly used Si3N, or TiN) made it insufficient to
completely prevent diffusion.

In general, the behavior of metal doping in chalcogenide
layers is fairly complex,'** with many compounds that may be
formed. The possible diffusion of O molecules from the SiO,
layer further complicates the analysis, as both Ag and Sb,S; will

Intermediate index model

PCM intermediate

Ag

Fully amorphous

> Fully crystalline

Figure 7. Simulations of the intermediate colors of the stack described in Figure 4 for two models of intermediate crystallization: top, a bilayer model, with
crystallized Sb,S3 growing at the top of the layer (see schematic, left); bottom, a domain-driven model, with the intermediate layer assumed to have an
effective index smoothly interpolated between the amorphous and crystalline states (see schematic, right). Both models show a very similar gradient in
colors, from magenta to a dull brown-gray color to green.
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Normalincidence

Oblique incidence

Figure 8. Appearance of the coatings shown in Figure 4, at normal incidence (top) and oblique incidence (bottom). The reflectance spectra are
blueshifted at higher angle, causing the following color changes: magenta — yellow; blue — magenta; green — blue.

readily form oxides (the latter when heated at or above 300° in an
oxygen-rich environment!*?).

Dong et al. (2016)** report that doping of Ag atoms into an
Sb,S; layer significantly reduces its crystallization temperature
and increases crystallization speed. The optical bandgap edge
is expected to be redshifted, along with a slight increase in
the real part of the refractive index. Diliegros-Godines et al.l**]
report a narrowing in the bandgap of Ag-doped Sb,S; from
1.75 to 1.66eV, and a red-shift of the bandgap edge from
750 to 800 nm.

This change in refractive index due to diffusion of Ag atoms
could explain the blue appearance of the coatings midway
through annealing. A blue appearance would indicate a high
prominence of the reflectance peak around 450 nm (blue-range
light), alongside suppression of the reflectance peak above
600nm (red-range light). If this is due to photodiffusion of
Ag into the Sb,S; layer, then this change should, in theory, be
irreversible. This could be tested by using a pulsed laser to
attempt to re-amorphise the layer, as reported in.**" If the orig-
inal magenta color of the coating could be recovered, then that
suggests the color change is due to the reversible amorphous/
crystalline phase change. If the coating appearance remains
different, then it suggests an irreversible diffusion of Ag atoms
into the Sb,S;. Other investigative methods, such as secondary
ion mass spectrometry (SIMS) or energy-dispersive X-ray
spectroscopy (EDS), could also be used to confirm this hypothe-
sis. Further testing of this stack is needed to determine the
nature of this color change.

4.2. Angle-Dependent Behavior of Coatings

In this work, all results for the coating designs (simulated
and experimental) have been shown at normal incidence.
However, the behavior of Fabry—Perot-type coatings is strongly
angle-dependent. When viewed at oblique angles, the reflection

Adv. Photonics Res. 2025, 2400194 2400194 (9 of 11)

spectrum becomes blueshifted, leading to a significant change in
color. Figure 8 shows the coating design presented in Figure 4,
photographed at normal incidence (a) and oblique incidence
(245°) (b). The color of the coating shifts at all three phases;
the magenta coating becomes yellow, the blue coating becomes
magenta, and the green coating becomes blue.

For applications such as security features, strongly angle-
dependent behavior can strengthen the uniqueness of the coating,
as it is hard to replicate through other mediums. On the contrary,
for applications like low-powered displays, angle-dependent behav-
ior may be undesirable. In this case, use of a dielectric material
with a high refractive index, for example, TiO,, can effectively
mitigate the change in reflected spectrum with angle.["

5. Conclusion

An active color-shift coating design incorporating the phase-
change material Sb,S; into a Fabry—Perot cavity has been dem-
onstrated. Simulations were used to assess the gamut and hue
shift for coatings using Ag, Sb,S; and SiO,, with either Ag or
Ti as the top metallic layer. It was found that both options pro-
duced a wide gamut of colors with high chroma and brightness,
with a large hue shift between amorphous and crystalline phases
for an optimal thickness of Sb,Ss;.

Three coating designs with large hue shifts were chosen for
deposition, and good agreement was seen between the experi-
mental and simulated colors. The phase change of the Sb,S;
layer was demonstrated using either a hotplate or a pulsed laser.
For both approaches, intermediate colors were achieved by
restricting the heating time or the laser power, respectively.
This shows the key advantage of a coating with a large hue shift,
in that a wide range of colors can be obtained from a fixed coating
design by changing the degree of amorphisation or crystalliza-
tion. Possible applications for these coatings include luxury
items, microscale image writing, as well as low-powered displays
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and security features (for example, on passports or bank notes).
However, further development of manufacturing approaches is
needed to overcome issues of scalability in laser switching.

Hotplate annealing of one coating design showed a particu-
larly large range of colors, from magenta in the as-deposited
amorphous state, to blue, to green in the fully annealed crystal-
line state. The intermediate blue color was striking, as it did not
match the predicted behavior from simulations. Two models
were used to simulate intermediate phases of the Sb,S; layer
(bilayer formation, and intermediate-state crystallization), and
both predicted a range of intermediate reddish-brown colors,
rather than the vivid blue seen in experiments. One suggested
explanation is potential diffusion between the Ag and Sb,S;
(as Ag-doped Sb,S; is known to have different optical properties
that could lead to different colors). Further testing of the coating,
such as testing the reversability of the amorphous — crystalline
phase change or by investigation of the Sb,S; layer using suitable
spectrometry or spectroscopy techniques, could provide insight
into this.

6. Experimental Section

Deposition of Thin-Film Coatings: The thin-film layers in this work were
deposited using electron beam evaporation in one of two Biihler-Leybold
SyrusPRO 710 vacuum deposition machines. In order to prevent contam-
ination of the material layers, one machine was used to deposit Sb,S3, and
the other was used to deposit the remaining materials (Cr, Ag, SiO,, and
Ti). High-purity evaporation materials were provided by CODEX
International.

Deposition was carried out under a vacuum of =5 x 107 mbars.
Coatings were deposited on rough (unpolished) surfaces in order to
aid adhesion and improve the visual appearance of the resulting color.
The hotplate-annealed samples in Figure 4 were deposited on the unpol-
ished side of single-side polished 1" Si wafers, and the laser-annealed sam-
ples in Figure 6 were deposited on 1" ground glass slides. The layer
thickness was monitored using a quartz balance. The deposition rate
was 0.5 nm s~ for SiO, and Sb,S;, 0.1 nm s~ for Ag, and 0.05 nm s
for Ti.

Index Determination of GST and Sb,S3 Layers: For index characterization,
30 nm thick layers of GST and 70 nm layers of Sb,S; were deposited on
polished B270 glass slides. Measurements of reflectance and transmit-
tance were taken using a Perkin-Elmer Lambda1050 spectrophotometer,
between 380 and 780 nm. A protective layer of 10 nm SiO, was deposited
on top of the Sb,S; layers to protect from oxidation during annealing.

These measurements were used to fit the refractive index using a
Tauc-Lorentz model with an Urbach tail term in the imaginary part.
Fitting was performed using a custom MATLAB script incorporating
the built-in global optimization function GlobalSearch.*®!

As-deposited, the films were in the amorphous phase. Measurements
of the crystalline phase were obtained by annealing the samples on a hot-
plate to crystallize them (see below).

Hotplate Annealing: An electric hotplate was used to anneal samples
containing layers of phase-change materials. The hotplate was heated
to a steady temperature of 300°, and samples were placed directly on
its surface to anneal. The annealing was performed in air. Annealing time
was judged by eye via observing when the color change appeared to be
stable, which took about 2 min for both Sb,S; and GST. Additionally,
almost no difference in reflectance and transmittance was measured
between samples that were annealed for 2 and 30 min.

Laser Annealing: Laser annealing was performed using a 1030 nm wave-
length, 400 fs pulse duration laser, with a repetition rate of 200 kHz and a
1 ms exposure time. A 20 cm converging lens was used to focus the laser
to a spot size of 75 ym (1/¢?). Laser scanning was performed by mounting
the sample on a motion stage at the focal plane of the laser. Both the laser
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and the motion stage were controlled using LabVIEW in order to synchro-
nize exposure with the motion during scans. During scans, each spot was
exposed for 100 ms, with a 65 um step size between spots (leading to a
13% spot-to-spot overlap). The laser power was varied between 0.2 pJ and
1.9n) (95% power). For the chosen exposure time, a more dramatic
change in color is seen as the laser power increases (Figure 6), showing
that the laser power can be used to control the degree of crystallization.
which was scanned over the surface by mounting the sample on a motion
stage controlled via LabVIEW.
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