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High-Chroma Color Coatings Based on Ag/SiO2/Ti/SiO2
Structures

Riley Shurvinton,* Fabien Lemarchand, Antonin Moreau, and Julien Lumeau*

1. Introduction

The use of nanostructured interference coatings for color
generation is currently garnering increasing interest in research,
commercial, and industrial applications. These coatings provide
compelling advantages over traditional colorants (dyes or pig-
ments), such as better resistance to degradation under tempera-
ture or UV light, which is crucial in applications such as color
filters in displays.[1] Precise control of the reflectance spectrum
allows more “pure” colors to be obtained, such as extremely vivid
blue[2] or highly absorbing black.[3] Thin-film coatings can pro-
duce attractive metallic colors[4] or colors that shift depending
on the viewing angle.[5] Structures incorporating phase-change
materials can allow active tunable colors, which is promising
in technologies such as low-powered displays.[6–8]

One common approach to color control is to use a thin-film
coating incorporating metal–dielectric–metal (MDM) or metal–
insulator–metal (MIM) stacks.[9–12] Analogous to a Fabry–Perot
cavity, the upper and lower metallic layers act as mirrors

surrounding a central cavity where light
oscillates. At certain wavelengths, a stand-
ing wave forms inside the cavity, and losses
from the semitransparent upper layer
contribute to the perfect or near-perfect
absorbance. The output of the stack can
be further tailored with an additional layer
on top to aid phase matching,[13] creating a
so-called MDMD (or MIMI) stack.

The key advantage of an MDMD stack is
that it is simple to fabricate, in comparison
to other structures that have been demon-
strated to generate high chroma (such as
the near-ideal red obtained by Dong et al.
with Si nanoantennae,[14] or the high-purity
red and blue filters designed by Yang et al

incorporating organic dye layers[15]). The stack design is
lithography-free and versatile enough to generate a wide range
of colors. This may be achieved by changing the layer thickness
and the choice of material, including most commonly
cyan/magenta/yellow[9,16–18] primaries. However, few of these
approaches provide the ideal spectral features for color, which
are generally not well understood within the thin-film community.

Certain colors, such as red, green, and blue primaries, present
further challenges. Obtaining these colors requires the suppres-
sion of large parts of the visible spectrum and selective reflec-
tance of only red, green, or blue light. Several prior studies
have demonstrated RGB coatings in reflectance,[19,20] and the
spectra obtained are nonideal, with low peak reflectance
(�0.7–0.9), imperfect absorption at undesired wavelengths,
and slowly varying spectral features leading to poorer color purity
and lower perceptual chroma.

Taken together, these results suggest a potential for improve-
ment: a single coating design that yields improved chroma,
which can generate a wide range of colors simply by tuning
the layer thicknesses. This desirable property of tunability
increases the versatility of the coating and allows its viability
for a range of applications. In addition, improving the chroma
of the coatings will allow them to approach or even exceed the
appearance and performance of the currently used dyes and pig-
ments for a color generation.

To the best of our knowledge, the realization of the widest and
highest chroma gamut obtained with a simple four-layer stack
architecture has been presented herein. Furthermore, it is dem-
onstrated that an MDMD stack incorporating Ag, SiO2, and Ti
yields high tunability and enables the generation of high-chroma
coatings of almost any hue. The design principles to be followed
have been described when selecting the layer thicknesses,
informed by the spectral features of the theoretically ideal color
reflector described by Ostwald and Schrödinger.[21,22] A trio of
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A four-layer metal–dielectric–metal–dielectric (MDMD) stack design for color
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enabling wide absorbance bands, high reflectance peaks, and a strongly tunable
color. A wide gamut is obtained by varying the thickness of the SiO2 cavity layer,
and the resulting colors exhibit outstanding luminance and chroma. Coatings of
red, green, and blue colors are designed and deposited. These coatings dem-
onstrate a very close agreement between the simulated and experimental results.
The chroma of the coatings is found to be similar to or exceeded the limits of the
Pointer gamut, an empirical gamut of colors in reflectance. This shows that, in
the generation of surface color, even for a simple four-layer stack, the perfor-
mance of thin-film coatings can rival or exceed that of traditional paints and dyes.
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red, green, and blue coatings was designed, and it was demon-
strated that when deposited, these coatings show close agree-
ment with the simulated spectra yielding appealing colors that
are both bright and high-chroma. When assessed in comparison
with the Pointer gamut, it was found that the coatings have near-
ideal or better-than-ideal chroma compared to traditional
pigments.

2. Design Principles for Creating Red, Green, and
Blue Primaries

When working in the field of colors, it is first necessary to estab-
lish a coordinate system to provide meaning to and allow the
specification of exact colors. First, the color system used in this
work is briefly described, followed by an overview of other theo-
retical considerations, such as the spectral shape of a maximum-
chroma pigment.

In this work, the word “chroma” is used to refer to the per-
ceptual strength of a color (sometimes also called saturation).
This is not to be confused with the xy coordinates of CIExyY color
space, referred to as the “chromaticity coordinates.”

2.1. A Perceptual Color Space should be used to Accurately
and Intuitively Describe Color and Chroma

Commonly, xy chromaticity coordinates are used to assess color
saturation. They describe a combination of hue and white admix-
tures; thus, for some applications (such as transmission filters),
these coordinates may be used as a measure of color purity.
However, these are generally insufficient to describe perceptual
chroma (used here to mean the “strength” of a color in reflec-
tance), because they do not contain any information about the
luminance of a color. In the limiting case, a coating that reflects
only one wavelength has chromaticity coordinates identical to
those of spectrally pure light, which appears to suggest a high
chroma. However, in appearance, the color will be black with
0 chroma because it only reflects a vanishingly small portion
of the incoming light under typical broadband illumination con-
ditions (such as daylight or interior lighting). Evidently, in terms
of reflectance, luminance has a large impact on the perceptual
chroma of a surface.

Instead of xy coordinates, we propose the use of CIELAB to
assess the color. CIELAB is a perceptual color space based on
the color opponent-process theory,[23,24] which is often used in
industry to specify surface colors. It transforms the CIEXYZ trip-
let XYZ into three new coordinates: L* (the perceptual lumi-
nance) and a* and b*, which are approximately representative
of the red-green and yellow-blue color opposition axes. The coor-
dinates are obtained using the following linear transforms[25]
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Xn, Yn, and Zn are whitepoint coordinates that depend on the
illuminant. The difference ΔE between any two colors can be
expressed by the Euclidean distance between them as follows

ΔELab ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔL�Þ2 þ ðΔa�Þ2 þ ðΔb�Þ2

q
(5)

The L* a* b* coordinates may be further transformed into
cylindrical coordinates, HCL (representing the hue, chroma,
and luminance of a color). The HCL coordinates have improved
intuitive meaning, similar to the coordinates used in art or in the
Munsell color space. L¼ L*, and C andH are obtained as follows

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a�2 þ b�2

p
H ¼ arctan a�

b�
(6)

The chroma coordinate C is a superior measure of the percep-
tual chroma compared to the xy chromaticity coordinates. Instead
of simply considering the admixture of the white color, the C
coordinate also considers the perceptual brightness of the color.
The space is not entirely and perfectly uniform (indeed, Pointer
1980[26] notes that in the magenta range, at a hue angle of 325,
“the gamuts [… are] characterised by a ‘peak’ of high chroma […]
an artifact of the L* a* b* color space”). Nevertheless, it is an
improved measure of chroma compared to the chromaticity coor-
dinates. In the following paragraphs, we use the word “chroma”
to refer to the coordinate C of a given color.

2.2. The Pointer Gamut Provides Guidelines for Maximal
Chroma in Reflectance

There is a fundamental trade-off between luminance and chroma
in reflectance. The closer a surface is to reflecting only a single
wavelength, the lower its brightness, which reduces perceptual
chroma. However, wideband reflectors also have low color purity
because they reflect many different colors of light. The lumi-
nance at which the maximal chroma occurs differs depending
on the hue because of the uneven sensitivity of the eye to differ-
ent wavelengths of light.

This trade-off is expressed in the Pointer gamut,[26] an empirical
gamut obtained by measuring the surface colors of thousands of
real-world samples including paint swatches, printing inks, and
objects from nature. The gamut describes the maximum chroma
of a set of measured samples for various hues and luminance. A
plot of the Pointer gamut within the CIExy chromaticity diagram
shows that the colors with maximum reflectance chroma occur
fairly far from the maximal color purity (Figure 1).

Although more recent work has shown that the Pointer gamut
does not completely cover all colors attainable in reflectance,[27] it
is well known as a baseline for describing colors in reflectance;
therefore, it was used for comparison in this work. If the coor-
dinates of our designed color coatings lie close to or on the
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boundary of the Pointer gamut, it indicates that excellent reflec-
tance chroma has been achieved. Indeed, as the gamut is empir-
ical and not theoretical, extremely high-chroma coatings can even
exceed the limits of the Pointer gamut, providing a further advan-
tage of nanostructured coatings over traditional pigments.

The original 1980 paper[26] presented its findings in terms of
the CIELUV color space, an alternative perceptual color space
that is often used in computer graphics. The data provided here
are taken from a spreadsheet made available by Pointer,[28] which
provides values both in CIELUV and CIELAB.

2.3. The Spectral Shape of a Reflector with Optimal Chroma is
a Square Wave

When considering the trade-off between color purity and lumi-
nance, a reflector with an optimal chroma must maximize the
reflectance over the desired wavelength range and minimize it
elsewhere. These principles were first described by Ostwald
and Schrödinger in the early 1900s.[21,22] From theoretical con-
siderations, Schrödinger showed that such an ideal pigment
must have a reflectance of 1 or 0 throughout, with sharp transi-
tions between them. Additionally, a maximum of two transition
points must exist, resulting in either a single isolated reflectance
peak (with perfect absorbance elsewhere) for most hues or a sin-
gle isolated absorption band (with unity reflectance elsewhere)
for colors in the magenta range. Figure 2 shows schematic plots
of the spectra of ideal pigments.

This provides guidance for the design of color coatings with a
high chroma. Reflectance must be maximized over the desired
wavelength range and minimized elsewhere, with the transitions
between them as sharp as possible. Additionally, at most two
reflectance peaks in the spectrum (for magenta colors) or one
single peak for all other hues must be present. Therefore, side-
bands and secondary resonance features are required to be sup-
pressed as much as possible.

In practice, creating a coating with square-wave reflectance
spectra (essentially a notch filter) is extremely difficult, requiring

tens or hundreds of layers with precisely controlled thicknesses.
However, with careful material choices, an approximation of this
spectrum may be approached using a simpler MDMD structure.
Further improvements that can be made with a more complex
stack design can then be assessed by comparing the chroma
of theMDMD stack with that of the corresponding ideal reflector.

3. Design of MDMD Coatings

Having outlined the theoretical principles of color control, we
proceed with a closer examination of the MDM/MDMD stack
and demonstrate how it may be optimized to yield high-chroma
colors.

3.1. Operation of an MDM Coating Analogous to a Fabry–Perot
Resonator

The principle of operation of a MDM structure is analogous to
that of an asymmetric Fabry–Perot resonator (see Figure 3). The
lowermost layer of the coating is an opaque metallic layer, which
acts as a mirror. Next, there is a cavity layer made of a dielectric
material several hundred nanometers thick, followed by a second
semitransparent metallic layer of a few tens of nanometers thick-
ness, which acts as the upper mirror. At resonant wavelengths,
strong absorbance exists, and elsewhere, the structure yields a
high reflectance. These resonant wavelengths depend on the
material and thickness of the layers. The resonance may also
be tuned by an additional phase-matching dielectric layer on
top of the upper mirror.

Recent studies, such as those by Z. Yang et al.,[29] present a
more in-depth theoretical overview of the impact of each layer
considering a single central wavelength, where the reflectance
is sought to be maximized. Here, we focus on the qualitative
exploration of the impact of each layer, as there are several other
spectral features that affect color realization (spectral width,
absorption bandwidth), for which a full theoretical discussion
will be extremely lengthy and outside the scope of this work.

Figure 1. a) CIExy chromaticity diagram, showing the xy chromaticity coordinates for all colors visible for normal human vision (color rendering approxi-
mate). The interior solid black curve shows the Pointer gamut, an empirical measurement of surface colors in reflectance. b) CIExy coordinates of the red,
green, and blue coatings (circles), shown against the Pointer gamut. The triangle between them shows the gamut of colors that can be obtained using
combinations of the three coatings as additive primaries – for example, as RGB pixels in a reflective display. Coordinates measured/calculated under a CIE
“C” illuminant.
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3.2. Assessment of Material Choices in the MDMD Stack

3.2.1. Lower Layer Material Choice Changes Peak Reflectance

As described in Section 2.3, one of the requirements of an ideal
pigment is a reflectance of 1 over the desired wavelength region.
In practice, the closer the peak reflectance of a coating is to 1, the
brighter and more luminant the coating appears, leading to a
higher perceptual chroma. Therefore, for the lower layer of
the MDM(D) stack, it is important to select a material with
the highest reflectance possible. Al and Ag are the two materials
most commonly used for this purpose, as they are both near-ideal
metals with high reflectance in the visible range. In this study, Ag
was selected because it has a higher reflectance than Al above
�420 nm. However, Al has similar performance and may be
preferable in some applications owing to factors such as cost,
compatibility with other materials in the stack, and improved
adhesion.

3.2.2. Central Cavity Thickness can be used to Tune Absorbance
Bands

For the selection of the cavity layer material, both lossless dielec-
trics (such as SiO2

[30] and TiO2
[9]), and lossy semiconductors

(such as Si[17,31] and Ge[13,32]) have been studied. Both choices
have certain advantages and disadvantages.

MDM/MIM coatings employing lossy dielectrics, such as Si,
are thinner and more angle-resistant than those using lossless
dielectrics because of the large phase shift on reflectance at the
layer interface obtained with a lossy material. Therefore, only a
very thin layer is required to satisfy the resonance condition within
the visible range of 380–780 nm. Conversely, 100þ nm of a loss-
less dielectric, such as SiO2, is required to fulfill this resonance
condition, as the main contributions to the phase shift are from
the optical path length, which depends on the layer thickness.

However, the absorbance of a lossy dielectric limits the thick-
ness of the material that can be used without introducing signif-
icant losses and damaging the resonance to �50 nm for
materials such as Si. For thicker layers, the losses drastically
reduce the luminance and chroma of the resulting color.
Therefore, this reduces the tunability of the stack, that is, the
number of different colors that may be achieved by simply vary-
ing the thicknesses of the layers.

This can be observed when considering the gamut of achievable
colors for an Ag/[dielectric]/Ti stack with either SiO2 or Si as the
dielectric when adjusting the dielectric thickness, as shown in
Figure 3b–c. Although high-chroma colors can be realized in
the violet-blue spectrum (with appreciable chroma into the yellows)
for an Si layer, increasing the Si thickness further dramatically
reduces the chroma, restricting the available gamut. In contrast,
the use of SiO2 allows a dielectric thickness of 500 nm or more
to be used in the stack without damaging the color chroma, which

Figure 2. Example spectra of the four classes of bivalent pigments, as arranged by Schrodinger. a) Long-wavelength (red-range) pigments; b) middle-
wavelength (green-range) pigments; c) short-wavelength (blue-range) pigments, and d) mid-absorbing (magenta-range) pigments. The optimal width of
the spectral features to obtain maximum chroma varies strongly depending on the chosen hue, owing to the uneven sensitivity of the eye to different
wavelengths of light. (Swatches do not accurately represent the pigment colors, and are for illustrative purposes only.).
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leads to an extremely wide gamut. Colors of almost any hue, with
large chroma and brightness, can be obtained by varying the dielec-
tric thickness. Thus, the output of the stack is highly tunable.

An additional important consideration is that using a lossless
dielectric implies that the majority of the phase shift depends

on the optical path length. The path length varies with the angle
of the incoming light, and therefore the resonance conditions – and
thus, the resulting color – will also be strongly angle-dependent.
This may be undesirable for some applications but can be exploited
for other applications, such as sensors or camouflage technology.[5]

Figure 3. a) Schematic of an metal–dielectric–metal–dielectric (MDMD)/MIMI-type stack. The different layers have different impacts on the spectral
response. b) An example gamut of an MDM stack using Ag/Si/Ti as the thicknesses of the Si and Ti layers are varied. The gamut of achievable high-
chroma colors is restricted to yellow, magenta, and blue, with chroma strongly diminishing for thicker Si layers. c) An example gamut of an MDM stack
using Ag/SiO2/Ti as the thicknesses of the SiO2 and Ti layers are varied. High-chroma colors of almost any hue may be obtained by varying the SiO2

thickness. d,e) Plots showing the effect on reflectance spectrum for a stack of Ag/300 nm SiO2/dnm absorber of increasing d, the thickness of the
absorber layer. (d) The effect of an Ag layer of generating a very narrow absorption band, with high reflectance elsewhere. (e) The effect of a Ti layer,
which generates wide absorption bands and a narrower reflectance peak. f ) Plot of the evolution of the complex Fresnel coefficient r on an Ag/300 nm
SiO2/10 nm Ti/35 nm SiO2 stack, from Ag substrate to added phase-matching SiO2 layer. The phase-matching layer allows perfect absorbance to be
achieved at λ ¼ 405 nm with this stack. g) The effect of the upper phase-matching layer on the reflectance spectrum of the stack described in (f ). Apart
from achieving perfect absorbance at λ ¼ 405 nm, the phase-matching layer has the effect of suppressing the secondary reflectance peak between 650 and
750 nm.
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The angle dependence may be reduced using a high-index
lossless dielectric such as Ta2O5 and TiO2. For more discussion
regarding the angle- and polarization-dependent behavior, see
Section 3 of the supporting information. However, in this study,
only the coating appearance at near-normal incidence (� 8∘) was
considered. As such, we chose SiO2 as the dielectric material
because its properties are well known for our deposition process.

3.2.3. Upper Mirror Material Choice Impacts the Broadness of the
Absorption Bands

In a traditional Fabry–Perot resonator, an ideal metal (where
n� k) is used for the top layer to minimize absorption losses.
This results in the well-known series of narrow transmission
(or, here, absorbance) bands, with high reflectance in between.
A simulation of the reflectance of an asymmetric Fabry–Perot
cavity with 300 nm SiO2 and an upper Ag mirror shows that
the absorbance band obtained is extremely narrow relative to
the spacing, resulting in wide reflectance peaks with narrow
regions of absorption between them (Figure 3d).

However, such a spectrum yields poor surface color.[30] The
multiple wide regions of high reflectance in the spectrum result
in a wide range of wavelengths reflected by the coating. Thus, the
color approaches that of a broadband reflector (i.e., white). To
obtain a high-chroma reflectance color, a wider part of the absor-
bance spectrum must be suppressed to enable the generation of
one or two narrower reflectance peaks. This can be achieved
using a nonideal “lossy”metal to yield broader absorption bands.

Such a metal should have the property n � k. The exact opti-
mal index for this metal depends on the wavelengths at which
reflectance and absorption are desired.[29] The use of a lossy
material widens the spectral features of a cavity in a manner that
is similar to the dependence of the output of a Fabry–Perot stack
on the reflectivity of its mirrors. When a mirror with lower reflec-
tivity is used (e.g., a nonideal, lossy metal), the Airy fringe dis-
tribution is broadened. Similarly, the use of a lossy metal as the
upper mirror in anMDM stack creates broader absorption bands,
which are well suited for generating saturated colors.

We propose Ti as a well-suited generic choice for this purpose,
for three reasons. First, its index from 10 to 20 nm thickness is
reasonably stable, unlike some metals which show large changes
in refractive index for thin layers.[12] Second, it has desirable
index properties, n � k � 2, within the visible spectrum, with
slow and smooth variation, allowing it to be applicable for the
generation of many colors (unlike gold, which is only suitable
for generating red–yellow-range colors). Third, a layer of
�10 nm Ti on top of Ag/SiO2 generates wide absorption bands
without significantly diminishing the peak reflectance
(Figure 3e).

In addition, our team thoroughly characterized its behavior on
top of a layer of SiO2 and well-calibrated the deposited thickness,
demonstrating its compatibility with SiO2.

[33]

3.2.4. Optional Upper Dielectric Layer Can Tune Color via
Phase-Matching

The spectrum can be further tuned by the addition of a second
SiO2 layer on top. This layer serves two purposes: first, it protects

the upper metal (Ti) from oxidation. Additionally, when a suit-
able thickness is used (typically tens of nanometers), this layer
further provides phase-matching that allows the absorbance to
be adjusted and, in some cases, broadened.

For example, a stack of Ag/300 nm SiO2/10 nm Ti has an
absorbance band centered at approximately 390 nm, but perfect
absorbance is not achieved (R� 0.05). Figure 3f shows the effect
on the admittance at λ ¼ 405 nm of adding an additional phase-
matching layer of 35 nm SiO2 on top of the stack. The Fresnel
coefficient r is shifted from �0.2þ 0.2i to �0, indicating
R� 0 at this wavelength (i.e., perfect absorbance is achieved
at 405 nm). Figure 3g shows the effect of this additional layer
on the reflectance spectrum of the coatings. The reflectance at
405 nm is shifted from �0.05 (gray curve) to 0 (blue curve) by
the phase-matching layer. This layer also slightly suppresses
the secondary reflectance peak between 650 and 750 nm.
Thus, the color can be slightly tuned, and the purity and chroma
can be enhanced using an upper dielectric layer in the stack.

3.3. A Tunable Stack Design Can Generate a Wide Range of
Colors

Given the aforementioned results, we conclude that an MDMD
structure based on Ag/SiO2/Ti/SiO2 is an efficient solution for
generating color coatings. To illustrate the versatility of this stack,
we calculated the gamut of colors obtained by varying the lower
SiO2 thickness from 10 to 500 nm, and the Ti thickness from 1 to
20 nm (Figure 3c). A wide range of hues was obtained within this
gamut, with outstanding chroma and brightness when the appro-
priate layer thicknesses were chosen. As demonstrated, there is
an option to further tune the color by adjusting the upper SiO2

layer. Thus, colors of almost any hue with high chroma can be
generated using this stack type, fulfilling the condition of high
tunability.

To demonstrate this, we designed three coatings: red, green,
and blue. Primary colors are desired in many applications, such
as display technologies, and as they can be obtained with high
luminance and chroma, they may be used to define a wide addi-
tive gamut. In addition, the realization of these colors with high
chroma is technically demanding because it requires the sup-
pression of reflectance over a large wavelength range within
the visible spectrum. Obtaining these three colors with high
chroma using this stack type is indicative of the versatility and
tunability of the stack. The resulting formulas for the three coat-
ings and their performances with regard to color are discussed in
the next section.

4. Results and Discussion

4.1. Layer Thicknesses May Be Mathematically Optimized
Within Given Bounds to Yield Maximal Chroma for a Fixed
Hue

A key advantage of using an MDMD stack for color is that the
design process is significantly simplified. After fixing the mate-
rial choices, there are only three degrees of freedom for the stack
design: the thicknesses of the upper and lower SiO2 layers and
the thickness of the Ti mirror. Therefore, the design process can
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be simplified as a straightforward optimization procedure for
these three variables.

For the design of the red, green, and blue primaries, a target
hue angle was specified for each coating: 50 for the red coating,
130 for the green coating, and 310 for the blue coating (under
CIE standard illuminant C, to allow comparison with the data
from the Pointer gamut). The upper and lower tolerances of
5° were set for the hue because even a small change in hue
can yield a large perceptual difference in color.

The starting point for the layer thicknesses was identified by
observing the gamut. The initial SiO2 cavity thicknesses were set
to 230 nm for the red coating, 320 nm for the green coating, and
90 nm for the blue coating and optimized around these starting
points with a tolerance of 50 nm on either side. A lower bound of
10 nm was set for the thickness of the Ti layer. For thinner layers,
there may be concerns about inhomogeneity or a significant change
in the optical properties of the layer. Based on initial simulations, an
upper boundwas set at 40 nm; above this thickness, absorption losses
from the Ti layer diminished the color. The upper SiO2 thickness was
allowed to vary freely with a maximum thickness of 500 nm.

The thicknesses of all three layers were optimized to maximize
the chroma of each coating within the hue tolerances under a C
illuminant. The resulting formulas for the three coatings are
listed in Table 1.

4.2. The Optimized MDMD Coatings Are Close to or Exceed
the Limits of the Pointer Gamut in Chroma

The optimized chroma and luminance for the red, green, and
blue coatings under a C illuminant are reported in Table 2.
The luminance of each coating varies with hue because the lumi-
nance response of the eye is uneven; green hues appear more
perceptually luminant than red or blue hues. All three coatings
demonstrated high chroma. The lowest was the red coating, with
a chroma of 83, and both the green and blue MDMD coatings
demonstrated a chroma above 100 (108 and 104, respectively).

For interpretation, these values are compared to the equivalent
values from the Pointer gamut – the empirically measured limits
of surfaces in reflectance, consisting of paint samples and objects
from nature. For the equivalent hue and luminance values, the
chroma of the red MDMD coating (83) was close to the limit of
the Pointer gamut (102). This indicates that the red MDMD coat-
ing is a fairly vibrant red color, although there may be somemate-
rials, such as very vibrant red paints, that exceed its chroma.

In comparison, both the green and blue MDMD coatings
exceeded the limits of the Pointer gamut for equivalent hue
and luminance. The blue MDMD coating demonstrated a
chroma of 104 compared to the Pointer gamut limit of 85,

and the green MDMD coating a chroma of 108, which is consid-
erably larger than the Pointer gamut limit of 64. This indicates
that both the green and blue MDMD coatings are far more vivid
than any of the samples measured in the original Pointer gamut,
providing bold and vibrant green and blue colors, respectively.

The same conclusions were drawn when the entire Pointer
gamut for each hue was considered. Figure 4c–e shows
chroma-luminance plots for each of the three hue angles.
MDMD red is slightly below the peak chroma, but the
MDMD green and blue coatings still yield greater chroma than
that measured anywhere within the Pointer gamut for the corre-
sponding hue.

The comparatively poor performance of the red coating com-
pared to the green and blue MDMD coatings is not straightfor-
ward, but arises because of the close overlap between the
sensitivity curves of the L and M cones of the human eye (see
Section 1 of the Supporting Information for further discussion).
Indeed, the generation of high-chroma pure red coatings is a
known challenge in MDMD stack designs.[4] In addition, the
chroma of our red coating exceeded those reported elsewhere
using this stack type.[20,29]

The xy coordinates of the three coatings in comparison with
the Pointer gamut are shown in Figure 1b. In terms of xy chro-
maticity, all three coatings lie on or are within the boundaries of
the Pointer gamut, indicating that although they have higher
chroma, the coatings do not have superior color purity to the col-
ors measured in the Pointer gamut. The additive gamut defined
by the coatings is a triangle covering a wide range of hues. This
indicates that when used as additive primaries – for example, as
RGB pixels in a reflective display – the red, green, and blue coat-
ings can generate a gamut containing many intermediate hues of
appreciable luminance and chroma.

4.3. The MDMD Coatings Still Fall Short of the Theoretical
Ideal Reflectors

To further evaluate the chroma coordinates of the MDMD coat-
ings and investigate whether additional gains can be achieved

Table 1. Optimized MDMD coating designs for the red, green, and blue
primaries.

Color SiO2 Cavity
Thickness [nm]

Ti layer
thickness [nm]

Upper SiO2

thickness [nm]

Red 215 10 230

Green 330 10 190

Blue 110 10 130

Table 2. Hue, chroma, and luminance of the MDMD red, green, and blue
coatings; the equivalent points on the pointer gamut (to the nearest 10 hue
degrees/5 luminance units); and the equivalent ideal reflector with
maximum chroma. Data calculated using CIE standard illuminant “C.”.

Sample Hue [°] Chroma Luminance

MDMD red 50 83 53

Pointer equiv. 50 102 55

“Ideal” red 50 123 55

MDMD green 129 108 83

Pointer equiv. 130 64 85

“Ideal” green 129 150 83

MDMD blue 312 104 24

Pointer equiv. 310 85 25

“Ideal blue” 314 175 23
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using a more complex structure, the coatings were compared
against the corresponding theoretical ideal reflector with the
maximum possible chroma (Section 2.3). Ideal reflectors were
designed to provide the same hue and luminance as the
MDMD coatings under a C illuminant to within five hue
degrees/luminance units, and the resulting chroma is recorded
in Table 2.

In all cases, the theoretical ideal reflector chroma exceeded
that of both the MDMD coating and the limits of the Pointer
gamut. For the red coating, the ideal reflector demonstrated a
chroma of 123, which was �20 points higher than the limit
of the Pointer gamut for this hue. In comparison, the ideal reflec-
tors for hues of 130° and 310° yielded chromas of 150 and 175,
respectively, which far exceeded the limits of the Pointer gamuts
for these hues.

Quantifying the perceptual difference between MDMD and
ideal coatings, if they could be manufactured, is not straightfor-
ward. One option is to consider the maximal chroma achieved in
the CIELAB system, which is generated by spectrally pure light

falling on a broadband reflector. For monochromatic red light at
680 nm, the perceptual chroma in CIELAB is 180. For green light
at 550 nm, the chroma is 200, and for blue light at 440 nm, the
chroma is 134. Thus, the appearance of the blue ideal reflector
has a higher apparent chroma than monochromatic blue light,
probably because of the increased apparent luminance of the
coating, as it reflects a portion of the light that the eye has a
greater sensitivity to.

CIELAB is nominally a perceptual color space – that is, the
distance between the coordinates should be approximately linear
with regard to the perceived distance between them. However, it
is not uniformly perceptual, and it is difficult to infer whether a
color with 200 chromas may be considered “twice as saturated”
as a color with 100 chromas. Furthermore, it may be assumed
that increasing chroma has diminishing returns. Certainly,
the variety of pigments, paints, and inks that we encounter in
everyday life is not generally considered to be somehow lacking
in saturation, despite theoretically falling short of the “ideal”
reflectors. Therefore, it may be sufficient to conclude that for

Figure 4. a) Solid: spectra of ideal red, green, and blue pigments. Dashed: simulated MDMD designs for red, green and blue coatings. b) Solid: measured
reflectance spectra of red, green, and blue MDMD coatings. Dashed: the simulated spectra of the coatings, identical to those seen in (a). c–e) The
luminance and chroma for the red, green, and blue (respectively) MDMD design and ideal pigment, plotted against the Pointer gamut for the corre-
sponding hue angle. f–h) Photographs of the red, green, and blue coatings on 3" polished Si wafers. The samples appear textured owing to reflecting the
illumination source, a ring light held behind a white paper diffuser. In person, the color is uniform.
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most observers, the limits of the Pointer gamut represent colors
that are perceived as very bright and vivid; therefore, coatings that
are close to or even exceed this gamut are likewise perceived as
possessing outstanding brightness and saturation.

In practice, the manufacture of coatings with spectra close to
those of the ideal color reflectors is extremely difficult, requiring
tens or even hundreds of very thin layers whose thickness and
refractive index must be precisely controlled to an exact degree.
From this perspective, the MDMD coatings represent a trade-off
between the complexity of the design and the resulting chroma.
Although the design is simple and stable, the chroma still
matches or exceeds that available using the most saturated
paints. Future applications must weigh the requirements of high
chroma against the constraints of complex structures when
designing coatings for color control.

4.4. Deposited Coatings Show Close Agreement with Simulated
Spectra

The three MDMD coating designs described in Table 2 were
deposited on Si substrates using electron beam evaporation
and their reflectance spectra were measured (see Section 6 for
details). The deposited coatings were found to be in close agree-
ment with the simulated spectra for all three designs (Figure 4b).
The maximum divergence between the measured and simulated
spectra was approximately ΔR ¼ 0.05, and the shapes of the
curves closely aligned, although the locations of the peaks in
the spectra may differ by �15 nm. This demonstrates accurate
knowledge of both the layer indices and the deposited
thicknesses.

The corresponding color differences were calculated under a C
illuminant using the simple Euclidean color difference formula
for CIELAB (Equation (5)). The color difference between the sim-
ulated and measured coatings was 11.3 for the red coating, 13.9
for the green coating, and 11.2 for the blue coating. Typical color
tolerance thresholds are ΔE < 2� 5, depending on the applica-
tion, with a color difference greater than 5 denoting a color dif-
ference that is easily noticeable by an untrained observer.[34] As
such, although the spectra show good agreement, the resulting
color is significantly different from that specified by the simu-
lated coatings. For applications where more precise color control
is required, this could be improved by further careful calibration
of the layer indices and the deposited thicknesses for the stack.

The coatings were deposited on both rough and polished sub-
strates. A thin (�5 nm) layer of Cr was first deposited on the sub-
strate to aid the adhesion of the lowermost Ag layer. All three
coating designs adhered well to the substrates. The coatings were
stable, with undetectable changes in the reflectance spectra when
measured 1 h or several weeks after deposition.

5. Conclusion

An MDMD stack type that incorporates Ti as the material for the
semitransparent upper mirror was described. This stack design
is highly versatile and tunable and can be used to generate a wide
gamut of coatings, including red, green, and blue primary colors.
The obtained chroma of the resulting colors was extremely high
and was close to or surpassed the limits of the Pointer gamut for

surface color. A close agreement was obtained between the sim-
ulated and measured results, showing that a limited material
choice allows precise and accurate knowledge of the behavior
of each layer.

6. Experimental Section

Simulation: The coatings were simulated in MATLAB using the
open-source Thin Film Toolbox[35] using the matrix transfer method.
Color coordinates were determined by integrating against the CIEXYZ
matching functions under the chosen illuminant, as specified by the
CIE Colorimetry 3rd Edition Technical Report (CIE 15:2004[36]).

Index Data: The refractive indices of Ti and SiO2 were obtained from a
previous characterization as described in ref. [33]. The index of the Ti
layer was fitted from the data using a combined modified Drude and
Forouhi–Bloomer model, and the index of the SiO2 layer was fitted using
a two-parameter Cauchy model. The refractive index of the Ag substrate
was obtained from the literature and was originally available at http://
www.sopra-sa.com/indices.html. As of 2022, these data can be found
at http://www.sspectra.com/sopra.html (last accessed: 24th February
2022).

Deposition: The coatings were deposited using a Buhler–Leybold Optics
SYRUSpro 710 electron beam (e-beam) evaporation deposition machine
under a vacuum of �2� 10�7 mbars. 4” commercial Si wafers were used
as substrates.

Cr/Ag/SiO2/Ti/SiO2 coatings were deposited on these substrates. The
coatings utilized a thin layer of Cr before the deposition of Ag to aid the
adhesion between the layer and substrate. Ag was chosen to be sufficiently
thick to be opaque (150 nm), so the substrate choice and the Cr layer have
a minimal impact on the overall spectrum and appearance of the coating.

The first 50 nm of each SiO2 layer was deposited without plasma source
assistance to minimize oxidation of the layer underneath (Ag or Ti). The
remainder of the layer was deposited using a plasma source assistance. In
addition, the SiO2 was etched using a plasma source prior to deposition.

A quartz balance was used to monitor the thickness of the deposited
layers. This typically enables an accuracy of� 2% for the layer thicknesses.

Measurements: The samples were measured in reflectance using a
Perkin–Elmer Lambda 1050 spectrophotometer. The wavelength range
was 380–780 nm with 5 nm spacing, to overlap with the illuminant and
observer data from CIE. Measurements were taken at 8°, as close as pos-
sible to normal incidence.

Photography: Sample photographs were captured using a Panasonic
Lumix FZ200. Photographs were captured under ambient fluorescent light
with additional lighting in the form of a white LED ring light. The light was
held behind a piece of white printer paper to provide a diffuse light source
as reflected in the samples. Photographs were taken at�8°, as close to the
normal incidence as possible, without capturing the reflection of the cam-
era lens in the samples.
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