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ABSTRACT: We demonstrate tunable structural color patterns that span the visible spectrum using atomic layer deposition (ALD).
Asymmetric metal—dielectric—metal structures were sequentially deposited with nickel, zinc oxide, and a thin copper layer to form
an optical cavity. The color response was precisely adjusted by tuning the zinc oxide (ZnO) thickness using ALD, which was
consistent with model predictions. Owing to the conformal nature of ALD, this allows for uniform and tunable coloration of non-
planar three-dimensional (3D) objects, as exemplified by adding color to 3D-printed parts produced by metal additive
manufacturing. Proper choice of inorganic layered structures and materials allows the structural color to be stable at elevated
temperatures, in contrast to traditional paints. To print multiple colors on a single sample, polymer inhibitors were patterned in a
desired geometry using electrohydrodynamic jet (e-jet) printing, followed by area-selective ALD in the unpassivated regions. The
ability to achieve 3D color printing, both at the micro- and macroscales, provides a new pathway to tune the optical and aesthetic
properties during additive manufacturing.

KEYWORDS: structural color, additive manufacturing, Fabry—Perot, atomic layer deposition, electrohydrodynamic jet printing,
area-selective deposition

B INTRODUCTION

Surfaces that exhibit structural color with tunable reflection

To overcome these tradeoffs, atomic layer deposition (ALD)
is a powerful vapor-phase deposition process that affords

spectra are desired in many applications, such as optical
displays, prints, decorations, and colored photovoltaics.l_B
Compared to pigment-based color, structural color offers many
advantages including high brightness, durability, environmental
sustainability, and ease of fabrication.'* A simple geometry that
produces vibrant color is a three-layer Fabry—Pérot cavity,
which can be produced with vacuum deposition or electro-
deposition techniques."”~"” However, traditional thin-film
deposition processes are often affected by tradeoffs between
conformality, thickness control, and versatility in material
selection. For example, physical vapor deposition (PVD)
techniques are limited in their ability to deposit conformal
films on complex three-dimensional (3D) structures with high
aspect ratios, while electrodeposition is limited to electrically
conductive materials.
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unparalleled control of film thickness and conformality, owing
to the self-limiting nature of surface reactions.'” The
previous literature has shown that by tuning the processing
conditions, ALD precursors can infiltrate through ultrafine
pores to provide uniform coatings with ultra-high aspect ratios
(>50,000:1)*° and can conformally coat complex topologies
with re-entrant texture, without gradients in film thickness or
composition.”' ~** Furthermore, many ALD processes can be
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Figure 1. (a) Cross-sectional SEM image of deposited MDM structure with S0 nm thick Ni, 120 nm of ALD ZnO, and 20 nm of ALD Cu metal.
(b) Schematic of MDM structure with incoming white light and outgoing colored light where ZnO thickness, d, can be tuned to determine the

resonance of the light cavity.

performed at relatively low temperatures (typically <250 °C),
which is compatible with a wide range of substrate materials
including flexible polymers or biological/organic tem-
plates.”"***” More recently, advances in spatial ALD processes
and instrumentation have increased the throughput of ALD by
several orders of magnitude and are compatible with roll-to-roll
manufacturing.”* > These attributes of ALD make it an ideal
method to integrate with additive manufacturing processes
such as 3D printing as ALD films can conformally modify
complex object surfaces with sub-nanometer precision in
composition, thickness, and structure. However, the integra-
tion of ALD with additive manufacturing remains in its
infancy.” "

While the ability of ALD to uniformly coat the entire surface
of 3D objects is desirable in many applications, in other
instances, it is desirable to selectively deposit ALD films only in
specific locations. This can be achieved through area-selective
ALD (AS-ALD), which utilizes surface modifications to
deactivate the ligand-exchange reactions between precursor
molecules and surface functional groups.”>~* We have
recently demonstrated that AS-ALD can be achieved using
polymer inhibitors deposited by electrohydrodynamic jet (e-
jet) printing.**** Ink-jet printing was used recently to make
multicolor prints on the same sample,46 but e-jet-based nano-/
micro-additive manufacturing process is superior to ink-jet
printing in terms of enabling (1) printing a broader range of
materials such as viscous polymers, conductive nanoparticle
suspensions, and biomaterials and (2) sub-micron resolution
patterning in the x—y plane, which is significantly higher
resolution than ink-jet processes (typically >50 pm). The
combination of e-jet printing with AS-ALD enables additive
nanomanufacturing with sub-100 nm resolution in the x—y
plane and sub-nanometer resolution in the z-direction.”’ "
Moreover, while printing processes are often limited by
available ink materials, ALD can be used to deposit a versatile
range of functional materials with tunable electronic, optical,
and mechanical properties, including metals, metal oxides,
sulfides, nitrides, and polymers (using molecular layer
deposition).>’

In this study, we propose to leverage these attributes of ALD
to solve an important challenge in the additive manufacturing
field: how can we tunably modify the color of 3D-printed
objects with complex (non-planar) topologies? Traditionally,
the optical properties of additively manufactured parts are
limited by the inks or powders used as source materials, which
are restricted by their thermal, mechanical, and chemical
properties. While some surfaces may be compatible with paints

or dye chemicals, these processes are limited in their ability to
conformally penetrate high-aspect-ratio geometries, require
specific chemical compatibilities, and are susceptible to fading
and/or delamination in ambient environments. Therefore, to
decouple the “bulk” geometric properties of a printed object
from its optical response, we propose the integration of
structural color with additive manufacturing using ALD surface
modifications.

Many structural colors have been fabricated with simple
thin-film structures, such as pearlescent coatings and nanoscale
dielectric layers on metal substrates.’’ ™>> However, these
single-layered coatings typically have low-quality factor and
poor color purity.”* Alternatively, high color purity can be
achieved with a three-layer cavity, consisting of a dielectric
layer sandwiched between two metal layers [metal—dielectric—
metal (MDM)]. The base metal layer acts as a visible
broadband reflector, the dielectric layer determines the
resonance of the light cavity, and the top metal layer acts as
an absorber to increase the color vibrancy.'” The top metal
layer must be thinner than the optical skin depth so that light
can penetrate into the dielectric layer. Certain wavelengths will
destructively interfere upon reflection, depending on non-
trivial reflection phase shifts due to lossy metals and the phase
picked up during propagation through the dielectric. There-
fore, by tuning the thickness of the dielectric layer coatings and
thus adjusting the propagation phase, the structural coloration
can be precisely manipulated.

In this work, we demonstrate the ability of ALD to produce
MDM structures with a wide range of vibrant structural colors,
which can be precisely tuned by controlling the dielectric layer
thickness. We apply these coatings to rationally control the
color of metal 3D-printed objects with complex, non-planar
topologies. This yields a pigment-free method of “painting”
3D-printed objects with excellent conformality. An additional
ALD dielectric layer not only protects the thin metal layer from
oxidizing but also enhances the color saturation by improving
the light absorption and reflection at appropriate wavelengths.
We further demonstrate multi-color MDM patterns produced
using AS-ALD patterned by e-jet printing, facilitating color
printing of functional materials above the resolution limits of
ink-jet. This approach can serve as a platform to integrate
versatile color palettes onto 3D-printed objects with complex
topologies spanning the nano- to macroscales, which opens
new opportunities to apply additive manufacturing for
applications where aesthetics are important.
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Figure 2. (a) Structural colors for planar MDM films with a range of ZnO thicknesses. Each color has a corresponding ZnO thickness listed. For
each color, a digital photograph of the sample is provided, as well as both the measured and simulated optical reflectance spectra (solid line:
measured; dashed line: simulated spectra). (b) RGB values of the simulated spectra shown in a chromaticity plot. At the bottom of the figure are
plots of the primary and secondary (c) peaks and (d) valleys of the measured reflectance spectra as a function of dielectric thickness. These plots

include data outside visible wavelengths.

M RESULTS/DISCUSSION

To demonstrate the ability to tune structural colors using ALD,
zinc oxide (ZnO) films were deposited with varying numbers
of ALD cycles on a silicon substrate, with Ni metal as the
bottom layer and Cu metal as the top layer. ZnO was selected
as the dielectric layer, owing to its wide band gap (3.3 €V),
relatively flat index of refraction (~2), and well-behaved ALD
process. Cu was selected as the metal top layer because of its
well-understood ALD process that can be easily tuned and
because of its favorable optical absorption properties for MDM
structures.'’ The base metal of these structures was a S0 nm
thick nickel layer deposited by PVD atop a silicon substrate. In
these planar samples, Ni was selected as the base metal as it is a
highly reflective metal with broadband reflectance, although as
we demonstrate later, this process is versatile and can produce
structural color on a range of different substrates and base
metal layers.

31101

A cross-sectional scanning electron microscopy (SEM)
image of a representative MDM structure fabricated by ALD
is shown in Figure la, which is illustrated schematically in
Figure 1b. This specific cavity had a dielectric thickness of 120
nm and a Cu top layer thickness of 20 nm, both of which can
be tuned with sub-nanometer precision by varying the number
of ALD cycles. The flat boundaries between layers show the
uniform control of thickness and conformal interface between
the various MDM layers, which are characteristics of ALD
growth.

Figure 2 shows a range of colors possible with ALD MDM
structures, which spans the full visible spectrum. The ZnO
layer thickness was gradually increased from 40 to 160 nm,
while the thickness of the top Cu layer was maintained at 20
nm. Each color, as shown in Figure 2a, has a respective
measured and simulated reflectance spectrum. The simulations
were performed using a transfer matrix method (TMM) to

https://doi.org/10.1021/acsami.2c05940
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a)

Figure 3. Imparting structural color onto metal 3D-printed objects with MDM coatings. (a) Wolverine figurines manufactured with metal 3D
printing of stainless steel, including an uncoated control (left), coated with 80 nm of ZnO (center), and 120 nm of ZnO (right) as the dielectric
layer. A 20 nm top layer of Cu was deposited for both ALD samples. (b,c) Optical microscopy images of the wolverine demonstrate conformal and

uniform structural color, spanning the micro- to macroscales.

determine the optical reflectance spectra for a three-layer
structure. To show the change in RGB values for this range of
ZnO thicknesses, an International Commission on Illumina-
tion chromaticity plot is also included, as shown in Figure 2b.

Vivid colors can be observed from the optical photographs
and experimental reflectance spectra of the MDM structures, as
shown in Figure 2a. Previous work has shown that structural
color can also be generated without a top metal layer, using
only a dielectric layer atop a base metal (MD) or substrate
(D).>'>* Figure S2 shows the spectral advantages of the
MDM structure over these architectures, where the addition of
the top metal layer produces distinct peaks and valleys that are
absent in the MD or D spectra. This effect is a result of copper
being a good absorber of broadband visible light, which
improves the color vibrancy."

Figure 2 shows that a full color cycle can be realized by
adjusting the dielectric layer thickness. With 40 nm thick ZnO,
the sample exhibited a red color, at 80 nm a blue color, and the
color shifted back to red around 160 nm. The simulated and
measured spectra agree well for the range of dielectric
thicknesses. Absorption resonances are observed at 566 nm
for 60 nm thick film, 583 nm for 80 nm, 639 nm for 100 nm,
and 719 nm for 120 nm thick films. Most of the spectral peaks
exhibited a reflection magnitude of 70—80%, which is a large
distinction when compared to the reflectance valleys at 10—
20%. While the simulation deviates slightly from measurement
in the red wavelengths for thicknesses up to 120 nm, the
overall spectrum shape remains highly consistent with the
measured spectra. These slight deviations may be attributed to
surface roughness of the ALD copper top layer, which arises
from its well-studied island nucleation and growth mode on
oxide surfaces (further details are shown in Figure $3).%*°°

The CIE plot in Figure 2b includes the RGB data from the
simulated spectra, yielding a single revolution around the
center as the dielectric thickness was increased from 40 to 160
nm. One feature to note is the close proximity of the points to
the center, indicating that the MDM structural color films are
quite bright. Owing to the sub-nanometer precision in
dielectric thickness afforded by ALD, additional points along
the entire visible spectrum shown in the CIE plot can be easily
fabricated for a range of ZnO thicknesses from 40 to 160 nm.
Larger dielectric thicknesses were not deposited for this study
but will yield a similar cyclic color dependence on dielectric
thickness.

The resonance peaks and valleys of the measured spectra
from Figure 2a were recorded and are plotted in Figure 2¢,d to
study the mathematical relationship between color and
dielectric thickness. The wavelength range of this figure
extends beyond the visible wavelengths to provide additional
data points. Figure 2c,d shows that the resonance peaks and

valleys in the spectra depend linearly on the dielectric
thickness. This demonstrates that the desired color can be
precisely chosen based on peak and valley wavelength using the
extrapolated linear relationship.

As the dielectric layer increases in thickness, the resonance
peaks and valleys shift toward longer wavelengths. Eventually,
these primary extrema extend beyond the wavelength range of
the spectrometer, but new secondary extrema appear in the
spectra at short wavelengths. For example, as shown in Figure
2, the peak at a wavelength of 500 nm (corresponding to a
ZnO thickness of 100 nm) translated to a wavelength of 650
nm when the thickness of ZnO was increased to 140 and then
shifted beyond the visible spectrum for thicker dielectric layers.
The spectrum for the 160 nm thick ZnO film exhibited a
secondary peak emerging from the left. For this range of
thicknesses, primary, secondary, and tertiary resonance peaks
were observed, while primary and secondary resonance valleys
were observed. Overall, the MDM structures deposited with
ALD showed a linear relationship between reflectance peaks/
valleys and dielectric thickness, illustrating tunable control of
structural color.

Imparting Structural Color on Metal 3D-Printed
Objects. To demonstrate the power of ALD to impart
structural color onto non-planar, complex topographies, MDM
structures were deposited onto the surface of 3D-printed metal
figurines of a wolverine, with an overall height of 15 mm
(Figure 3). The printed metal was Ultrafuse 17-4 PH stainless
steel, which served as the base metal layer for the MDM
structure. To generate a blue color on the 3D-printed object
surface, an 80 nm thick ZnO film was deposited. For the
yellow color, a 120 nm thick ZnO was deposited. This is
consistent with the results from Figure 2, which shows the
versatility of the technique in order to “paint” structural color
to different substrates.

After the dielectric layer deposition, a 20 nm Cu layer was
also deposited with ALD. Vibrant blue and yellow colors were
observed on the 3D-printed structures, where the surface color
was uniform across all of the curved features of the part, as
shown in Figure 3. As shown in Figure 3¢, the ALD coating
conformally coats into the microscopic porous surface
topographies that are characteristic of metal 3D printing.
This highlights the benefits of conformal gas-phase deposition
to impart color to additively manufactured objects, covering
surface topographies at length scales and aspect ratios that
would be extremely challenging to coat with traditional paints.

To further quantify the conformality of the MDM structures,
600 ALD cycles of ZnO and 1000 ALD cycles of Cu were
coated on etched Si trenches, as shown in Figure S4. 120 nm
thick ZnO and 20 nm thick Cu can be observed along the full
height of the trenches, including coating both convex and
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Figure 4. Thermal stability testing of blue and yellow wolverine figurines in ambient air at 300 °C. Both figurines had a protective alumina coat
deposited with ALD, where the alumina thickness was selected such that it would behave as an anti-reflective layer.

Scheme 1. (a—f) Process Flow for Patterning Block “M” Structure with AS-ALD

~ TN

Ni Bottom Metal Deposition

Cu Top Metal Deposition

Base ZnO Deposition

ZnO Deposition / Inhibitor Removal

Inhibitor Patterning

concave surface features. Additionally, a 40 mm diameter glass
dome and a polyimide sheet were colored using a Fabry—Pérot
cavity with 60 nm thick ZnO, as shown in Figure SS.
Comparing the reflectance spectrum of the glass dome and
polyimide respect to a planar Si substrate, all of the samples
exhibited very similar absorption resonances at 566 nm. This
demonstrates the powerful capability of ALD to impart
structural color onto a wide range of high-aspect ratio, non-
planar, and/or flexible substrates.

Improving Thermal Stability and Color Saturation
with ALD Overcoats. One advantage of structural color
layers over traditional polymer-based paints is their improved
thermal stability, which arises from the use of entirely inorganic
materials. While the constituent materials in this study may not
surpass the best pigment-based 7paints, dielectric materials like
AL O; are stable up to 800 °C.>” Furthermore, with the proper
choice of materials, the coating can also serve as a “shield”
against thermochemical reactions such as oxidation in humid
air. In our MDM structure, however, the top metal is copper
which is prone to oxidation in ambient air, especially at
elevated temperatures. Therefore, to improve the thermal
stability of the structural color, we added an “overcoat” of
Al,O;, which serves as a protective barrier for the Cu top metal
layer, thereby forming a dielectric—metal—dielectric—metal
structure.

In addition to the final Al,O; overcoat acting as a protective
layer, it also offers an interesting optical effect that can improve
the color saturation significantly. When its thickness is chosen

31103

to be one-quarter of the resonance valley wavelength of the
structure, it acts as an antireflection layer, ensuring near-perfect
absorption of light in this wavelength range, while minimizing
light absorption at a peak reflection wavelength.”*>” The result
is a more saturated color due to this protective top dielectric
layer. To demonstrate this effect, the colored wolverine
figurines in Figure 3 were coated with corresponding Al,O;
thickness: the blue figurine was coated with 91 nm, whereas
the yellow was coated with 65 nm of AlL,O;.

To test the thermal stability of the DMDM structures, the
two coated wolverine figurines were baked at 300 °C for S h
segments for a total of 15 h. The resulting surfaces are shown
in optical microscopy images in Figure 4, including the as-
deposited color, after a S h thermal treatment and after a 15 h
thermal treatment. Both figurines retained their bright colors
after 15 h of 300 °C baking without any evidence of peeling or
delamination. Furthermore, planar stainless-steel substrates
were coated to measure the reflectance spectra of analogous
MDM and DMDM stacks under high-temperature conditions
(Figure S6). These two studies demonstrate the ability to
retain structural color on 3D-printed objects under conditions
that would be incompatible with most polymeric paints. In the
future, additional optimization of the overcoat can be
performed using the wide range of available ALD chemistries
and thicknesses under extreme conditions.

Area-Selective Patterning of Structural Color. In
addition to complete coverage of the substrate, an additional
benefit of using ALD to impart structural color is the
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Figure S. (a) Schematic of the MDM structure patterned by AS-ALD, where the ZnO layer within the M layer is thicker than the surrounding
region, resulting in a color difference. (b) Optical microscopy image of the letter “M,” where 90 nm of ZnO was deposited on the blue region and
120 nm of ZnO was deposited on the yellow region. (c) AFM image at the blue/yellow interface. (d) XPS core scans of the Zn 2p peak region on

an inhibitor-coated (passivated) region and uncoated (activated) region.

possibility of selectively depositing colored patterns in pre-
specified regions. To demonstrate the feasibility of selective
printing of structural colors using AS-ALD, a polymer inhibitor
layer was patterned on the ZnO layer, as seen in Scheme 1. It
has been previously shown that by selecting a polymer with
surface functional groups that do not facilitate the necessary
ligand-exchange reactions with the ALD precursor molecules,
the nucleation and growth of ALD can be sup-
pressed.”*>%°~%* This facilitates a new strategy for integrating
structural color with additively manufactured materials, as
inhibiting polymers can be 3D-printed in specified regions,
which will deactivate local ALD growth. By patterning the
inhibitor and selectively depositing ZnO, the thickness of the
films on different areas of the substrate can be tuned. This
allows different structural colors to be patterned/painted on
the same substrate where the thickness of ZnO would
determine wavelength peaks and valleys.

To demonstrate the feasibility of AS-ALD of MDM
structures, the letter “M” was patterned to generate a yellow
core surrounded by a blue background. Ni metal was first
evaporated on a Si substrate, and then, 90 nm of ZnO was
deposited to provide the background blue color. Next, SPR
955 photoresist was spin-coated and patterned using photo-
lithography to activate the “M” area by locally removing the
polymer inhibitor layer. An extra 30 nm of ZnO was deposited
to “paint” the activated zone with yellow. After removing the
polymer inhibitor, the sample was coated with 20 nm of Cu
ALD.

As a result, the patterned region exhibited the target colors
of vibrant yellow and blue, as shown by the optical microscopy
image in Figure Sb. X-ray photoelectron spectroscopy (XPS)
analysis of the inhibited area on the substrate (Figure Sd)
shows that ZnO deposition was completely inhibited as no
visible Zn 2p peak was observed on the core scan. For the
regions on the surface that did not have an inhibitor, the Zn 2p

core spectra characteristic of ZnO growth were observed, with
the expected stoichiometry.

To study the morphology of the selectively deposited films,
atomic force microscopy (AFM) was performed across the
border of the patterned “M” and the surrounding background
region. A clear step edge can be observed, with a step height
between the blue and yellow region that agrees well with the
expected values of the ALD ZnO thickness based on
spectroscopic ellipsometry measurements. Furthermore, the
reflectance colors are consistent with the predicted values,
where the dielectric thicknesses of the blue and yellow regions
were approximately 90 and 120 nm, respectively. We note that
this is not a traditional lift-off process, which would leave
sidewalls along the boundary. Instead, by selecting a polymer
that inhibits ALD growth, this is a purely additive process,
where the ALD film only deposits locally in the unpatterned
regions, resulting in a step edge. This demonstrates the
teasibility of using AS-ALD to pattern structural colors, which
we apply to an additive 3D-printing process in the following
section.

Additive Nanomanufacturing of Structural Color
with e-Jet Printing. While the pattern above was generated
using photolithography, the approach of using printed
polymers to pattern structural color is general, which opens
up the possibility of integrating area-selective structural color
with 3D-printing techniques. In particular, we have previously
shown that electrohydrodynamic jet (e-jet) printing can be
combined with AS-ALD to selectively deposit functional
materials with sub-micrometer line widths (significantly
below the resolution of ink-jet printing) while maintaining
the sub-nanometer precision afforded by ALD in the z-
direction.*”* We extend this approach here to demonstrate
additive nanomanufacturing of structural colors.

To demonstrate structural-color printing using the combi-
nation of e-jet and AS-ALD, we printed polyvinylpyrrolidone

https://doi.org/10.1021/acsami.2c05940
ACS Appl. Mater. Interfaces 2022, 14, 31099—-31108


https://pubs.acs.org/doi/10.1021/acsami.2c05940?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05940?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05940?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c05940?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c05940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(PVP) inks (S wt % PVP dissolved in dimethyl sulfoxide) onto
Si substrates to pattern specified thicknesses of ZnO with AS-
ALD (Figure Sa). Prior to e-jet printing, a blanket film of ALD
ZnO was first deposited to produce the desired font color,
based on the color shown in Figure 2. To change the color of
the surrounding background, a PVP inhibitor layer was e-jet
printed on top of this blanket film, which preserved the ZnO
thickness underneath. Subsequently, additional ALD ZnO
cycles were performed to selectively change the surrounding
(background) color as ZnO only grew on the unprinted
surface regions (Figure Sa). As a result, the font color is
determined by the blanket film thickness, and the surrounding
background color can be precisely tuned by varying the
thicknesses of ZnO that is deposited after e-jet printing.

As a proof of concept, an extra 40 nm of ZnO was deposited
to change the background color for each printed font. Red,
yellow, and blue texts were thereby generated by e-jet printing
with a sub-10 gm resolution in line width. The printed text is
illustrated in Figure 6 where different text and background

a) PVP E-Jet Printing

ALD Deposition

PVP Removal

Figure 6. (a) Schematic showing the process flow for “structural color
printing” using a combination of AS-ALD and e-jet [orange: polymer
inhibitor (PVP), yellow: ALD ZnO, and blue: Si substrate]. (b—d)
Optical microscopy images showing different colors with the text (red,
blue, and yellow, respectively).

colors show the successful patterning of ZnO, with tunable
control of both the font and background colors. This indicates
that ZnO was selectively deposited on areas where PVP was
not printed.

The combination of e-jet printing with AS-ALD enables a
route to high-resolution additive manufacturing with structural
color by providing a precise control over the ejection, volume,
and depositing position of ink droplets onto a substrate.**
Furthermore, while a planar substrate was used for simplicity
here, e-jet is a versatile technigue that also print on top of non-
planar and flexible substates.®”°® This opens up the possibility
of integrating additive nanomanufacturing with structural color
into even more complex 3D geometries in the future, including
hierarchical architectures that span nano- to macro-length
scales.

B CONCLUSIONS

In this work, we demonstrated the use of ALD to fabricate
MDM Fabry—Pérot cavities with bright and tunable structural
color palettes that span the visible spectrum and are stable in
high-temperature conditions. To demonstrate the potential of
ALD to integrate structural color with additive manufacturing,
we apply this technique to impart color onto both macroscopic
3D-printed metal objects, as well as microscale patterns
generated by e-jet printing. In addition to blanket coverage of
3D-printed objects, we show that by printing inhibitor layers,
structural colors can be selectively patterned in pre-specified

areas through AS-ALD. Color printing with nanoscale
precision is feasible with this method since e-jet can print
down to sub-100 nm features, and ALD facilitates the control
of the dielectric thickness with sub-nanometer precision.

We should point out that the MDM structure used in this
work is only a representative structure, primarily for its
simplicity that only uses ZnO and Cu as a proof-of-concept
material system. This pair cannot satisfy high-temperature
requirements, especially Cu. Structural colors can be designed
purely with dielectric materials though, as shown in our
previous work.”’*” They can also be designed with a
dielectric layer overcoat to protect the thin metal layer.”® In
fact, structural colors can utilize a variety of structures and
materials,"’ and machine learning can assist with the design
automatically when a list of materials are provided.”””® Such a
list can include criteria like thermal expansion matching and
high-temperature stability.

In the future, we envision that the integration of structural
color with 3D-printing processes can open up new avenues for
additive manufacturing, where aesthetics and optical properties
are critical. In particular, the ability to conformally coat high-
aspect-ratio non-planar surfaces, including those with re-
entrant geometries, would be very difficult to accomplish with
traditional paints without sacrificing geometric specificity.
Furthermore, ALD can deposit a wide range of materials in
the periodic table, including oxides, nitrides, sulfides, and
metallic films.'**®”'~7® This provides a versatile “toolbox” for
additive manufacturing with structural color, with potential
applications in optics, photovoltaics, circuits, and far more.

B METHODS

Electron Beam Evaporation. For the planar samples, the base
metal layer for each sample was deposited onto silicon using
evaporation in an Angstrom Engineering Evovac Evaporator. The
evaporated film thickness was 50 nm with a deposition rate of 3 A/s.

Atomic Layer Deposition. A custom-built, hot wall, cross flow
thermal ALD reactor was used to deposit zinc-oxide (ZnO) on the
substrates. The precursors used were diethylzinc (DEZ, Sigma-
Aldrich, St. Louis, MO, >52 wt % Zn basis) as the metalorganic
precursor and deionized water (DI water) as the oxidant. Both
precursors were kept at room temperature. The deposition temper-
ature was 130 °C where argon (Ar) was used as the carrier gas at 70
sccm. For the ZnO deposition cycle, DEZ was pulsed for 0.05 s, then
it was purged for 30 s, DI water was pulsed for 0.1 s, then it was
purged for 30 s. This was repeated until the desired ZnO thickness is
obtained. The average growth rate on silicon wafer piece was
measured to be 2 A/ cycle.

For copper (Cu) ALD deposition, a Veeco Fiji G2 flow-type ALD
tool was used with [Cu(*Bu-amd)], for the Cu precursor and
hydrogen plasma at 300 W. The source temperature was kept at 110
°C with bubbler setup. The Cu ALD films were deposited at 185 °C
where Ar was used as the carrier gas at 110 sccm. Each Cu ALD cycle
was 3 s pulse of Cu precursor, 8 s purge, 300 W hydrogen plasma
exposure for 10 s, and purged for 8 s. The average growth rate was
measured to be 0.2 A/ cycle.

Material Characterization. Spectroscopic ellipsometry was
performed with a J. A. Woollam M-2000 ellipsometer using a Cauchy
model (wavelength range: 400—1600 nm, three angles of incidence:
65°, 70°, and 75°) to measure the thickness of ALD films. XPS was
performed using a Kratos Axis Ultra XPS, with a monochromatic Al
source (10 mA, 12 kV) with a pass energy 20 eV and a step size of 0.1
eV on a spot size of 700 ym by 300 ym. The obtained XPS spectra
were analyzed using CasaXPS software. SEM images were taken using
FEI Helios 650 Nanolab SEM at 2 kV and 100 pA. AFM was
performed with a MFP-3D Origin+ AFM from Asylum Research.
Reflectance spectra at normal incidence were measured using a thin-
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film measurement spectrometer (Ocean Optics Inc. HR4000CG-UV-
NIR High-Resolution Spectrometer) integrated with a white light
source.

Inhibitor Patterning and AS-ALD. E-jet printing experiments
are conducted using a custom-built e-jet printer setup at the
University of Michigan with an integrated Nanosurf Nanite AFM.
The setup includes an X—Y—Z nanopositioning stage, a voltage
amplifier, a function generator, a camera, and a light source for nozzle
alignment and jetting visualization with 10X magnification lensing,
and a nozzle mount to hold the micropipette nozzles. S wt % PVP in
DMSO was used as the ink material, which is filtered with a 0.22 ym
pore size filter to avoid nozzle clogging. 2 ym opening micropipette
nozzles were provided from World Precision Instruments (WPI) with
an offset of 20 ym from the substrate. Pulse printing is used for
printing the patterns with a high voltage of 370 V, a low voltage of
255V, and a pulse duration of 90 us. The voltage frequency and the
stage speed during printing the patterns were 100 Hz and 1 mm/s,
respectively.

Inhibitor-patterned substrates were then transferred to the ALD
chamber for AS-ALD of ZnO. After ALD deposition, the substrates
were sonicated in acetone and isopropanol for 10 min to remove the
inhibitor polymer.

Reflectance Simulation. The simulated reflectance spectra were
calculated using a TMM approach in MATLAB. Optical constant data
for the ZnO and copper layers were measured with ellipsometry,
described in the Material Characterization section. Nickel optical
constant data were obtained from an online database (Johnson and
Christy, 1974). The bottom silicon layer was treated as an infinite
domain to ensure no light transmission. The imaginary optical
constant of ZnO was set to zero to achieve a better fit.
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