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Highlights: 

⚫ Structural color coatings made from natural minerals via e-beam evaporation. 

⚫ Stable CuO-Fe₂O₃ optical absorbers enable vibrant, metal-free optical filters. 

⚫ Reproducible TiO₂ refractive indices achieved using ceramic powder sources. 

⚫ Optical performance validated by reflectance, ellipsometry, and XPS data. 

Abstract: Structural color coatings offer exceptional vibrancy and durability but remain limited in many 

applications due to high material costs and fabrication complexity. This work aims to address the former 

limit and demonstrates multilayer optical coatings fabricated from un-processed natural mineral powders 

using electron beam evaporation. By using SiO₂ and TiO₂ based mineral materials as dielectric layers 

and a CuO–Fe₂O₃ mixture as an absorbing base, High-Low-Absorber (HLA) structures were fabricated 

that exhibit the desired reflection color. Refractive indices of TiO₂ films derived from ceramic powder 

are shown to be reproducible under controlled vacuum and source conditions, while the CuO–Fe₂O₃ 

mixture forms a stable film with high absorption and long-term conductivity. Structural colors deposited 

on both silicon and glass substrates exhibit strong agreement with optical simulations and are validated 

by reflectance spectra, ellipsometry, and X-ray photoelectron spectroscopy. This approach highlights a 

cost-effective pathway for producing optical coatings using minimally refined raw materials, with 

potential applications in photonics, optoelectronics, and sustainable color technologies. 

Keywords: structural color coatings from natural minerals; High-Low-Absorber thin film design; 

electron beam evaporation of raw powders; thin-film interference; CuO-Fe2O3 absorbers; distillation; 

sustainable, low-cost, optical filters; ceramic powders 

1. Introduction 

Structural color coatings have drawn significant attention due to their unparalleled vibrancy, outstanding 

durability, and environmental resistance, providing distinct advantages over traditional organic pigment 

coatings in performance [1–16]. These coatings produce color through inorganic physical structures like 
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light interference in stacked thin films, rather than the absorption in chemical pigments, resulting in 

long-lasting colors that withstand UV radiation, humidity, temperature fluctuations, and chemical 

exposure [10,16–24]. Recent advancements in machine learning (ML) have revolutionized the design of 

optical coatings using a variety of material refractive indices, broadening their potential applications [25–29]. 

However, widespread use of structural color coatings is limited by the high cost of refined starting 

materials and vacuum-based deposition processes intended for electronic devices. In this work, we 

present an initial effort to tackle the first challenge by demonstrating that natural minerals, without 

refinement, can be used directly to produce interference-based structural colors by evaporation. We also 

note that solution-deposited layered structures have been developed to replace vacuum processes and 

have achieved a certain level of success in realizing various types of structures [19,30,31]. But thin films 

by physical vapor deposition still offer more precise control in film thickness and material refractive 

indices, two most important parameters in determining the resulting interference color. 

This study explores the use of raw mineral powders to deposit thin films that achieve the optical 

properties required for structural color coatings. Ceramic powders and minerals such as SiO₂, TiO₂, CuO, 

and Fe₂O₃, as well as a mixed CuO-Fe₂O₃ system, are examined as potential evaporation source materials 

for making multilayer structures. Our focus is on materials that require minimal processing, as raw 

mineral powders can reduce both cost and environmental impact. 

As a demonstration, we choose the High-Low-Absorber (HLA) structure, composed of three dielectric 

layers with distinct refractive indices, because it is particularly well-suited for testing different types of 

minerals for thin film-based structural colors [32]. In addition, the HLA design is capable of producing 

vibrant coatings without relying on high-purity refined metals as starting materials. In this work, SiO₂ and 

TiO₂ thin films serve as the low and high refractive index dielectrics, respectively, and a CuO-Fe₂O₃ 

mixture is developed as a stable light absorbing layer. The results demonstrate that ceramic powders can 

yield optical quality color coatings with reproducible properties; moreover, we observed that e-beam 

evaporation encourages the distillation and purification of these natural materials during deposition. 

A range of structural colors are demonstrated using only ceramic powders and minerals, with optical 

properties confirmed through reflectance spectra, ellipsometry, and X-ray photoelectron spectroscopy (XPS). 

The CuO-Fe₂O₃ absorbing layer exhibits metallic-like absorption and electrical conductivity due to 

thermal-reduction during evaporation, confirmed by resistance measurements and XPS analysis of 

oxidation states and oxygen vacancies. This approach establishes a sustainable and cost-effective route 

for producing structural color coatings, suitable for applications in optoelectronics, protective coatings, 

and renewable energy. 

2. Methods 

2.1. Materials and film preparation 

SiO₂, TiO₂, CuO, and Fe₂O₃ ceramic powders were obtained from US Pigment Corporation, with purities 

ranging from 95%–99% and particle sizes ranging from 10–50 µm. Scoria, blue topaz, and hematite 

were ground from raw mineral samples in a mortar & pestle and placed directly into crucible liners. 

99.9% pure TiO2 pellets were obtained from the Kurt J. Lesker company. Substrates included crystalline 

silicon wafers and glass slides, cleaned sequentially with acetone, isopropanol, and deionized water. 
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2.2. E-beam evaporation setup 

Equipment: A Telemark electron beam evaporation control system was installed to a custom-built 

chamber and equipped with graphite crucible liners (4 cubic centimeters). The electron beam was 

emitted by a Telemark 244 e-beam source. The deposition controller was a Telemark 861, which 

measured the deposition rate with a quartz crystal sensor placed near the sample mount. E-beam power 

was controlled by the 861 and was represented as a percentage of the maximum power of the Telemark 

ST power supply. Substrates were at ambient temperature and rotated at 15 revolutions per minute by 

an external stepper motor. 

Vacuum Conditions: Considering that natural minerals contain many impurities, we chose a fairly 

high chamber pressure of 5 ∙ 10⁻² Pa during deposition as compared with that used in typical cleanroom 

e-beam evaporation processes. Vacuum is achieved with a Pfeiffer TMH 1001P turbo pump and a 

Leybold D25B rough pump. The pressure was monitored with a ZDF-5227A composite vacuum gauge. 

Deposition Rates and Powers: In this study, natural minerals such as SiO2, scoria, and blue topaz 

were deposited at a rate of 5 Å sec−1 at 9.5% power (9.6 kV, 0.028 A, 0.27 kW). TiO2 was deposited at 

a rate of 3 Å sec−1 at 15% power (9.7 kV, 0.061 A, 0.59 kW). CuO was deposited at a rate of 0.3 Å sec−1 

at 7.5% power (9.6 kV, 0.016 A, 0.15 kW). Fe2O3 and hematite gems were deposited at 0.5 Å sec−1 at 10% 

power (9.7 kV, 0.030 A, 0.29 kW). Higher deposition rate can be obtained by increasing the e-beam power. 

Mixture Deposition: CuO and Fe2O3 powders were mixed in a 1:1 molar ratio before deposition. A 

uniform mixture encouraged the redox reaction when heated. The mixture was deposited at 3 Å sec−1 at 

9% power (9.6 kV, 0.025A, 0.24 kW). 

2.3. Optical and electrical characterization 

Ellipsometry: Refractive indices and thicknesses were measured using a Woollam M-2000 Ellipsometer 

in the Lurie Nanofabrication Facility, with measurements taken between 300 and 1400 nm at 65, 70, and 

75 degrees. All measured films were deposited on 300 nm SiO2 on Si wafer pieces for ellipsometry 

measurement of the materials’ refractive indices. All films except SiO2 were modeled with a B-spline 

model. E2 was forced positive if the imaginary part of the index was negative. The Kramers-Kronig 

relation was used if it improved the goodness of fit. SiO2 was modeled with a Cauchy model. 

X-Ray Photoelectron Spectroscopy (XPS): XPS measurements were performed using a Kratos Axis 

Ultra DLD system with monochromatic Al k⍺ source (10 mA, 12 kV) with a pass energy of 20 eV and a 

step size of 0.1 eV on a spot size of 700 μm by 300 μm. Spectra were recorded for the Cu 2p and Fe 2p 

regions, as well as the Cu LMM Auger peak. The obtained spectra were analyzed using CasaXPS software. 

Optical spectrum characterization: Specular reflectance spectra at normal incidence were obtained 

using an Ocean Optics Inc. HR4000CG-UV-NIR High-Resolution Spectrometer integrated with a white 

light source. 

Optical Microscopy: Optical microscope images were obtained with a Keyence VHX-7000 

microscope at 50x magnification with full coaxial lighting. 

Two-Point Resistance Measurement: Two-point resistance measurements were recorded with an 

Agilent 34401A digital multimeter. Standard leads and alligator clips were applied to the edges of the 

film, 2 cm apart. 
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2.4. Reflectance simulation 

Simulated reflectance spectra were calculated using the Transfer Matrix Method approach in MATLAB. 

Optical constant data for the layers were measured with ellipsometry, described in the results section. 

3. Results 

3.1. Structural color coatings via HLA structures 

Figure 1 demonstrates structural color coatings using an HLA design. Optical resonances are formed by 

light reflections between the HL and LA interfaces and constructive interference. Each coating consists 

of a 40 nm high refractive index TiO₂ top layer and a lower index variable-thickness SiO₂ cavity layer 

deposited on a crystalline silicon substrate. Both films were deposited using ceramic powder sources, in 

contrast with high-purity e-beam pellets. 

 

Figure 1. High-chroma, planar HLA coatings with varying SiO2 cavity thicknesses. Figures show 

the measured (solid line) and simulated (dashed line) optical reflectance spectra (i.e. R vs. wavelength), 

and the corresponding colors and SiO2 cavity thickness are shown as insets. These insets are optical 

microscope images of evaporated HLA coatings (2 × 2 mm). The simulated spectra were obtained 

through the transfer matrix method using measured refractive indices of the evaporated mineral films. 

Both TiO2 and SiO2 layers were deposited using ceramic powder sources, and the substrate was 

crystalline silicon. CIEL*a*b* coordinates for the coatings are shown on the right. 

By varying the SiO₂ cavity thickness from 170 to 350 nm, a wide array of colors ranging from 

yellow to purple to green was produced. Reflectance spectra, both measured and simulated, are provided 

for each color in Figure 1, along with optical microscope images of 2 × 2 mm color-coated regions 
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shown in the inset. Simulations were performed using the transfer matrix method (TMM) and refractive 

index data obtained from spectroscopic ellipsometry. Measured and simulated reflection spectra showed 

close agreement, with simulated reflection peaks exhibiting ΔR  =  2% and Δλ  =  2  nm on average, 

while the measured peaks showed slightly larger variations of ΔR  =  4% and Δλ  =  5  nm on average. 

Corresponding CIEL*a*b* coordinates are shown on the right, representing the lightness, chroma, and 

hue of each coating. 

These results highlight that vibrant, high-chroma colors can be achieved using low-cost ceramic 

powders with minimal processing. The spiral pattern in the a*b* space indicates that chroma decreases 

as the SiO₂ thickness increases. All optical microscope images were captured at 50 × magnification with 

full coaxial lighting, and each color spans a 2 × 2 mm region. 

In this proof-of-principle example, the silicon substrate was used as an absorber for easy 

ellipsometry and reflectance measurements. To deposit on arbitrary substrates, such as glass or plastic, 

an alternative absorbing base layer is required. Later sections explore candidate absorber layers to 

expand the structural color platform to more practical surfaces. 

3.2. Reproducibility and index control of TiO2/SiO2 films 

The optical refractive indices of TiO₂ films deposited under various conditions are shown in Figure 2a. 

The red curve corresponds to a film deposited in a cleanroom e-beam evaporator using 99.9% pure TiO₂ 

pellets. The green and blue curves represent films deposited in our custom-built evaporator using either 

pure pellets (green) or ceramic powder (blue). The high purity pellets’ refractive index was higher in the 

cleanroom compared to our chamber due to a lower chamber pressure resulting in a denser film, and possibly 

higher oxygen content in the film deposited in our custom evaporator operating under much higher base 

pressure. All three samples show similar refractive index shape across the visible spectrum. The inset 

displays the imaginary part (k), which remains low for all samples, indicating minimal absorption. 

 

Figure 2. Optical refractive index of TiO₂ under various deposition conditions. (a) The real part of 

the complex refractive index, n, of TiO₂ deposited in a cleanroom evaporator (red) and laboratory 

evaporator (green and blue). The cleanroom sample used pure pellets, while the laboratory samples 

used either pure pellets or ceramic powder. The inset shows the imaginary refractive index, k, for 

the same samples, showing minimal absorption across the visible spectrum; (b) The real part of the 

complex refractive index of TiO₂ deposited in the laboratory evaporator, measured multiple times to 

demonstrate stability. All samples were deposited using ceramic powder. The yellow and green 

samples were deposited on the same day, but the yellow sample was deposited with fresh powder. 
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To further assess reproducibility, five additional TiO₂ samples were deposited under controlled 

conditions using ceramic powder. The real part of their complex refractive indices are shown in Figure 2b. 

The maximum variation in refractive index is approximately 0.1, with differences arising from the 

vacuum level and the state of the crucible material. For example, sample 1 was deposited at a higher 

pressure (~10⁻¹ Pa), while samples 3 and 5 were deposited at ~5 ∙ 10⁻² Pa. As a result, sample 1 has a lower 

film density and lower refractive index. The state of the crucible material is a factor, too; sample 5 used 

aged crucible material, whereas sample 3 used fresh powder. Reduced titanium oxide species, such as 

Ti₃O₅, form over time in the crucible material, due to oxygen loss during evaporation. Ti₃O₅ has a slightly 

lower melting point (1777 °C) and a higher refractive index than TiO₂ (melting point 1855 °C), making 

it more volatile and more likely to be deposited [33]. Thus, films with an aged crucible material will 

tend to have a higher refractive index than fresh crucibles. To maintain consistent refractive indices, a 

constant chamber pressure and regular crucible replenishment are needed. These results show that 

ceramic powder, despite many impurities and being deposited at higher base pressure, can produce TiO₂ 

films with consistent refractive indices like those made from high-purity materials. This demonstrates 

that low-cost powders can be used for optical-quality color coatings. 

3.3. Absorbing film development: CuO, Fe2O3, and their mixture 

Two mineral materials, CuO and Fe₂O₃, were examined as potential absorbing layers for the HLA 

structure. Each was deposited from ceramic powders derived from tenorite and hematite, respectively. 

The refractive indices for the resulting thin films are shown in Figure 3, including measurements taken 

after exposure to ambient air for multiple days. It turns out that, individually, neither of these two 

minerals can function as a useful absorber material to give consistent results due to instability during 

film deposition. 

CuO and Fe₂O₃ display different optical properties to TiO2 and SiO2, introduced earlier. The CuO 

film (blue curve) displayed significant optical absorption yet a notable index shift over time, indicating 

post-deposition oxidation in air. In contrast, the Fe₂O₃ film (cyan) was stable in air; however, the residual 

melt in the crucible became magnetic after cooling, suggesting a phase change during evaporation. These 

results indicate that both CuO and Fe₂O₃ undergo reduction reactions during deposition but may lack 

long-term stability when used individually, as copper and iron tend to return to higher oxidative states 

in ambient air environment. A mixture of CuO and Fe₂O₃ powders in a 1:1 molar ratio was deposited to 

investigate potential redox interactions. The resulting film exhibited a distinct optical response, with 

refractive indices resembling those of metallic copper (Figure 3, black curve). Two-point resistance 

measurements taken five months after deposition showed a value of 220 Ω across a 2 cm span, 

confirming the film's metallic behavior and long-term stability. Although minor index shifts were 

observed with air exposure, they were smaller than those of CuO alone. 

We found that this mixed-oxide film offers two key advantages over individual CuO or Fe₂O₃ layers: 

(1) improved film absorption stability and (2) higher deposition rates without spitting or thermal 

instability. The mixture also displayed a liquid phase, unlike the solid phases of the two individual 

oxides, with the appearance of molten copper during evaporation. Molten copper metal, with high 

thermal conductivity, may explain why the deposition is stable without spitting. 

To gain further insight into the chemical states present in the films, X-ray Photoelectron 

Spectroscopy (XPS) analysis (Figure 4a–d) was conducted. The Cu 2p and O 1s spectra of the fresh CuO 
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film (red) revealed primarily Cu(I) species with a singlet oxygen peak, while the aged film (blue) showed 

the presence of both Cu(I) and Cu(II), confirming progressive oxidation [34]. The CuO-Fe₂O₃ mixture 

(green) displayed Cu(0)/Cu(I) features, including teeth-like Auger spectra peaks consistent with metallic 

copper [35]. These results are consistent with the optical data and confirm the presence of reduced copper 

species in the mixed-oxide film. 

 

Figure 3. Optical refractive indices of absorbing thin films, including the (a) real and (b) imaginary 

parts. The refractive index for evaporated copper metal (red) is shown, while the other films—CuO, 

Fe2O3, and the CuO-Fe₂O₃ mixture – were deposited using ceramic powders in a private e-beam 

evaporator. Solid lines represent fresh films, and dashed lines indicate aged, 5-day-old films, with 

changes observed in CuO and the mixture. 

 

Figure 4. XPS spectra of copper oxide and iron oxide thin films. (a) Cu 2p and (b) O 1s spectra for 

copper oxide films, and (c) Fe 2p and (d) O 1s spectra for iron oxide films. Each film was 

approximately 20 nm thick. Fresh films (red) were exposed to atmosphere for 30 minutes, while 

aged films (blue) were exposed to atmosphere for five days. The film deposited from the CuO-Fe2O3 

mixture (green) in (a) includes an Auger LMM spectrum. The Fe3O4 crucible sample (orange) is 

also shown in (c) and (d). Peak binding energies are labeled in each plot. 
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The iron oxide films also illuminate some material changes during deposition. In Figure 4c–d, the 

Fe 2p and O 1s spectra are shown for fresh and aged iron oxide films, indicating no progressive oxidation 

in the deposited films. Despite this, the crucible melt spectrum matches Fe3O4, a reduced iron oxide. 

Due to the distillation effect during evaporation, Fe2O3 tends to evaporate before Fe3O4, resulting in an 

increasing concentration of Fe3O4 compounds in the crucible melt. As for the CuO-Fe₂O₃ mixture, the 

Fe 2p signal was weak. Again, this is likely due to distillation and the higher melting temperatures of 

iron oxides compared to copper oxides, indicating a low iron content in the final film [36–38]. These 

results reveal that the mixture deposits as a metallic copper oxide film with minimal iron oxide presence. 

Together, the optical, electrical, and spectroscopic results demonstrate that the CuO-Fe₂O₃ mixture 

yields a stable, highly absorbing thin film suitable for use as the bottom layer in the HLA structure. This 

mixture serves as a low cost alternative to conventional absorbing materials and allows structural color 

coatings to be deposited on arbitrary substrates, including glass and plastic. 

3.4. Full HLA structures on arbitrary substrates 

With the CuO–Fe₂O₃ mixture identified as a stable absorbing layer, full HLA structures were fabricated on 

transparent glass substrates. Each coating consisted of a 100 nm CuO–Fe₂O₃ base layer, a variable-thickness 

SiO₂ cavity layer, and a 40 nm TiO₂ top layer. All three layers were deposited from ceramic powder 

sources using e-beam evaporation. Optical microscope images of the resulting color coatings are shown 

in Figure 5, each covering a 2 × 2 mm area. 

 

Figure 5. High-chroma HLA color coatings on a mixed CuO-Fe2O3 absorber base. Figures show 

the measured (solid line) and simulated (dashed line) reflection spectra of four coatings, with 

optical microscope images (2 × 2 mm) and the SiO2 cavity thickness as insets. The structure 

consists of a 40 nm TiO2 layer on an SiO2 layer atop a 100 nm CuO-Fe2O3 layer deposited on a 

glass substrate. TiO2, SiO2, and CuO-Fe2O3 layers were deposited using ceramic powder sources. 

Simulated spectra were generated with the transfer matrix method using measured refractive 

indices of evaporated films. CIEL*a*b* coordinates for each color are shown on the right. The 

CIEL*a*b* coordinates show similar chroma and lightness to the HLA structures in Figure 1. 
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As in earlier demonstrations on silicon, varying the SiO₂ cavity thickness produced a wide range of 

vibrant structural colors. The measured and simulated reflectance spectra for each structure are included 

in Figure 5, along with the corresponding CIEL*a*b* coordinates. These coatings achieved reflection 

peaks of approximately 60%, similar to those obtained using silicon substrates. 

Simulations were performed using the transfer matrix method (TMM), with optical constants obtained 

by ellipsometry. Quantitative comparison between measured and simulated reflection spectra shows 

mostly agreement, with an average simulated reflection peak uncertainty of ΔR  =  8% and Δλ  =  7  nm 

and an average measurement peak uncertainty of ΔR  =  10% and Δλ  =  8  nm. A complete comparison 

with the samples from Figure 1 is shown in Table 1. Differences between measured and simulated 

reflectance spectra were primarily attributed to variation in the optical constants of the absorbing layer, 

as shown in Figure 3. The index fluctuations of the CuO–Fe₂O₃ mixture resulted in a maximum 

reflectance deviation of approximately 10%. 

The successful demonstration of structural color coatings on glass substrates using fully mineral-derived 

layers highlights the practicality of this method for a wide range of surfaces. In this way, the HLA design 

can be extended to transparent or flexible substrates for broader applications in optics and photonics. 

Table 1. Comparison of reflected peak uncertainties between measurement and simulation. 

Samples ΔR (%) Δλ (nm) 

HLA on Silicon, Measurements 4 5 

HLA on Silicon, TMM Simulations 2 2 

HLA on Glass, Measurements 10 8 

HLA on Glass, TMM Simulations 8 7 

3.5. E-beam evaporation with raw materials and best practices 

E-beam evaporation was selected for this work due to its unique capability to process solid powders with 

mixed compositions and variable purities. Compared to other physical vapor deposition methods, such as 

sputtering (requiring pre-fabricated sputter targets) or pulsed laser deposition, e-beam evaporation can melt 

and refine ceramic powders in situ, allowing for thin film fabrication directly from natural minerals. 

Several key practices were identified to ensure high-quality and repeatable deposition results when 

using raw materials. Maintaining a stable vacuum level during deposition is critical, as the presence of 

air molecules affects film packing density and oxygen concentration, thus, optical properties like 

refractive index. In this study, a chamber pressure of approximately 5 ∙ 10⁻² Pa was used, which provided 

adequate deposition conditions while reducing the need for high-vacuum typically required for 

electronic-grade coatings. Repeatable deposition quality also requires regular crucible material 

replenishment since the composition changes over time due to distillation. 

Materials with low thermal conductivity, such as ceramic powders, require gentle heating to avoid 

large thermal gradients and spitting. Beam sweeping was employed to distribute heat and reduce localized 

boiling. Additionally, consistent crucible preparation and regular replacement of aged material helped 

ensure uniform deposition rates and refractive indices, particularly for sensitive materials like TiO₂. 

In many cases, e-beam evaporation refined the source material through distillation, a purification 

process involving vapor phase separation [39]. For example, scoria and blue topaz, despite containing 
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metal oxides and impurities, produced SiO₂-like films due to the higher vapor pressure of silica relative 

to the other components. Similarly, the CuO–Fe₂O₃ mixture underwent redox reactions during heating, 

resulting in partial reduction of CuO to Cu metal, as confirmed by optical and XPS data. These 

observations highlight the importance of vapor pressure and thermodynamic stability in determining the 

final film composition. 

The combined effects of thermal decomposition, redox reactions, and distillation enable e-beam 

evaporation to not only deposit thin films from raw materials but also purify them during the process. 

When paired with the HLA design, this approach supports scalable and sustainable structural color 

coatings with minimal material refinement. 

4. Conclusion 

This work demonstrates that vibrant structural color coatings can be fabricated using raw mineral-derived films 

deposited by electron beam evaporation. The High-Low-Absorber (HLA) structure serves as an effective 

platform for showcasing optical quality and reproducibility using minimally refined ceramic powders. 

SiO₂ and TiO₂ thin films produced from ceramic powders matched the optical performance of their 

high-purity counterparts, with repeatable refractive indices under controlled vacuum and source material 

conditions. To extend the applicability of the HLA structure to arbitrary substrates, a CuO–Fe₂O₃ mixture 

was developed as a cost-effective absorbing layer. This film exhibited stable metallic-like absorption and 

electrical conductivity, confirmed through ellipsometry, 2-point resistance measurements, and X-ray 

photoelectron spectroscopy. 

Mineral-based HLA coatings demonstrated vivid colors with reflection peaks at 60% and peak 

uncertainties of ΔR  =  10% and Δλ  =  8  nm, agreeing well with simulations. Key contributors to 

measurement uncertainty were the variations in deposition chamber pressure and the age of the crucible 

melt. Uncertainty in simulations was due to variations in film optical constants.  

The use of raw mineral powders in e-beam evaporation enabled in situ refinement through 

distillation and redox reactions, allowing for the formation of stable thin films from complex source 

mixtures. Together, these findings establish a practical and scalable route for producing structural color 

coatings with significantly reduced material costs and environmental impact. 

Structural color coatings made from e-beam evaporation of abundant natural minerals offer a 

promising and cost-effective alternative to refined materials. The results presented here support the 

broader development of optical coatings for sustainable photonics, including applications in 

optoelectronics, display technology, and environmentally robust surface treatments. Future efforts may 

include integrating these coatings into functional devices and expanding the material palette through 

machine-learning-guided design.  

5. Lessons learned 

A key insight from this work is that the optical properties of bulk materials, including color and refractive 

index, do not directly translate to the behavior of their evaporated thin film counterparts. Early experiments 

using ground scoria and blue topaz powders revealed that despite vibrant bulk coloration, the resulting 

films appeared translucent or colorless under visible light with flat refractive index profiles. This 

discrepancy was attributed to two primary factors: (1) the low absorption coefficients of these materials 
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once reduced to nanoscale thicknesses, and (2) reduction and distillation during high-temperature 

evaporation. These findings resulted in a necessary pivot in our material selection strategy—prioritizing 

ceramic sources that yielded stable and optically functional films after deposition. While these results 

were ultimately omitted from the main discussion for focus and clarity, they provided a critical 

foundation for identifying CuO and Fe₂O₃ as viable absorbers. 

Another important lesson was learned from our efforts to achieve reproducible refractive indices, 

particularly for TiO₂. Despite the use of impure ceramic powders and crucibles prone to contamination, 

we observed that consistent vacuum conditions and control over deposition rate and crucible geometry 

led to repeatable optical constants. Our results suggest that, under proper conditions, evaporated films 

deposit with repeatable optical quality, even when starting with minimally processed mineral sources. 

Finally, this work benefited from several practical refinements in e-beam process engineering. For 

example, the use of graphite crucibles improved film purity for TiO₂ but may have been detrimental for 

CuO, where partial reduction to Cu₂O or metallic copper occurred. This issue can be solved with two 

approaches. (1) A different crucible material, such as alumina, can provide more chemical stability for 

some molten materials. While this is a good technique, the more interesting solution is the second 

approach. (2) Replacing a single material source with pre-mixed absorbers also improved layer 

uniformity and stability, as we discovered that co-evaporating copper and iron oxides produced a 

metallic-like film that avoided common aging and deposition issues. These iterative adjustments, though 

not always immediately successful, collectively enabled reliable fabrication of vibrant, scalable, and 

metal-free structural color coatings. 
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