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Abstract 

Optical confusion refers to a camouflage technique assimilated with the surroundings through manipulating 

colors and patterns. With the advances in multispectral imagery detection systems, multispectral 

camouflage studies on simultaneous deceptions in the visible to infrared ranges remain a key challenge. 

Thus, creating pixelated patterns is essential for mimicking background signatures by assimilating both 

colors and patterns. In this study, a multispectral optical confusion system (MOCS) comprising pixelated 

silicon-based fractal nanostructures (Si-FNSs) is introduced to realize multispectral optical confusion. We 

analyzed the fractality of the Si-FNSs to understand the relationships between structural characteristics and 

optical properties with the aggregation phenomenon. The aggregation phenomenon changes the 

morphological heterogeneity by up to 38.5%, enabling a controllable range of visible reflectivity from 0.01 

to 0.12 and infrared emissivity from 0.33 to 0.90. Visible and infrared colors were obtained by controlling 

the wet-etching time from 10 to 240 min and temperature from 40 to 100 ℃. Finally, the MOCS consisting 

of pixelated Si-FNSs was designed and created by extracting the pattern from the simultaneously captured 

visible and infrared background images. Using the artificial backgrounds representing these images, we 

evaluated and compared the multispectral optical confusion performance of the MOCS with conventional 

camouflage surfaces. 
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1. Introduction 

Camouflage refers to the ability to conceal oneself from predators through assimilation with the 

surrounding environment. Many creatures vary their appearances (e.g., colors and patterns) so as to blend 

in with their surroundings to achieve optical confusion effect.1,2 With the advances in optical detection 

systems,3–6 state-of-the-art detectors have been developed using high-resolution electro-optical or infrared 

image sensors that can be used for multispectral detection by fusing the signatures from the visible to 

infrared spectral ranges. Since these detectors have increased detection performance7 and can even identify 

objects that cannot be seen with visible light (e.g., objects behind opaque walls),6 research into multispectral 

camouflaging that simultaneously deceives in the visible to infrared ranges remains a key challenge. 

To countermeasure novel detection systems, many researchers have studied various camouflage 

materials whose electromagnetic (EM) behaviors can be manipulated in particular spectral ranges. Since 

visible colors are generated by the reflection of visible light and infrared signatures are obtained from 

surface emissions based on temperature and emissivity8, color filters with subwavelength structures have 

been studied extensively for controlling visible colors2,9–12 as well as photonic or plasmonic resonators for 

controlling infrared signatures.13–17 

Additionally, to address the EM properties in a multispectral range, several artificial materials have been 

studied, such as thin-film stacks,1,18 hierarchical materials combining two or more materials working in 

different spectral ranges,19–21 and metal-dielectric-metal (MDM) structures having broad tunable 

ranges.22,23 Based on these materials, few recent studies have reported on multispectral camouflaging (e.g., 

visible to microwave,18 visible to infrared,9,22,24,25 infrared to microwave21) with the aim of lowering 

signature levels by assuming a constant-intensity background.13–16,22  

However, considering the characteristics of the aforementioned state-of-the-art imagery detectors, 

signature lowering is not always effective owing to size contrast between the signature pattern of the target 

and surrounding background, independent of the low signature level.26 Thus, optical confusion strategy is 
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essential over entire spectral ranges like the conventional visible camouflage pattern, which assimilates 

both colors and patterns with the surroundings by creating pixelated patterns.27,28 

Although many studies have successfully manipulated the multispectral characteristics of 

materials,1,19,20,24 creating camouflage patterns comprising pixels of multispectral camouflage materials is 

costly and time-consuming for practical use in large-scale device applications. One of the easiest methods 

of achieving manufacturability and mass production in material fabrication is by the wet-etching method.29 

Generally, the wet-etching method controls only one parameter, i.e., etching time, so most studies on 

materials based on the wet-etching method investigated the optical characteristics in only a single spectral 

range.30–32 However, if the etching time is sufficiently lengthy, then surface morphological changes as well 

as shape variations in the depth direction can occur because of the forces between the generated 

nanostructures.33,34 Additionally, although wet-etching methods inevitably generate fractal structures that 

exhibit high randomness and morphological heterogeneities, recent studies have reported that fractality 

could affect the optical properties, especially absorption, to enhance the light-trapping effect.31,32 Therefore, 

we believed that silicon-based fractal nanostructures (Si-FNSs) could be potentially used to manipulate the 

multispectral optical properties by only controlling the etching time.  

Herein, we proposed a novel optical confusion camouflage system with Si-FNS pixels for colorations in 

the visible and infrared ranges. We controlled the wet-etching time from 10 to 240 min for fabricating Si-

FNSs to manipulate the reflectivity (0.01-0.12) in the visible range and emissivity (0.33-0.90) in the long-

wavelength infrared (LWIR) range simultaneously. To understand the relationships between structural 

variations and optical characteristics in the etching process, we calculated and measured the fractality and 

optical properties in a multispectral range. Considering the application of optical confusing camouflage, 

the infrared signature is analyzed while increasing the hotplate temperature from 40 to 100℃, which 

represents the surface temperature determined by various environmental conditions. Moreover, we 

normalized the radiance of Si-FNSs to design the optical confusing camouflage surface regardless of 

surface temperature. Finally, we evaluated the multispectral optical confusion camouflage performance to 
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design and create a multispectral optical confusion system (MOCS) using artificial backgrounds 

assimilated with actual environmental images captured in the visible and infrared ranges. 

 

2. Results and Discussion 

2.1. Characteristics of silicon-based fractal nanostructures 

Figure 1a schematically represents optical confusion camouflage by applying the MOCS to a human 

hand in both the visible and infrared ranges. As the etching time increases, the visible colors of the Si-FNSs 

vary from black to yellow, similar to the background colors. Simultaneously, the infrared signatures vary 

from low to high signature levels. Therefore, well-designed MOCSs consisting of pixelated Si-FNSs can 

display colors and patterns similar to the backgrounds regardless of the waveband. While the human hand 

is distinguishable from the background owing to the single visible color and high infrared signature (or 

high temperature), the MOCS-applied hand exhibits high multispectral camouflage performance in both 

visible and infrared backgrounds. Moreover, the MOCS exhibits potential for high pattern variability. By 

redesigning the camouflage patterns for new backgrounds and rearranging the Si-FNSs, a MOCS can 

achieve high optical confusion camouflage performance under various backgrounds. 

Prior to creating the MOCS and evaluating its multispectral camouflage performance, we fabricated six 

types of Si-FNSs using the metal-assisted chemical etching (MaCE) method with etching times of 10, 30, 

50, 70, 110, and 240 min. A plasma ashed 500-µm-thick silicon substrate was immersed in a seeding 

solution for 1 min to determine the etching locations randomly. Then, the seeded substrate was immediately 

immersed in the etchant solution to manipulate the heights of the Si-FNSs by controlling the immersion 

time (see Experimental section for details).  

Figure 1b shows the top-view scanning electron microscope (SEM) images and angled-view structural 

schematic of the fabricated Si-FNSs. When observing the Si-FNSs under high magnification (×20,000), 

they seem like porous structures containing column-like silicon nanostructures and air cavities. Naturally,  
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Figure 1. (a) Schematic illustration of multispectral optical confusion camouflage using MOCSs applied 
to the human hand. (b) the top-view SEM images (x20,000) and angled view structural schematic of 
fabricated Si-FNSs with etching time increase. 
 
increased etching times result in increased heights of the Si-FNSs, and the relationship between etching 

time and height showed linear proportionality in this study (see Figure S1, Supporting Information). 

Furthermore, the sizes of the silicon nanostructure tips and cavities increase, meaning that the effective 

pitches and diameters of the nanostructures increase. These structural variations are attributed to the 

aggregation phenomenon by the Van der Waals and capillary forces, which increase as the heights of the 

nanostructures increase (see Note S1, Supporting Information).34–36 Considering these facts, we believed 
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that the nanostructure morphologies, visible colorations, and infrared signatures were closely related. 

Therefore, to further understand these morphological characteristics of the Si-FNSs, we first conducted 

fractal analysis. 

Figures 2a, 2b, and 2c show the SEM images at different magnifications for the surface morphologies 

of the Si-FNSs etched for 10, 50, and 240 min, respectively. First, we compared the morphological 

characteristics of the Si-FNSs prepared with different etching times. From the SEM images in the left 

column of Figures 2a-2c, all the morphologies are observed to be nearly consistent at ×10,000 

magnification. This consistency is attributed to the same Ag ion concentrations of the seeding solutions 

used to fabricate all the Si-FNSs. The Ag ion seeding location determines where the etching occurs on the 

silicon substrate by the redox reaction.37 The concentration of seeding solution determines the morphology 

of the silicon nanostructure.38,39 Moreover, the morphologies of the seeded Ag particles and surface after 

etching for 1 min are reasonably matched with those of all the fabricated Si-FNSs (see Figure S2, 

Supporting Information); this similarity also supports morphological consistency. By contrast, as shown in 

the right column Figures 2a-2c, the sizes of the nanostructures and cavities are noticeably greater owing to 

the aggregation phenomenon mentioned before (Figure 1b), such that the morphological similarities 

between the Si-FNSs appear to decrease slightly at ×50,000 magnification. This shows that the 

heterogeneity or irregularity between the nanostructures increases indirectly. 

Next, we compared the morphological characteristics of Si-FNSs etched for the same amount of time 

under different magnifications. The morphologies of the Si-FNSs show similar shapes, arrangements, and 

connections between the nanostructure tips, as shown in Figures 2a, 2b, and 2c, respectively. Thus, we 

confirmed the self-similarity characteristics reported in other finite fractal structure studies regardless of 

magnifications.30,31 In the case of the short Si-FNS (Figure 2a), we observed that self-similarity was 

maintained regardless of the measurement position; however, owing to the considerable heterogeneities, 

we specially observed that the morphologies of long Si-FNSs (Figure 2c) differed slightly depending on 

the measurement positions (see Figure S3, Supporting Information).  
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Figure 2. (a, b, and c) The top-view SEM images of the surface morphologies of the Si-FNSs etched for 
10, 50, and 240 min, respectively, at different magnifications (left: ×10,000 and right: ×50,000). (d) The 
filling factor at different magnifications (×10,000 and ×50,000) and the fractal dimension. The error bars 
mean the range of estimated fill factor values. (e) The change in lacunarity and standard deviation of fill 
factor according to the height of Si-FNSs. The inset shows the converted binary images of Si-FNSs etched 
for 10 min and 240 min. The white and black colors correspond to silicon nanostructures and cavities, 
respectively. The side length of the inset square is 2 µm. 
 

By confirming the inherent self-similarities of the Si-FNSs, we attempted to verify and evaluate their 

fractality. We estimated the fill factor (FF), which represents the surface coverage, to assess the fractality 

indirectly using four SEM images obtained at different positions. Additionally, we calculated the fractal 

dimension to verify fractal complexity (see Note S2, Supporting Information for calculation details).40 

Figure 2d shows the mean FFs at ×10,000 and ×50,000 magnifications and the fractal dimensions of the 

Si-FNSs depending on the etching times. The error bars represent the minimum to maximum FF values 
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measured at different positions. Regardless of the etching time, the FFs exhibited similar values of 54.4% 

and 52.6%, with relatively small standard deviations of 0.8% and 2.6% at ×10,000 and ×50,000 

magnifications, respectively, compared to the mean values of the FFs. Moreover, the fractal dimensions of 

the fabricated Si-FNSs remain constant at 1.87, meaning that they have sufficient fractality. This value 

matches well with the fractal dimensions of similar silicon fractal nanostructures, i.e., silicon nanowire 

fractal structures, as reported in another study.31 By assuming that this result supports the self-similarity 

properties and thus indicates that the Si-FNSs are finite fractal structures, we calculated the lacunarity to 

quantify heterogeneity and changes in the morphological characteristics of the Si-FNSs (see Note S3, 

Supporting Information). 

Figure 2e shows the % change in lacunarity and standard deviation of the FF at ×50,000 magnification 

according to the heights of the Si-FNSs. The % change in lacunarity is defined as the ratio of lacunarity 

difference between a given Si-FNS and the shortest Si-FNS (i.e., 10 min etching case) to the lacunarity of 

the shortest Si-FNS. The relationship between the height of the Si-FNS and lacunarity is observed to be 

linear; this is because short Si-FNSs show homogeneous or uniform distributions of the nanostructure tips 

and cavities, but the long Si-FNS have more non-homogeneous morphologies owing to the aggregation 

phenomenon, as shown in the inset of Figure 2e. Therefore, the lacunarity and standard deviation of the FF 

increase because of this non-homogeneous morphology. The lacunarity change and standard deviation of 

the FF simultaneously increase up to 38.5% and 3.8%, respectively, via control of the etching time from 

10 to 240 min. Associating these results with the nanostructure tip size increases by the aggregation 

phenomenon, the lacunarity increase indicates effective diameter as well as height increments of the Si-

FNSs. Since the structural or morphological characteristics of nanostructures determine their optical 

characteristics,41–43 we attempted to analyze the visible and infrared colorations to confirm the effects of  

fractality on the optical properties. 
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2.2. Visible to infrared coloration characteristics 

For optical confusion camouflage in the visible range, selecting colors similar to the surrounding 

environment is crucial. Hence, we identified the color representations of Si-FNSs for the MOCS application. 

Since visible colors are determined by reflections of visible light, we conducted reflectivity measurements 

in the visible wavelength range of 360–780 nm. Figure 3a shows the reflectivity spectra of the Si-FNSs 

according to etching times in the visible range. Owing to the aggregation phenomenon that causes bunching 

of the nanostructures, Si-FNSs act like a graded-index medium44,45 such that the Si-FNSs show lower 

reflectivities than the bare silicon substrate over the entire visible wavelength range, regardless of their 

heights (see Figure S4, Supporting Information). In particular, short Si-FNSs have strong antireflective 

characteristics that exhibit significantly lower reflection and higher absorption due to light-trapping effect 

in the subwavelength nanostructures, as reported in previous studies.32,46–48  

On the other hand, the more etched the Si-FNS, the more is the reflectivity peak shift toward longer 

wavelengths before finally disappearing. The reflectivity increases over the entire visible range and 

particularly shows conspicuous increment in the wavelength range of approximately 500 nm or higher with 

increase in etching time. Similarly, the relationship between average reflectance over the visible range and 

lacunarity has linear proportionality, as shown in Figure 3b. As the aggregation phenomenon enlarges the 

tip sizes of the Si-FNSs, thus increasing lacunarity, the near-field coupling resonance shifts toward longer 

wavelengths and the reflection intensity increases due to enhanced refractive index mismatch within the 

Si-FNSs by light confinement comparable to the effective diameter.41,44 Additionally, these near-field 

coupling resonances cause sharp changes in the reflectivity curve, but in the case of the Si-FNS, the 

reflection curve changes gradually because of bunching and disordering caused by the aggregation 

phenomenon44. Based on these principles, we conducted the numerical simulations for Si-FNSs using a 

simplified nanowire model with periodic boundary conditions, and the result shows good agreement with 

measurement (see Figure S7 and Note S7, Supporting Information). This result also supported that the 

reason for the reflectivity increase is due to enhanced near-field coupling between nanostructures. 
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Figure 3. (a) Measured the reflectivity spectra of the Si-FNSs by etching time in the visible range. (b) The 
relationship between average reflectivity and lacunarity. (c) Color representation obtained from the 
reflectivity shown in (a) and corresponding visible images of the fabricated Si-FNSs. (d) The chromaticity 
coordinates of fabricated Si-FNSs on the CIE 1931 color gamut obtained from the reflectivity shown in (a). 
The dashed arrow indicates the etching time increase. 
 

In addition to investigating the reflection characteristics of the Si-FNSs, we analyzed the visible 

colorations using the measurement results (Figure 3a) to derive a visible color palette for the MOCS design. 

Figure 3c shows the calculated color representations from the reflectivity measurements and their 

corresponding visible images for the fabricated Si-FNSs for various etching times (10–240 min). We noted 

that the represented colors and visible images agree well, so the MOCS pattern was designed using the 

color code based on the palette. Accordingly, we introduced a chromaticity coordinate to present the color 
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control characteristics comprehensively. Figure 3d shows the chromaticity coordinates of the fabricated Si-

FNSs on the CIE 1931 color gamut obtained from the reflectivity spectra (Figure 3a). We calculated the 

tristimulus values to investigate the colors perceived by the human eye (see Note S4, Supporting 

Information for details). With increasing height, which leads to blueshift of the resonant wavelength, the 

color representation varies gradually from black to greens and finally to yellow (in the clockwise direction), 

thereby yielding a wide range of tunable colors. 

Next, analogous to the fact that objects show various reflective colors in the visible range, they emit 

different infrared signatures. Since infrared detection systems mainly utilize the LWIR range from 8–12 

µm,49,50 we conducted imagery measurements in the LWIR range. To derive the infrared color palette 

corresponding to visible colors, the infrared colors representing apparent temperatures of the Si-FNSs 

heated to 100 ℃ were acquired with an infrared camera, which takes the signature in the LWIR range (see 

Experimental section for details), as shown in Figure 4a. Although the Si-FNSs were heated to the same 

temperature, the apparent temperatures increase with etching time: the apparent temperature of the Si-FNS 

etched for 10 min was approximately 48 ℃ but that of the Si-FNS etched for 240 min was approximately 

91 ℃. Given that the emissive power is governed by the surface temperature and emissivity8 and that the 

temperature of the Si-FNSs was constant, we believed that emissivity varies as the etching time increases. 

Therefore, we conducted emissivity measurements in the infrared range of 8–12 μm to manipulate the 

infrared colors. Figure 4b shows the emissivity spectra of the Si-FNSs according to etching times in the 

LWIR range. Since the nanostructure layer acts as an effective medium with little resonance due to scale 

differences between the infrared wavelength and pitch/diameter of the nanostructures,48 the infrared 

emissivity spectra are relatively flat compared with the visible reflectivity spectra. While the visible 

reflectivity in the long-wavelength range mainly increases (Figure 3a), the infrared emissivity increases 

throughout the LWIR range as etching time increases. To ensure the principle of increasing emission, we 

conducted the numerical simulations for Si-FNSs using a graded-index effective medium model, and the 

result shows good agreement with measurement (see Figure S8 and Note S7, Supporting Information).  
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Figure 4. (a) The variation of infrared signature expressed as apparent temperature versus etching time. (b) 
The emissivity spectra of the Si-FNSs by etching time in the LWIR range. (c) The linear proportionality 
between the average emissivity in the LWIR range and the lacunarity change of the Si-FNSs. 
 

Additionally, Figure 4c shows the relationship between the average emissivity in the LWIR range and 

lacunarity. As the etching time increases, the heights of the Si-FNSs increase, and the sizes of the cavities 

surrounded by the nanostructures also enlarge in the height direction. This structural variation improves 

the multiple internal reflections inside the cavity, increases the path length of the incident light, enhances 

the light-trapping effect in the nanostructures, and finally results in strong absorption.32,51 Moreover, 

according to Kirchhoff's law,8 emissivity and absorptivity are equal in the thermal equilibrium state, 

meaning that the emission increases as cavity size increases. Recalling the linear proportionality between 

the lacunarity and height of the Si-FNSs (Figure 2e), we observed that the average emissivity has linear 

proportionality with lacunarity in the LWIR range. We manipulated the average emissivity from 0.33 to 

0.90 in the LWIR range by controlling the etching time and obtained 57% coverage compared to the 

maximum manipulation range (0–1). Therefore, we confirmed that it was possible to design and manipulate 

the visible reflective color and infrared emissive color simultaneously by controlling the etching time for 

use in the MOCS in practical applications. 

 

  



 

14 
 

2.3. Multispectral optical confusion evaluation 

Before MOCS design, the infrared colors of Si-FNSs were acquired as radiance values while increasing 

the hotplate temperature from 40 to 100 °C. This heating temperature range represents the surface 

temperature determined by various environmental conditions. As shown in Figure 5a, the infrared color 

range is different for each temperature: when heated to 40 °C, the radiance changes from 37.1 to 45.6 

W/m2∙sr, and when heated to 100 °C, the radiance changes in the range of 54.6 to 92.7 W/m2∙sr. This result 

shows the advantages of infrared signature manipulation under various temperature conditions and infers 

the signature controllability over wide environmental conditions. However, in terms of the infrared optical 

confusion against the actual environment, designing an emissivity pattern is more difficult because it is 

difficult to specify the temperature of the surrounding environment. 

In this study, we devised a signature normalization method for the MOCS design regardless of the 

environmental conditions. Focusing on the fact that infrared detectors perform auto-scaling based on the 

maximum and minimum values of the acquired images, radiance normalization was performed for each 

hotplate temperature using the maximum and minimum radiances of the captured scene. This method is 

expressed as Equation 1. 

Normalized infrared color =
𝐿𝐿 − 𝐿𝐿min

𝐿𝐿Max − 𝐿𝐿min
− (1) 

where L denotes the surface radiance, and subscripts min and Max denote the minimum and maximum 

values in the captured scene, respectively. As shown in Figure 5b, we confirmed that the normalized 

infrared colors of all Si-FNSs were the same regardless of the hotplate temperature. Conversely, the MOCS 

designed with normalized infrared colors can be camouflaged well under any infrared environment. 

As shown in Figures 5c and 5d, we extracted the visible and infrared camouflage patterns from the actual 

background images for the MOCS design. We simultaneously captured the visible and infrared images of 

a location in the surrounding environment, and both the infrared and visible images consisted of various 

colors and patterns. Considering the multicolored and patterned characteristics in the multispectral range,  
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Figure 5. (a) Infrared color palette of heated Si-FNS captured by LWIR camera. The control range of the 
hotplate is from 40 to 100, and that of the etching time is from 10 to 240 min. (b) The normalized infrared 
color palette of heated Si-FNS captured by LWIR camera with the same control range. All colors in the 
same etching time appear the same. (c and d) the designing process of the MOCS and the images of the 
fabricated MOCS in the visible and infrared ranges, respectively. 
 
we attempted to design a MOCS pattern similar to these images. The MOCS pattern consists of 3 × 3 pixels 

grids, with a unit pixel size of 1.5 × 1.5 cm.  

To design the visible pattern of the MOCS, as shown in Figure 5c, we used the color representations of 

the Si-FNSs (Figure 3b). The time indicated for each pixel refers to the etching time required to fabricate 

the Si-FNS acquiring the designed colors. The infrared pattern designed using the corresponding 

normalized infrared colors also mimics the infrared background image, as shown in Figure 5d. Then, we 



 

16 
 

fabricated the MOCS to realize multispectral optical confusion effect by pixelating and arranging the Si-

FNSs. As shown in the right column of Figures 5c and 5d, the images of the fabricated MOCS and designed 

pattern are in good agreement. Additionally, we confirmed the color repeatability/reproducibility of the Si-

FNSs by comparing the individual pixels, which were independently fabricated with the same etching times. 

We believed that the MOCS patterns consisting of pixelated Si-FNSs have many advantages, such as 

high pattern variability and effective creation of multispectral optical confusion patterns. First, the Si-FNSs 

were fabricated using the MaCE method, meaning that they were fabricated in a large area and cut into 

arbitrary pixel sizes, thus allowing generation of several Si-FNS pixels from one fabrication process. 

Moreover, we can generate arbitrary patterns by arranging the Si-FNS pixels by capturing and extracting 

the colors and patterns of various environments. On the other hand, since high-performance camouflage 

patterns27,28 that can only be concealed in the visible spectral range already exist, we can effectively 

generate multispectral optical confusion patterns by implementing them as pixelated Si-FNSs. 

Once the MOCS is created, to evaluate the multispectral optical confusion performance, we needed 

background panels that represent multicolored and patterned characteristics assimilated with the 

surrounding environment. Moreover, since different coloration principles are used to generate the visible 

and infrared colors (i.e., reflective and emissive, respectively), we created two artificial background panels 

resembling the captured environmental images in the visible and infrared ranges. We created visible-

background panel (VBP) model by printing the reflective colors to represent the visible environment image; 

however, we created the infrared-background panel (IRBP) model using several materials with different 

emissivities (see Figure S5 and Note S5, Supporting Information). 

Finally, we evaluated the multispectral optical confusion performance using the two model backgrounds. 

We also used two conventional single-spectral camouflage surfaces, namely one with a visible camouflage 

surface (VCS) having same visible colormap as the MOCS and the other with an infrared camouflage 

surface (IRCS) that lowers its emissivity to almost zero in the LWIR range using infrared selective emitter. 

13,15,16 Each camouflage surface is located at the center of the VBP and IRBP in the same orientation. 



 

17 
 

Figures 6a and 6b show the multispectral images of the printed VCS. Figures 6c and 6d show the 

multispectral images of the fabricated IRCS, and Figures 6e and 6f show the multispectral images of the 

fabricated MOCS. The upper row of images (Figures 6a, 6c, and 6e) represent detection by visible seekers, 

and the lower row of images (Figures 6b, 6d, and 6f) represent detection by infrared seekers. Additionally, 

the positions of the sample surfaces are indicated by arrows and grids. 

For the visible seeker, the VCS shows similar reflective color and pattern as the model background 

(Figure 6a). In other words, the visible camouflage surface is assimilated with the background to the extent 

that it is difficult to recognize the boundaries between the target surface and background, thereby indicating 

high optical confusion performance. However, the IRCS is significantly recognizable owing to the color 

and intensity gradient of gold (Au), resulting in low optical confusion performance (Figure 6c). Our MOCS 

shows high assimilation with the modeled background because it represents colors similar to those of the 

environmental elements, and it has low reflectivity owing to the antireflection properties of the Si-FNSs 

(Figure 6e). 

Meanwhile, for the infrared seeker, both the VCS and IRCS show constant radiance values over the entire 

target surface and not patterned values (Figures 6b and 6d). Additionally, the VCS shows a relatively high 

signature, and the IRCS shows a considerably low signature compared with the IRBP. Thus, these 

conventional single-spectral camouflage surfaces are easily recognizable against the infrared environment. 

In particular, the pixel sizes comprising these surfaces are much larger than those of the background pixels, 

thereby resulting in low optical confusion performance.26 However, our MOCS emits the patterned infrared 

signature owing to different emissivities of the individual pixels, that is, Si-FNSs with different etching 

times (Figure 6f). Hence, the MOCS is well-assimilated with the IRBP, showing superior optical confusion 

performance in the infrared range. 

Overall, from the multispectral perspective, the VCS is recognizable against the infrared environment, 

which makes it vulnerable to infrared detectors. The IRCS is sufficiently recognizable against the visible 

environment and patterned infrared background because it is designed by considering the averaged  
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Figure 6. (a and b) The visible and infrared images of the printed visible camouflage surface with the same 
colormap as the MOCS, respectively. (c and d) The visible and infrared images of the fabricated infrared 
camouflage surface with reduced emissivity in the LWIR range, respectively. (e and f) The visible and 
infrared images of the fabricated MOCS, respectively. The inset arrow and grid show the sample location 
in the modeled backgrounds. 
 
background signature.13,15,16 However, our MOCS yields the highest multispectral confusion performances 

for all spectral ranges because we can control its color in the visible range and emission in the infrared 

range by controlling the etching times of the Si-FNSs. Therefore, we expect the proposed MOCS to have 

higher multispectral survivability than other camouflage surfaces.  
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3. Conclusion 

In summary, we proposed a novel optical confusion camouflage system comprising several Si-FNSs as 

a countermeasure to multispectral imagery detectors. We demonstrated the fractal characteristics of Si-

FNSs to understand the variations in the structural or morphological characteristic by the aggregation 

phenomenon depending on the etching times. Moreover, we demonstrated visible and infrared color 

palettes with pixelated Si-FNSs by calculating the visible color representations and normalizing the infrared 

signatures over the temperature range of 40–100 °C. The MOCS was designed and created using these 

palettes by extracting multispectral patterns from the actual environment images obtained simultaneously 

from a given location. Additionally, two model backgrounds representing the visible and infrared 

environmental images were fabricated by considering the color generation principles of each of the spectral 

ranges. We successfully demonstrated superior multispectral optical confusion performance for the MOCS 

with these modeled backgrounds. We expect that the MOCS proposed in this work has the potential for use 

in the development of stealth technology by extension of its spectral range from visible to infrared regimes, 

thereby deceiving state-of-the-art imagery detectors and creating variable patterns suitable for the 

backgrounds.   
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4. Methods 

Fabrication of Si-FNS: To fabricate Si-FNSs, we used the MaCE method based on Ag ion 

reduction.32,34,37,52 First, we cleaned a 500-µm-thick silicon substrate (p-type, 100-orientation) having 

resistivity between 1 and 10 Ω·cm using a plasma asher (300 W, 3 min 30 s). Next, we performed Ag ion 

reduction by immersing the cleaned substrate in a seeding solution (5 mM AgNO3 and 4.8 M HF) for 1 

min. Through this process, we could randomly “seed” the Ag ions to determine the locations where the 

silicon substrate was etched down. Then, we rinsed the seeded substrate with deionized (DI) water and 

conducted the etching process by immersing the substrate in an etchant solution (4.8 M HF and 0.1 M 

H2O2). In this process, the seeded Ag ions on the substrate acted as the cathode and the silicon substrate 

acted as the anode. Thus, H2O2 was reduced to H2O, and silicon was oxidized and dissolved by the HF 

solution.37 These redox reactions cause the silicon substrate to be etched down. Finally, we determined the 

height of the Si-FNSs by controlling the etching times. At the completion of the target etching time, we 

extracted the etched substrate and washed it with DI water. Then, we immersed the etched substrate in 

HNO3 for 10 min to remove the Ag ions, rinsed it with DI water, and dried it using nitrogen gas.  

Surface morphology observations: The magnified surface morphologies of the fabricated Si-FNSs were 

obtained by SEM (JSM-6510, JEOL). All of the fabricated Si-FNS samples were cleaned with DI water 

and dried using nitrogen gas before placement in the SEM equipment. 

Multispectral optical property measurements: In the visible range, the optical properties were characterized 

using a UV-Vis-NIR spectrophotometer (Cary 5000, Agilent) equipped with an internal diffuse reflectivity 

accessory (DRA), which had a polytetrafluoroethylene (PTFE)-coated integrating sphere. The total 

reflectivity spectra were measured using this integrating sphere, which collected both the beam from the 

tungsten halogen source and beam reflected specularly or diffusely on the sample. An R928 photomultiplier 

tube (PMT) detector was used to obtain the integrated beam intensity, and the measured wavelength range 

was 360–780 nm. In the infrared range, the emissivity measurements were conducted using a Fourier-

transform infrared (FT-IR, Vertex 70, Bruker) spectroscopy equipped with an aluminum-based 
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temperature-controlling accessory (A540, Bruker) for the sample as the emission source, which has 

sufficiently low emissivity of 0.05 or less (see Figure S6, Supporting Information for details). A deuterated 

L-alanine-doped triglycine sulphate (DLATGS) detector was used to determine the intensity of the emitted 

signal, and the measurements were obtained in the LWIR range from 8 to 12 µm. The visible reflectivity 

and infrared emissivity were evaluated in terms of the signal ratio between the reference and sample, that 

is, ρ(λvis,T) = Rsample(λvis,T)/Rreference(λvis,T), ε(λIR,T) = Esample(λIR,T)/Ereference(λIR,T), where ρ, ε, R, E, λ, and T 

denote the reflectivity of the sample, emissivity of the sample, reflected energy, emitted energy, wavelength 

of electromagnetic waves, and temperature of the sample, respectively. The subscripts vis and IR denote 

visible and infrared ranges, respectively. The wavelength ranges corresponding to the above equations are 

360 nm ≤ λvis ≤ 780 nm and 8 µm ≤ λIR ≤ 12 µm. The sample used to measure the visible reflectivity 

characteristics was 2 × 2 cm in size considering the aperture size of the integrated sphere, and the sample 

used to measure the infrared emissivity characteristics was 1.5 × 1.5 cm. The reference reflectivity was 

measured using a 30-mm-diameter PTFE packed diffuse reflectance disk, and the reference emissivity 

measurement was conducted using a cavity blackbody (SR-200, CI Systems) at the temperature of 100 ℃. 

Visible and infrared image acquisitions: For analyzing the multispectral characteristics, we measured the 

imagery characteristics of the pixelated Si-FNSs and MOCS. The visible images of the pixelated Si-FNSs 

and MOCS were acquired using a camera with the following specifications: 12 megapixels, f/1.6–2.4 

aperture lens, 120° field of view, 1.4 µm pixel size, and optical image stabilization. To analyze the infrared 

radiative characteristics, the pixelated Si-FNSs and MOCS were attached to a 5-mm-thick copper block 

and heated in the range of 40–100 ℃ using a hotplate (MSH-D, DAIHAN) to ensure that the temperature 

of each pixel was uniform. Then, we acquired infrared images of the apparent temperature and radiance 

using an infrared camera (A655sc, FLIR systems) with a detection wavelength range of 8–12 μm (see Note 

S6, Supporting Information for details). To evaluate the optical confusion performance of the MOCS, we 

conducted imagery characteristics analysis using the same camera, as mentioned previously. In this study, 

we compared our MOCS with single-spectral camouflage surfaces, where one was a visible camouflage 
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surface having the same colormap as the MOCS and the other was a conventional infrared camouflage 

surface (that is, infrared selective emitter) that lowers the emissive power in the detection range 

significantly.13,15,21 To evaluate the visible camouflages of these surfaces, we placed each surface at the 

center of the visible background panel consisting of reflective colors. To evaluate the infrared camouflages, 

we placed each surface on the infrared background panel in the same orientation as that used to evaluate 

the visible camouflage and heated it to 100 ℃ using the hotplate. 
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Supporting Information 

Description of aggregation phenomenon, explanation of fractal analysis method for calculating the 

fractal dimension and lacunarity, derivation of CIE 1931 chromaticity coordinate for representing visible 

color, explanation of background modeling and fabrication, description of infrared imagery measurement, 

and numerical simulation of Si-FNS in the visible and infrared ranges. 
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