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ABSTRACT 
Under white light illumination, gratings produce an angular distribution of wavelengths 

dependent on the diffraction order and geometric parameters. However, previous studies 

of gratings are limited to at least one geometric parameter (height, periodicity, orientation, 

angle of incidence) kept constant. Here, we vary all geometric parameters in the gratings 

using a versatile nanofabrication technique, two-photon polymerization lithography, to 

encode hidden color information through 2 design approaches. The first approach hides 

color information by decoupling the effects of grating height and periodicity under normal 

and oblique incidence. The second approach hides multiple sets of color information by 

arranging gratings in sectors around semi-circular pixels. Different images are revealed 

with negligible crosstalk under oblique incidence and varying sample rotation angles. Our 

analysis shows that an angular separation ≥ 10° between adjacent sectors is required to 

suppress crosstalk. This work has potential applications in information storage and 

security watermarks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION 
Diffraction gratings are ubiquitous in optical systems with established applications in 

displays1-4, filters5-9, sensors10-13, and optical security devices14-20. Grating-based optical 

security devices are of particular interest as they offer animated21, three-dimensional22, 

and rainbow effects23, 24 that are easy to be verified and difficult to be copied. Colors in 

gratings are produced by tuning geometric parameters25-27 such as the height, periodicity, 

orientation, and angle of incidence. However, the combined use of these parameters to 

hide color information in gratings has not been achieved efficiently. Though previous 

works have used polarization selectivity28, 29 and directional stretching30 to encode color 

information in gratings, they are limited to only 2 independent polarization states or 

stretching directions that reveal the encoded information with no crosstalk. Hence, a 

solution to increase the information storage capacity of gratings is necessary. Here, we 

show up to 5 sets (potentially 18 sets) of hidden color information in gratings entirely by 

strategic combinations of their geometric parameters using two design approaches. The 

first approach exploits the decoupling effect between grating height and periodicity, so 

that an image appears polychromatic under normal incidence, but monochromatic under 

oblique incidence, and vice versa. The second approach exploits the directional effect of 

angularly multiplexed gratings arranged in sectors around semi-circular pixels to encode 

multiple sets of hidden color information. Instead of full circles, semi-circular pixels are 

chosen as they can be fabricated more efficiently to achieve almost the same desired 

optical effect because of rotational symmetry possessed by the gratings. When these 

gratings are illuminated under oblique incidence, diffracted light from each sector 

propagates in different directions. If the angular separation between adjacent sectors is 

larger than a minimum value (10° based on our analysis), then only the direction of 

diffracted light from one sector is collected by the microscope objective at a specific 

rotation angle. By rotating the gratings in steps of the angular separation, each set of 

hidden color information is revealed with negligible crosstalk. The gratings in our work 

only require illumination by one white light source, which is simpler compared to previous 

works1-3 that require additional light sources and waveguides for displaying color 

information. Furthermore, we use two-photon polymerization lithography (TPL) to 

fabricate the gratings in IP-Dip photoresist on a fused silica substrate (see Methods). TPL 



is a nanofabrication technique whereby a high-intensity femtosecond laser polymerizes a 

localized volume in the photoresist through nonlinear absorption31. By scanning the laser 

through the photoresist, complex 3D structures with sub-micron resolution are 

fabricated32-42. As this technique enables great design flexibility and geometric control of 

the structures, it is suitable for fabricating gratings with multiple sets of hidden color 

information that have potential applications in information storage and security 

watermarks43, 44. 

 
RESULTS 
Design concepts 
The setup for observing colors produced from an array of diffraction gratings (referred to 

as the sample) is illustrated in Fig. 1a. White light from an optical fiber illuminates the 

sample, and the transmitted light collected by the microscope objective forms a color 

image in camera. We denote θi as the polar angle, and ϕi as the azimuthal angle of 

incident light respectively. Throughout this paper, we define ϕi = 0° (not shown in figures). 

Multiple color images are encoded in angularly multiplexed gratings arranged in sectors 

around semi-circular pixels. Under oblique incidence, different images are individually 

revealed by rotating the sample in clockwise direction to angles R corresponding to the 

orientation of each sector (Fig. 1b). Each rotation step equals the angular separation 

between adjacent sectors. However, when the sample is rotated to an angle in between 

adjacent sectors, a faint image showing crosstalk is observed (Fig. S1). This concept of 

revealing hidden color information can be understood by the diffraction effect that each 

grating sector imposes on obliquely incident light (Fig. 1c). Each sector is characterized 

by its geometric parameters: height H, width W, and periodicity P. The orientation of each 

sector is represented by a grating vector pointing in the direction of periodicity. The plane 

of incidence (POI) contains the incident light ray and surface normal, but it does not 

necessarily contain the grating vector and mth order diffracted light. Here, we denote σ as 

the azimuthal angle between the POI and grating vector; θm is the polar angle, and ϕm is 

the azimuthal angle of the mth order diffracted light relative to the POI. The optical 

behavior of transmission gratings in directional cosine space45 is expressed in Equation 

1 (see Supporting Information for derivation): 



𝛼𝛼𝑚𝑚 − 𝛼𝛼𝑖𝑖 = −
𝑚𝑚𝑚𝑚
𝑃𝑃

cos𝜎𝜎 ,𝛽𝛽𝑚𝑚 − 𝛽𝛽𝑖𝑖 = −
𝑚𝑚𝑚𝑚
𝑃𝑃

sin𝜎𝜎 (1) 

where m is the diffraction order, λ is the wavelength of light, αi(m) and βi(m) are the 

directional cosines for incident (mth order diffracted) light respectively. The directional 

cosines are further expressed in Equation 2:  

𝛼𝛼𝑖𝑖(𝑚𝑚) = sin𝜃𝜃𝑖𝑖(𝑚𝑚) cos𝜙𝜙𝑖𝑖(𝑚𝑚) ,𝛽𝛽𝑖𝑖(𝑚𝑚) = sin𝜃𝜃𝑖𝑖(𝑚𝑚) sin𝜙𝜙𝑖𝑖(𝑚𝑚) (2) 

We only consider wavelengths of diffracted light collected by the microscope objective as 

they contribute to the colors of the observed image. This condition is expressed in 

Equation 3:  
|sin𝜃𝜃𝑚𝑚| ≤ 𝑁𝑁𝑁𝑁 (3) 

where NA refers to the numerical aperture of the microscope objective. Hence, these 

equations provide the theoretical basis for designing gratings with hidden color 

information. 

 



 
Fig. 1. Design schematics. (a) Setup for observing the sample that comprises an array of semi-circular 

pixels with angularly multiplexed gratings arranged in sectors around each pixel. These gratings encode 

different sets of color information. When white light illuminates the sample at a specific angle, the light 

collected by the microscope objective forms a colorful observed image. The incident light is parameterized 

by its polar angle θi, whereas its azimuthal angle ϕi (not shown) is defined to be 0°. (b) Under oblique 

incidence, different images are observed at sample rotation angles R in the clockwise direction. The sample 

is rotated in steps of the angular separation between adjacent sectors. (c) Diffraction of light in a grating 

with height H, width W, and periodicity P. σ is the azimuthal angle between the grating vector and plane of 



incidence (POI). The POI contains the incident light ray and surface normal, but it does not necessarily 

contain the grating vector and mth order diffracted light. θm (ϕm) is the polar (azimuthal) angle of the mth 

order diffracted light relative to the POI. 

 

Colors produced by gratings in experiments 
We used two-photon polymerization lithography (TPL) to directly fabricate gratings with 

H = 0.6 – 1.8 µm and P = 0.8 – 1.6 µm. W (~ 0.3 µm) was fixed by the smallest printable 

and mechanically stable feature size of our TPL machine. The gratings were made of UV-

cured IP-Dip photoresist (average ng ≈ 1.55, Fig. S2) on a fused silica substrate. When 

the gratings were illuminated under normal (θi = 0°) and oblique (θi = 45°) incidence, we 

observed two different color palettes using an optical microscope with NA = 0.1 (Figs. 2a 

– b). The observed images under θi = 0° (θi = 45°) appeared to have a light (dark) 

background because directly transmitted light was collected (not collected) by the 

microscope objective. We arbitrarily selected a grating (H = 0.8 µm, P = 1.0 µm) for 

spectral analysis (Fig. 2c). Under θi = 0°, a transmittance peak was formed at λ = 430 nm, 

whereas under θi = 45°, the peak red-shifted to λ = 707 nm with reduced intensity and 

narrower bandwidth. These peak positions can be attributed to two different mechanisms 

that operate under θi = 0° and θi = 45° respectively to produce color. Under θi = 0°, colors 

are caused by the interference effect of light between the grating and its surrounding 

environment30. The peak wavelength of the zeroth order light (m = 0) is estimated in 

Equation 4 (see Supporting Information for derivation): 

𝑚𝑚0 =
𝐻𝐻�𝑛𝑛𝑔𝑔 − 𝑛𝑛𝑒𝑒�

𝑞𝑞
 (4) 

where q is a positive integer, ng is the refractive index of the grating structure, and ne is 

the refractive index of the environment (in this case, air). Under θi = 45°, colors are caused 

by the wavelength-dependent angles of diffracted light collected by the microscope 

objective. The peak wavelength of the mth diffraction order (m ≠ 0) light collected by the 

microscope objective is expressed in Equation 5:  

𝑚𝑚𝑚𝑚 =
𝑃𝑃 sin𝜃𝜃𝑖𝑖
𝑚𝑚

 (5) 

This peak is caused by diffracted light that enters the microscope objective normally along 

the optical axis (θm = 0°), where the intensity of collected light is maximum compared to 



other directions. Maximum intensity is achieved in the case of planar diffraction, in which 

the grating vector is parallel to the plane of incidence (σ = 0°). Equations 4 – 5 suggest 

that H and P can be varied independently to produce different colors under normal and 

oblique incidence. As shown in Figs. 2a – b, variations in H produced greater color change 

under θi = 0°, whereas variations in P produced greater color change under θi = 45°. 

Moreover, the color palette under θi = 45° appeared more saturated than the color palette 

under θi = 0°. This observation was verified in the CIE diagram (Fig. S3), which showed 

that the chromaticity coordinates for θi = 45° were spread out towards the periphery, 

whereas the chromaticity coordinates for θi = 0° were clustered around the center. This 

saturation difference between both palettes can be explained by the range of wavelengths 

collected by the microscope objective. Under θi = 0°, all wavelengths for the zeroth order 

(m = 0) are collected. However, under θi = 45°, only limited ranges of wavelengths for 

non-zero orders (m ≠ 0) are collected. The range of collected wavelengths for the mth 

diffraction order is expressed in Equation 6 (see Supporting Information for derivation):  

∆𝑚𝑚𝑚𝑚 =
2𝑃𝑃(𝑁𝑁𝑁𝑁)

𝑚𝑚
 (6) 

By using a small NA value, a narrow band of wavelengths will be collected by the 

microscope objective and produce high color saturation. In this work, we used a 

microscope objective with NA = 0.1, yielding ∆λm = 200 nm for P = 1.0 µm and m = 1.  

 

Under θi = 45°, we also observed that variations in H caused significant changes in color 

brightness for gratings with the same P (Fig. 2b). The transmission spectra of these 

gratings showed almost constant peak wavelength positions but varying peak intensities 

(Fig. S4). By using scalar diffraction theory25, 26, the intensity distribution of the mth 

diffraction order (m ≠ 0) can be approximated from Equation 7:  

𝜂𝜂𝑚𝑚 =
4

𝜋𝜋2𝑚𝑚2 sin2(𝜋𝜋𝑚𝑚𝜋𝜋) sin2 �
∆𝜌𝜌
2 � (7) 

where D = (W / P) is the grating duty cycle, and Δρ = 2πH / λm is the phase modulation 

of light induced by the gratings. Though scalar diffraction theory is only expected to be 

accurate for coarse and shallow gratings (i.e. P / λ ≥ 10 and H / λ ≤ 1)46-49, Equation 7 still 

showed reasonable agreement with the observed trend in experimental data. Separately, 

the color brightness under θi = 45° can also be controlled by varying the angle σ between 



the grating vector and plane of incidence. To demonstrate the change in color brightness, 

we fabricated and observed another set of gratings with H = 0.8 µm, P = 1.0 µm and σ = 

0° – 10° (Fig. 2d). The gratings appeared darker as σ increased, and the grating with σ = 

10° was barely visible compared to σ = 0°. The transmittance spectra of the gratings 

showed that the peak wavelength position remained unchanged, but the peak intensity 

decreased rapidly from σ = 0° to 4°. This decrease in intensity can be explained using 

directional cosine diagrams. For clarity, we show only the spectra for diffraction order m 

= 1 in each diagram of Fig. 2e, whereas the diagrams for m = 0 and m = 2 are shown in 

Fig. S5. The microscope objective has NA = 0.1, which is represented by a dashed 

circular region around the origin (α = 0°, β = 0°). At σ = 0°, the diffracted wavelengths 

produce a horizontal spectra line that passes through the origin. Only a limited range of 

the diffracted wavelengths is contained within the NA region. At σ = 4°, the spectra line is 

rotated anti-clockwise by the same angle, but still partially contained within the NA region. 

This rotation suggests a loss in intensity, which was experimentally verified in Fig. 2d. At 

σ = 10°, the spectra line had completely exceeded the NA region, resulting in effectively 

zero intensity. Hence, to avoid crosstalk, the minimum angular separation between 

grating sectors is the angle σ at which the spectra line just exceeds the NA region in the 

directional cosine diagram. This minimum value assumes that the gratings comprise an 

infinite number of periodic lines. However, fabricated gratings have a limited number of 

lines, which can weaken the directionality of the grating vectors and result in crosstalk. In 

practice, the angular separation between grating sectors should be designed larger than 

σ = 10° to suppress crosstalk. 

 



 



Fig. 2. Analysis of experimentally measured color palette. (a–b) Transmission optical micrographs 

(scale bar: 60 µm) of the color palette under (a) normal incidence θi = 0° and (b) oblique incidence θi = 45°, 

for gratings with varying height H and periodicity P. A grating (H = 0.8 µm and P = 1.0 µm), indicated by the 

dashed outline of a square, is arbitrarily selected for spectral analysis. (c) Normalized transmittance spectra 

T of the selected grating under θi = 0° and θi = 45°. (d) Normalized transmittance spectra of the selected 

grating for σ = [0, 2, 4]° under θi = 45°. σ is the azimuthal angle between the grating vector and plane of 

incidence. Scale bar: 60 µm. (e) Directional cosine diagrams for the selected grating with (i) σ = 0°, (ii) σ = 

4°, (iii) σ = 10°. These diagrams are plotted for θi = 45°, wavelengths λ = 380 – 780 nm (blue to red), and 

diffraction order m = 1. The dashed circle represents numerical aperture NA = 0.1. 

 

Hidden color images in gratings 
Here, we demonstrate the two design approaches to encode hidden color information in 

gratings. Our first approach exploits the decoupling effect of grating height and periodicity 

under normal and oblique incidences. For this approach, we printed an image50 of 

“elephant inside snake” using regular gratings with the same orientation and periodicity 

(P = 1.2 µm), but varying heights (H = 1.4 – 1.8 µm). Under normal incidence θi = 0°, the 

elephant and snake were easily identified in the image due to their distinct color contrast 

(Fig. 3a(i)). However, under oblique incidence θi = 45°, the same image appeared like a 

blue hat (Fig. 3a(ii)). The image also appeared to consist of square patches with non-

uniform colors. The square patches were caused by stitching errors between patterning 

areas, whereas non-uniform colors were caused by machine errors in finding the interface 

between the photoresist and substrate. If necessary, these errors can be mitigated by 

using adaptive stitching algorithms51 and printing an additional base layer beneath the 

gratings30. A magnified scanning electron microscope (SEM) image of the gratings with 

different heights that comprised the “elephant inside snake” is shown in Fig. 3a(iii).  

 
Our second approach exploits the directional effect of angularly multiplexed gratings 

arranged in sectors around a semi-circular pixel. Four different animal paintings (giraffe, 

snake, turtle, sheep)52-55 were encoded into four grating sectors with varying heights (H 

= 0.8 – 2.0 µm), periodicities (P = 0.8 – 1.6 µm) and orientations in each pixel. As the 

sample was rotated to angles R = [0, 45, 90, 135]°, the individual paintings were revealed 

with negligible crosstalk (Figs. 3b(i – iv)) because their angular separation (45°) was much 

larger than the minimum limit (10°). However, small amounts of crosstalk can still be 



discerned in Fig. 3b(iv) due to the small pixel size with only a few repeating lines per 

grating sector. We found that grating sectors with 3 lines or more, as shown in the high-

magnification SEM image of a constituent pixel (Fig. 3b(vi)), were sufficient to produce 

acceptable color pixels. Fabricating larger pixels with more lines per grating sector can 

help to suppress crosstalk, but also lead to longer fabrication time and a more pixelated 

image appearance. To visualize how the individual paintings are revealed by sample 

rotation, the directional cosine diagrams for one pixel are shown in Fig. S6. Under θi = 0°, 

the paintings could not be distinctly identified, instead we observed a noisy image that 

appeared like a superposition of the paintings (Fig. S7a). This superposition can be 

explained by the collection of all zero-order (m = 0) light from the gratings. The 

superposed appearance was also observed in the low-magnification SEM image (Fig. 

3b(v)). 

 

Finally, we demonstrate that both approaches can be combined, and the intensity of 

pixels switched on and off arbitrarily to reveal specific shapes within the same image. A 

famous example is Rubin’s vase56, which is an ambiguous image that can be perceived 

as a vase or two faces due to the figure-ground distinction. To unravel this ambiguous 

image, we designed each shape with different angularly multiplexed gratings. All shapes 

have the same grating height (H = 0.8 µm), but each shape has a different grating 

periodicity P = 0.8 – 1.2 µm. In each shape, each pixel was designed with 5 grating 

sectors (angular separation = 36°), but the sectors were selectively printed or omitted, so 

that the pixel would appear bright or dark at the corresponding angle of sample rotation. 

The pixels that comprised each shape of Rubin’s vase are shown in the SEM images of 

Fig. 4b. Under θi = 45°, the sample was rotated to R = [0, 36, 72, 108, 144]°, which 

selectively revealed the different colored shapes of Rubin’s vase (Fig. 4a). Under θi = 0°, 

Rubin’s vase appeared monochromatic, in which darker (lighter) shapes represent a 

higher (lower) fill factor of the gratings (Fig. S7b). The fill factor F can be estimated by the 

grating area per unit cell, which is expressed in Equation 8: 

𝐹𝐹 =
0.5(𝑁𝑁𝐿𝐿𝑃𝑃)2 sin𝑁𝑁

𝑆𝑆2
× 𝑁𝑁𝑆𝑆

𝑊𝑊
𝑃𝑃

× 100% (8) 



where S = 12 μm is the center-to-center separation between adjacent pixels; NS = [3, 2, 

3] is the number of printed sectors in a pixel; NL = [6, 3, 5] is the number of lines per sector; 

A = 36° is the angular span of each sector; W = 0.3 μm is the grating width; P = [1.0, 0.8, 

1.2] μm is the grating periodicity. We estimated F to be [6.6, 0.9, 5.5] % for the left face, 

center vase, and right face of the image respectively. Apart from revealing Rubin’s vase, 

we also used this combined approach to design gratings encoded with multiple hidden 

quick response codes in one sample (Fig. S8). 



 
Fig. 3. Hidden color information revealed through oblique incidence and varying sample rotation 
angles. (a) (i – ii) Optical micrographs of “elephant inside snake” for (i) normal incidence θi = 0°, and (ii) 

oblique incidence θi = 45°. Scale bar: 100 µm. (iii) High-magnification SEM image of gratings with the same 

periodicity (P = 1.2 μm) but different heights (H = 1.4 – 1.8 μm) in “elephant inside snake”. Scale bar: 1 µm. 

(b) (i – iv) Optical micrographs of the individual animal paintings under θi = 45° and sample rotation angles 

R = [0, 45, 90, 135]° respectively. Scale bar: 100 µm. (v) Low-magnification SEM image of the sample with 

encoded paintings. Scale bar: 100 µm. (vi) High-magnification SEM image of a pixel with angularly 

multiplexed gratings used to encode the paintings. Scale bar: 1 µm.  



 

 
Fig. 4. Revealing Rubin’s vase. (a) Optical micrographs of Rubin’s vase under oblique incidence (θi = 45°) 

and sample rotation angles R = [0, 36, 72, 108, 144]°. Scale bar: 100 µm. (b) SEM images of pixels in the 

(i) left face, (ii) center vase, (iii) right face of Rubin’s vase. Scale bar: 5 µm. 

 

DISCUSSION 
We have examined how the combined variation of geometric parameters (height, 

periodicity, orientation, angle of incidence) was used to encode hidden color information 

in diffraction gratings through two design approaches. The first approach exploited the 

decoupling effect of grating height and periodicity to design images that appear 

polychromatic under normal incidence (θi = 0°), but monochromatic under oblique 

incidence (θi = 45°), and vice versa. The second approach exploited the directional effect 

of angularly multiplexed gratings arranged in sectors around semi-circular pixels to design 

up to 5 sets of hidden color information. These sets of information were individually 

revealed with negligible crosstalk under oblique incidence (θi = 45°) by rotating the sample 

to specific angles in steps of the angular separation between adjacent sectors. The 



minimum angular separation (10°) to suppress crosstalk was determined graphically by 

the angle at which the spectra line for a diffraction order (m ≠ 0) just exceeds the NA 

region in the directional cosine diagram. Hence, potentially up to 18 sets of color 

information can be hidden in angular multiplexed gratings. To reveal the hidden sets of 

color information, only broadband light from an optical fiber bundle is required to illuminate 

the gratings. We used TPL to fabricate the gratings because it enables great design 

flexibility and control of geometric parameters. The fabrication took around 2 hours for an 

area of 1 mm2. To improve the throughput, parallel processing TPL systems can be 

used57-59. After fabrication, the gratings can be replicated by nanoimprinting techniques 

such as molding for mass production16. These gratings are mechanically stable under 

room temperature and pressure, and they can be packaged in transparent casings for 

protection. We anticipate that gratings with hidden color information will find potential 

applications in information storage and security watermarks. 

 

METHODS 
Fabrication 
A drop of IP-Dip photoresist was placed on a fused silica substrate, which was then 

transferred to a Nanoscribe GmbH Photonic Professional GT system for patterning the 

gratings using a laser power of 10 mW and laser scan speed of 500 µm/s. The height of 

the gratings was controlled by patterning each additional layer with a discrete height step 

of 0.2 μm. After patterning, the substrate was removed from the system and developed 

in chemical solution. During development, the substrate was immersed in propylene 

glycol monomethyl ether acetate solution for 5 min, then in isopropyl alcohol solution with 

UV curing (Dymax BlueWave MX-150 set to 60% maximum power) for 5 min, and then in 

nonafluorobutyl methyl ether solution for 5 min. Lastly, the substrate was dried in air. 
Optical imaging and color measurements  
The optical micrographs in Figs. 2 – 4 were captured with a Thorlabs TL2X-SAP NA0.10 

objective and a Nikon DS-Ri2 camera. A Thorlabs OSL2 fibre illuminator was used to 

illuminate the gratings at normal and oblique incidence. The angle of incidence was 

controlled by a Thorlabs FP90 adjustable flip platform, while the rotation angle of the 

sample was controlled by a Thorlabs RP005 manual rotation stage. The transmittance 



spectra of the color palette in Fig. 2 were measured with a 508 PV spectrophotometer 

from CRAIC Technologies. 
SEM imaging 
Before SEM imaging, the sample was sputtered with an Au:Pd 60:40 target (Ted Pella, 

Inc.) at 20 mA for 120s. The sample was then transferred to a JEOL JSM-7600F field 

emission scanning electron microscope system, which was then used to capture the SEM 

images in Figs. 3 – 4.  
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Derivation of Equation 1 

 
The momentum matching condition for a set of diffraction gratings is expressed in Equation S1: 

𝒌𝒌𝒎𝒎 = 𝒌𝒌𝒊𝒊 − 𝑚𝑚𝒌𝒌𝒈𝒈 (S1) 

where km and ki are the wave vectors of the mth order diffracted light and incident light respectively; 

kg is the grating vector. Expressing each vector with magnitude and direction yields Equation S2: 
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� (S2) 

where θi(m) and ϕi(m) are the polar and azimuthal angles of incident (diffracted) light respectively; λ 

is the wavelength of light; P is the periodicity of the grating. The environment is assumed to be air 

(refractive index ne = 1).  

 

 

Derivation of Equation 4 

Assume that normally incident light (θi = 0°) illuminates a binary phase grating (refractive index 

ng) in air (refractive index ne). The grating has height H and periodicity P. Light that passes through 

the grating interferes with light that passes through air. Constructive interference occurs when the 

phase difference between the two light paths is equal to an integer multiple of 2π. This condition 

is expressed in Equation S3: 

∆𝜌𝜌 =
2𝜋𝜋
𝜆𝜆
�𝑛𝑛𝑔𝑔 − 𝑛𝑛𝑒𝑒�𝐻𝐻 = 𝑞𝑞2𝜋𝜋 (S3) 

where q is a positive integer and λ is the wavelength of light. By rearranging Equation S3, the 

wavelength at which constructive interference occurs is expressed in Equation S4: 

𝜆𝜆 = 𝜆𝜆0 =
𝐻𝐻�𝑛𝑛𝑔𝑔 − 𝑛𝑛𝑒𝑒�

𝑞𝑞
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Derivation of Equation 6 

When the grating vector is parallel to the plane of incidence (σ = 0°), diffraction simplifies to the 

classical case which is expressed in Equation S5: 

sin𝜃𝜃𝑖𝑖 − sin𝜃𝜃𝑚𝑚 = −
𝑚𝑚𝜆𝜆
𝑃𝑃

 (S5) 

where θi is the angle of incidence, θm is the angle of the mth order diffracted light, P is the periodicity 

of the grating, and λ is the wavelength of light. Only wavelengths of diffracted light that are 

collected by the microscope objective contribute to the observed colour of the grating. The range 

of angles for diffracted light collected by the microscope objective is determined by its numerical 

aperture (NA) in air, which is expressed in Equation S6: 

𝑁𝑁𝑁𝑁 = |sin𝜃𝜃𝑚𝑚| (S6) 

By substituting Equation S6 into Equation S5, the upper and lower limits of collected wavelengths 

are expressed in Equations S7 – S8 respectively. 

𝜆𝜆𝑚𝑚,𝑢𝑢 =
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𝑚𝑚
 (S8) 

Hence, the collected range of the mth order diffracted wavelengths is expressed in Equation S9: 

∆𝜆𝜆𝑚𝑚 = 𝜆𝜆𝑚𝑚,𝑢𝑢 − 𝜆𝜆𝑚𝑚,𝑙𝑙 =
2𝑃𝑃(𝑁𝑁𝑁𝑁)
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Fig. S1. Optical micrographs of image crosstalk at sample rotation angle R in between 
adjacent grating sectors. (a) R = 22.5°. Scale bar: 100 μm. (b) R = 112.5°. Scale bar: 100 μm. 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2. Refractive index of UV cured IP-Dip photoresist. The Cauchy parameters are given 

by A = 1.5273, B = 6.5456*10-3 μm2, C = 2.5345*10-4 μm4 from Ref.1. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Fig. S3. CIE 1931 chromaticity diagram. The chromaticity coordinates of the color palettes 

under normal (θi = 0°, white stars) and oblique incidence (θi = 45°, black dots) are plotted for CIE 

D65 illuminant and CIE 2° standard observer. The sRGB color space is marked by the yellow 

dashed outline of a triangle.  

 

 

 
Fig. S4. Effect of varying grating height under oblique incidence. The grating height H = 0.6 

– 1.8 µm, grating periodicity = 1.0 µm, angle of incidence = 45°. (a) Normalized transmittance 

spectra of the gratings. (b) Graph of normalized transmittance T(λ = 707 nm) vs. H. The black 

curve is the approximate intensity distribution calculated from scalar diffraction theory. 

  



 
Fig. S5. Directional cosine diagrams for the selected grating (periodicity P = 1.0 μm) with 
varying σ (the azimuthal angle between the grating vector and plane of incidence). (a) σ = 

0° (b) σ = 4° (c) σ = 10°. The diagrams are plotted for oblique incidence θi = 45°, wavelengths λ 

= 380 – 780 nm, diffraction orders m = [0, 2]. In each diagram, the smaller dashed circle 

represents numerical aperture NA = 0.1, and the larger solid circle NA = 1. Only spectra lines that 

lie inside the NA = 0.1 region are collected by the microscope objective and contribute to the 

observed color. Spectra lines that lie outside the NA = 1 region are evanescent.  
 



 
Fig. S6. Directional cosine diagrams for a pixel comprising four angularly multiplexed 
gratings with periodicities P = [0.8, 1.0, 1.2, 1.4] μm. The diagrams are plotted for oblique 

incidence θi = 45°, wavelengths λ = 380 – 780 nm, diffraction orders m = [1, 2], pixel rotation 

angles R = [0, 45, 90, 135] °. In each diagram, the smaller dotted circle represents numerical 

aperture NA = 0.1, and the larger solid circle NA = 1. Only spectra lines that lie inside the NA = 

0.1 region are collected by the microscope objective and contribute to the observed color. Spectra 

lines that lie outside the NA = 1 region are evanescent.  



 
Fig. S7. Optical micrographs of samples with angularly multiplexed gratings under normal 
incidence. (a) Image encoded with animal paintings (giraffe, snake, turtle, sheep). Scale bar: 100 

µm. (b) Image of Rubin’s vase. Scale bar: 100 µm. 
 



 
Fig. S8. Quick response codes encoded with angularly multiplexed gratings. (a) Optical 

micrograph of the quick response code under normal incidence (θi = 0°). Scale bar: 100 µm. (b – 
d) Optical micrograph of the quick response code under oblique incidence (θi = 45°) by rotating 

the sample in angular steps of 60°. Scale bar: 100 µm. (e) SEM images of gratings in the sample. 

Scale bar: 10 µm. 
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