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Fig. 1. The device application. (a) There are two working regimes – reflective and

see-through. The reflective side provides arbitrary optical function. Light illuminating

the device from the back side gets transmitted through with minimal alterations. (b) The

reflective side of the device. The rectangular nano-tokens shape the reflected wavefront. (c)

The back side of the device. The large circular apertures provide the see-through property.

The device was rotated to match the orientation in (b) for easier comparison.

the metal transitions from continuous to islands film. The anomalous transmission is due to

localized plasmons whose intensity and frequency are determined by the dimensions of the

islands [26–27]. The modeling of this ultrathin, quasi-continuous film deposition and the effect

of these localized plasmons on the anomalous reflection of metal-dielectric-metal metasurface

devices (assuming the use of metal films with critical thickness as a backplate) together with the

fabrication of these films is quite challenging.

Here, we propose an alternative way to achieve semi-transparency while preserving the

anomalous reflection illustrated in Fig. 2. Specifically, we propose etching a set of circular

apertures with diameters much larger than the wavelength of operation. The advantage of this

method is that a see-through function of the device can be achieved with a continuous metal

backplate with thickness (tens to hundreds of nm) much higher than the critical thickness. These

apertures are large enough (i.e. tens of microns) that they will not interfere with the grating

function in reflection, while also being small enough that they will be invisible to the human eye.

Furthermore, by increasing the total area covered by the apertures as desired, an arbitrary high

see-through ratio can be achieved for all visible light. However, such an array of apertures can

generate various undesirable diffraction artifacts in the transmitted light [28–30].

In the current work, we design and demonstrate a metal-dielectric metasurface device that

behaves as a grating in reflection and is see-through in transmission. An array of apertures of

random position and diameter (RPD) is created on the device to provide a desired transmission

ratio while avoiding the undesirable diffraction artifacts.
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Fig. 2. (a) The unit cell for the final designed metasurface – top x-y and side x-z view

(diagram) including dimensions in nm (table); (b) the modeled efficiency of the first

diffractive order for AOIs from 0 to 50°. (c) The random position and diameter of the pattern

of apertures that is superimposed on the metasurface design shown in (a) to enable the

see-through regime. The aperture sizes vary between 8 um and 30 µm.

2. Simulations and modeling

For the current work, our goal is to design and fabricate a device that functions as a 1200 lp/mm

diffractive grating in reflection with a 650 nm illumination wavelength and transmits 50% of

all visible light that illuminates the device from the back. The diffraction efficiency in the first

diffractive order in reflection is ∼20% and needs to be uniform for angles of incidence (AOI) θi
ranging from 0 to 50 degrees. An example of back illumination in a consumer device may be the

bright white light of approaching vehicles while driving. The see-through regime combined with

the flat diffractive efficiency in reflection will allow such device to be used in a variety of optical

systems with wide field-of-view (FOV) including but not limited to HWDs.

To achieve a -π to π linear phase response in reflection, we pattern the front of the device

with Ag nano-tokens of varying dimensions like in our previous work on metal-dielectric-metal

gratings [24]. Unit cells of dimensions Lx= 834 nm by Ly = 278 nm are chosen to meet the 1200

lp/mm specification for the grating as shown in Fig. 2(a). SiO2 is used for the dielectric insulator

and Ag is chosen for the metal backplate. The thicknesses of each layer are listed in the table in

Fig. 2(a).

The unit cell is further split in three square regions of 278 × 278 nm2. A commercial

finite-difference-time-domain software [31] was used to perform a parameter sweep calculating

the individual amplitude and phase response of tokens with varying x and y dimensions and

normal AOI illumination. A token with specific width and height is chosen for each square to

approximate the linear grating response as a step-wise function based on the parameter sweep

results [19]. During the design process, we established that the third token had the smallest

dimension and could be removed without significantly affecting the overall efficiency and phase

gradient of the grating. This decreased complexity of the design allows for an easier fabrication

process. The dimensions of the final set of tokens are listed in Fig. 2(a). The full unit cell was

modeled using anti-symmetric boundary conditions along the y-axis, Bloch boundary conditions

along the x-axis, and a perfectly matched layer (PML) boundary conditions along the z-axis. A

parameter sweep varying the AOI of the incoming illumination was completed evaluating the

diffraction efficiency of the first diffractive order using a frequency-domain field monitor for each

AOI. The resulting nominal efficiency as a function of AOI is presented in Fig. 2(b). It should

be noted that the optimized efficiency over a broad range of AOIs is 40% for the grating shown
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in Fig. 2(a), which is twice that of the of the final device accounting for the 50% see-through

transmission.

To create the RPD aperture pattern we developed a MATLAB script that generates the

fabrication files used in the optical lithography process. Initial modeling and testing showed that

using apertures of a fixed size or position creates unwanted diffraction artifacts of the transmitted

light. These artifacts included lines, colored rings and other artifacts with well-defined structure.

We eliminated these artifacts by randomizing the position and diameter of the apertures. We

discuss the resulting performance in more details in the following section.

First, we consider the numerical generation of the RPD aperture patterns. The optical

lithography files required to etch the apertures take as input the position and diameter of the

circular apertures. It is required for the apertures to not overlap and for the fraction of the overall

area covered by the RPD aperture pattern to be equal to the target transmission ratio specification

(50% in the current work). The complete RPD aperture pattern is generated iteratively. A random

position within the sample dimensions (834 µm by 834 µm) is chosen followed by a random

radius varying between 8 µm and 30 µm. This range of aperture radii was chosen such that the

apertures are large enough to be easily pattern transferred using optical lithography and etching

while also being small enough not to be seen by the naked eye. If the aperture is fully within

the sample, its area, position and radius are recorded. A second aperture is then selected. If it

intersects with the first aperture, it is dropped, and another random aperture is generated. If it

does not intersect with any existing aperture, its area, position and radius are stored. This process

is repeated until the sum of the area of all stored apertures covers the area matching the required

transmission ratio.

The described procedure can be computationally heavy for large samples. To avoid unreasonably

long file generation times, we segment the full sample in smaller regions and generate the RPD

aperture pattern for each region individually to satisfy the required transmission ratio. To avoid

having continuous streaks between regions that can cause diffraction artifacts we allow the

apertures from each region to overflow into the neighboring region. The pattern shown in Fig. 2(c)

is generated by segmenting the complete 834 µm by 834 µm in a 3 × 3 grid of 278 µm by 278

µm regions. It should be noted that with the described method it is possible that two apertures

at the vertex between two diagonal regions can overlap. However, such occurrences are small

enough compared to the full pattern size that this effect is negligible.

3. Fabrication

The device fabrication process is completed in two main stages. In the first stage, the metasurface

grating design from Fig. 2(a) is fabricated on a quartz substrate. The diffraction efficiency is

then measured on a custom-built setup. In the second stage, the RPD aperture pattern is etched

through the Ag backplate, the SiO2 substrate and the Ag tokens (but not through the quartz

substrate). Finally, the diffraction efficiency of the final device is measured a second time. The

fabrication procedure is described below.

A standard e-beam lithography (EBL) process was used to fabricate the metasurface grating.

For adhesion purpose, a 3 nm layer of Cr was buried below each metal layer. The EBL was

followed by a bi-layer resist lift-off technique due to the well-known advantages compared to

single layer lift-off [32]. The fabricated metasurface pattern was imaged using scanning electron

microscopy (SEM). As shown in Fig. 3(a) the fabricated nano tokens are well defined and match

well with the simulated model. In the second stage, we used optical lithography to generate the

RPD aperture pattern over the diffractive grating.

The final device front and back side imaged through an optical microscope are shown in

Fig. 3(b) and (c), respectively. The dark square in (b) corresponds to the area where the grating

structure was written on the front of the device. Due to the large scale of the image compared to

the size of a single grating unit cell, the individual Ag tokens are not resolvable with the optical
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Fig. 3. Front and back of the metasurface device: (a) A SEM image of the nano-tokens

forming the grating on the front of the device. The scale is 200 nm. (b) An optical microscope

image of the front of the fabricated device. The dark square corresponds to the area patterned

by the nano-tokens (shown in (a)) as seen through the optical microscope. The circles are

the etched apertures that enable the see-though regime. The scale is 100 µm. (c) An optical

microscope of the back of the device. Only the RPD aperture array is seen. The image is

rotated in the same orientation as in (b) for easy comparison. The scale is 100 µm. The

images have been converted to a black and white scale for better visualization.

microscope. A second device with a larger footprint (10 mm by 10 mm) was also fabricated with

a similar RPD aperture pattern using the same fabrication method. The larger device is to be

used to better understand the diffraction artifacts that get formed when light illuminates the back

of the device where there are no nano-tokens (as further discussed in the next section).

4. Testing

The efficiency of the fabricated grating device was measured in the setup shown in Fig. 5(a).

A Fianium WhiteLase micro supercontinuum laser was used combined with a 650 nm, 10 nm

full-width-half-maximum (FWHM) bandpass filter as a light source. A linear polarizer was

used to filter the desired TE polarization for which the grating was optimized. The sample was

mounted on a custom-built stage. The stage provides all degrees of freedom required to align the

sample and perform measurements for various angles of incidence. For this work the efficiency

was measured for AOIs from 0 to 50 degrees. A collection arm was mounted on a rotation stage

with the same center of rotation as the center of rotation of the sample that allowed capturing the

light from various diffractive orders. Measurements in a region θlim around the Littrow angle

were not possible as the collection arm occluded the input beam in that regime. A lens was

used to collect the light from a desired order and to focus it on a Si photodiode connected to a

pico-ammeter.

Given the Gaussian profile of the illumination beam provided by the laser, we overfilled the

sample to better match the plane wave illumination used in the simulations. The total input power

was measured before the sample using a second Si photodiode connected to the pico-ammeter. A

knife edge experiment was used to measure the Gaussian beam profile which was then used to

calculate the amount of light hitting the sample for each angle of incidence. The first diffractive

order efficiency of the fabricated grating was first measured, and the final device efficiency was

then measured again with a similar process once the RPD aperture pattern was added.

The larger (10 mm by 10 mm) sample was used to image the diffraction patterns formed when

light passed through an RPD aperture array similar to diffraction effects formed when the main

device was illuminated from the back. A white light LED with low coherence was used to

illuminate the sample. Figure 4(g) shows the imaging setup used to take images of a negative

1951 USAF test target illuminated by the LED through a white diffusing paper. This setup

represents well a scenario where a user (whose eye is modeled by the camera) looks at an object
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through an HWD with the RPD aperture array positioned on the combiner of the HWD. The

see-through capabilities of the RPD aperture array can be properly evaluated in this configuration.

We also observed that the diffraction patterns formed by the RPD aperture arrays are most

prominent when the sample is illuminated by a bright low coherence source like a flashlight or a

ceiling lamp. If such devices are used in HWD combiners, the formed diffraction patterns as seen

by the human eye could result in dangerous distractions. Examples of some real-life cases where

that could be a problem are the user looking at streetlights or the lights from incoming cars. The

setup in Fig. 5(c) was chosen to simulate these conditions with the camera representing the human

eye, the sample representing the HWD combiner and the low coherence LED representing the

bright illumination. Bandpass filters at 620 nm, 532 nm and 450 nm (10 nm FWHM for all three)

were additionally used to simulate illumination at different visible wavelengths. The images were

acquired using an Olympus PEN EPL-6 camera. It should be noted that the camera settings and

the LED’s brightness were chosen such that in Fig. 4 and 6 the camera has no saturated pixels

while in Fig. 5 the camera sensor was saturated to model the human eye’s retina saturating when

looking at a bright source.

Fig. 4. (a) The intensity of an image of a negative 1951 USAF test target illuminated by a

low coherence LED without the RPD pattern sample. (b) The intensity of an image of the

target illuminated by the LED through the RPD pattern sample. (c-f) The intensity measured

through line cuts A-D shown in (a) and (b). The intensity is measured in arbitrary units such

that 1 corresponds to a fully saturated pixel on the camera detector and 0 corresponds to a

fully dark pixel. (g) The imaging setup used to take the images of the test target.
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Fig. 5. (a) The experimental setup used to measure the diffraction efficiency; θlim is the

angular region where the input and output arm collide and θi is the angle of incidence

measured from the normal of the surface. (b) The experimental measurements of the device’s

efficiency before etching the apertures η1 (red stars) and after etching the apertures η2 (blue

triangles). The red squares are the simulated values for the efficiency η1. The blue circles

show the ratio η2/ η1 in percent. An x-axis break was used to emphasize the regions of

interest where measurements were performed (the region left out corresponds to the regime

where the input and output arm collide in the experimental setup). The uncertainty of the

measurements is smaller than the size of the markers. (c) The experimental setup used to

image the diffraction patterns formed by the 10 mm by 10 mm sample. (d) Imaging of the

diffraction patterns formed by an RPD aperture array (top left corner) on the 10 mm by 10

mm sample. The pixels in the center of the images are saturated on the camera’s detector.
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5. Results and discussion

Figure 4 demonstrates the see-through functionality of the RPD aperture array using the 10 mm

by 10 mm sample (an optical microscope image of the used sample is shown in the top left corner

of Fig. 5(d)). As it can be seen from the line cut intensity plots shown in Fig. 4. (c-f) on average

the intensity of the image when seen through the RPD aperture array is about 40-50% lower

than the intensity of the image seen without the sample. This matches well with the 50% target

transmission ratio for the fabricated RPD aperture array. In Fig. 4(c), additional contrast loss in

the image with the RPD pattern is observed (blue curve) due to the black regions between the

neighboring groups of three white stripes having higher intensity than 0 (while the orange curve

reaches close to 0 in those regions). This is due to the diffraction effects from the aperture array.

On average that “leaked” light intensity is about 10-15% from the peak intensity of the image

without the RPD pattern and is observed also in Fig. 4(d) and (e).

As we move from Fig. 4(c) to Fig. 4(f) the line cuts A-D, whose intensity is plotted, represent

regions of the test target with higher spatial resolution, increasing from 1.12 line pairs/mm at the

top of line cut A to 14.25 line pairs/mm at the bottom of line cut D. Naturally, due to the limited

performance of the used camera, the contrast (ratio between the peaks and lows of the intensity

curves) decreases for the higher spatial frequencies and the peaks corresponding to each white

stripe become less distinguishable. However, most of the peaks that are distinguishable in the

image without the RPD pattern are also distinguishable in the image with the RPD pattern. Thus,

despite of the lower overall contrast due to the 50% see-through ratio and the additional diffraction

artifacts the RPD pattern still provides comparable see-through experience. It should be noted

that in Fig. 4(f) the spatial resolution of the white strips is high enough that it is impossible

to resolve two neighboring strips for both the image with and without the RPD aperture array,

showing that the loss in resolution is mostly due to the performance of the camera and not the

RPD sample. The black regions between neighboring groups of three stripes have the same

intensity for both the blue and orange curve which confirms that the blur caused by the camera

performance is the limiting factor in this region of low resolution and not the diffraction effects

from the RPD aperture array.

Figure 5(b) presents the efficiency results for the fabricated grating device in reflection. First, it

can be seen that the experimentally measured first order efficiency η1 (red stars) of the diffractive

grating was in good agreement with the simulated values (red squares). The efficiency η2 of the

final device including the diffraction grating and the RPD aperture pattern is also shown (blue

triangles) as well as the ratio η2/η1 (bottom inset).

The see-through ratio for the fabricated device was chosen to be 50%. As previously discussed,

this setting means that 50% of the light illuminating the back of the device will be transmitted

through. It also means that 50% of the light hitting the front of the sample will not interact

with the nano-tokens forming the grating (as they were etched away at the location of the RPD

apertures) and hence will not contribute to the diffracted light. The result is an efficiency η2 that

theoretically should be half of the initial efficiency η1 of the grating before the RPD aperture array

was etched. It should be noted that the source used in the experiments was not an ideal plane

wave but a Gaussian that could cause deviations from the desired transmission ratio (and the

corresponding η2/η1 ratio). However, as previously stated the incoming beam overfills the sample.

Furthermore, the diameters of the RPD apertures (<30 µm) are significantly smaller than the 1/e2

beam diameter of the Gaussian beam (∼2.2 mm) and hence, the beam intensity over each RPD

aperture is relatively constant. We further verified this assumption by numerically calculating

the light transmitted by each individual aperture and showed that for the used Gaussian beam

the expected η2/η1 ratio varies by less than 0.25% from the desired 50% target for all AOIs of

interest. The average (averaged over all AOIs from 0 to 50 degrees) experimentally measured

ratio η2/η1 is 51.33% with a standard deviation of 5.28 as seen in the inset of Fig. 5(b).



Research Article Vol. 9, No. 10 / 1 October 2019 / Optical Materials Express 4078

To study the effects of the RPD pattern under bright light low coherence elimination we

also used the larger 10 mm by 10 mm sample. The images in Fig. 5(d) (besides the optical

microscope image of the sample in the top left inset) were taken with the setup shown in Fig. 5(c)

and described in detail in the previous section. All images were taken with the camera sensor

saturated at the center of the image to properly simulate the similar saturation effect, looking

at a bright light would have on a user’s retina. An image of the white LED source without a

bandpass filter and without the RPD aperture array pattern is shown in top row, middle inset.

The image of the diffracted white light through the RPD aperture array with no bandpass filter

is shown in the top right corner. The middle row shows images of the LED source without

the RPD aperture array through bandpass filters of 620 nm, 532 nm and 450 nm, from left to

right correspondingly. The bottom row shows the light diffracted through the RPD aperture

array for each of the corresponding wavelengths. As can be seen by the bottom row and the top,

right figure, the diffracted light forms a halo around the original source but no sharp features or

structures like streaks, speckle or rings are observed. The only exception is a single dark ring for

the blue light which is however not present for the other wavelengths or for the white diffracted

light. This behavior is a significant improvement to alternative methods where the apertures are

not distributed randomly or have the same diameter.

To better quantify the magnitude of the diffraction halo we took two more images of the white

LED with and without the RPD aperture array without the camera saturating as shown in Fig. 6(a)

and (b). The intensity through the line cuts shown in (a) and (b) is shown in Fig. 6(c). An overall

decrease in intensity is observed as expected due to the semi-transparent properties of the RPD

pattern. The diffraction halo caused by the aperture array is evident by the wings of the blue

curve surrounding the area of high intensity at the center of the LED. The peak of those wings is

about 10% of the peak intensity without the RPD pattern which is comparable to the diffraction

effects seen in Fig. 4.

Fig. 6. (a) The intensity of an image of the LED taken in the setup shown in Fig. 5(c)

without the RPD pattern sample. (b) The intensity of an image of the LED as seen through

the RPD pattern sample. (c) The intensity through the line cuts shown in (a) and (b). The

intensity is measured in the same arbitrary units used in Fig. 4.

6. Conclusion

In this paper, we proposed and reported on an alternative approach to an ultrathin 2-6 nm Ag

backplate to achieve semi-transparency while preserving the anomalous reflection. The approach

consists in etching a set of circular apertures with diameters much larger than the wavelength of

operation. With this approach, we have demonstrated the design, fabrication and performance of

a dual function metasurface based device that can be used in reflection as a grating while also

transmitting light when illuminated from the back without introducing undesirable diffraction

artifacts. The metasurface grating has 1200 lp/mm grating spacing and is optimized to have a

∼20% efficiency in the first diffractive order at 650 nm illumination. An RPD aperture array was
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used to provide the desired transmission ratio of 50%. The light diffracted through this array

does not form any sharp features or structures like streaks and rings making it viable for use as

part of a visual system. The see-through performance of the RPD pattern was demonstrated.

At high resolution imaging, diffraction blur was observed with intensity of 10-15% of the peak

intensity without the aperture array. At low resolution imaging, the blur from the imaging optics

was predominant and was not noticeably increased by diffraction effects from the see-through

RPD pattern. The dual functionality of this see-through metasurface diffraction grating can be

useful in a variety of consumer optical systems including waveguide or combiner based HWDs.
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