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SUMMARY: 24 
We present a protocol for fabrication of spin- and direction-multiplexed visible metaholograms, 25 
then conduct an optical experiment to verify their function. These metaholograms can easily 26 
visualize encoded information, so they can be used for projective volumetric display and 27 
information encryption. 28 
 29 
ABSTRACT:  30 
The optical holography technique realized by metasurfaces has emerged as a novel approach to 31 
projective volumetric display and information encryption display in the form of ultrathin and 32 
almost flat optical devices. Compared to the conventional holographic technique with spatial 33 
light modulators, the metahologram has numerous advantages such as miniaturization of optical 34 
setup, higher image resolution and larger field of visibility for holographic images. Here, a 35 
protocol is reported for the fabrication and optical characterization of optical metaholograms 36 
that are sensitive to the spin and direction of incident light. The metasurfaces are composed of 37 
hydrogenated amorphous silicon (a-Si:H), which has large refractive index and small extinction 38 
coefficient in the entire visible range resulting in high transmittance and diffraction efficiency. 39 
The device produces different holographic images when the spin or direction of incident light are 40 
switched. Therefore, they can encode multiple types of visual information simultaneously. The 41 
fabrication protocol consists of film deposition, electron beam writing and subsequent etching. 42 
The fabricated device can be characterized using a customized optical setup that consists of a 43 
laser, a linear polarizer, a quarter waveplate, a lens and a charge-coupled device (CCD). 44 

Manuscript Click here to access/download;Manuscript;61334_R1_RE.docx

https://www.editorialmanager.com/jove/download.aspx?id=1182225&guid=2ff6e3ad-5229-4eff-abe9-80abba1915b7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1182225&guid=2ff6e3ad-5229-4eff-abe9-80abba1915b7&scheme=1


   

 45 
INTRODUCTION:  46 
Optical metasurfaces composed of sub-wavelength nanostructures have enabled many 47 
interesting optical phenomena, including optical cloaking1, negative refraction2, perfect light 48 
absorption3, color filtering4, holographic image projection5, and beam manipulation6-8. Optical 49 
metasurfaces that have appropriately-designed scatterers can modulate the spectrum, 50 
wavefront and polarization of light. Early optical metasurfaces were mainly fabricated using 51 
noble metals (e.g., Au, Ag) due to their high reflectivity and ease of nanofabrication, but they 52 
have high Ohmic losses, so the metasurfaces have low efficiency at short visible wavelengths.  53 
 54 
Development of nanofabrication techniques for dielectric materials that have low losses in visible 55 
light (e.g., TiO2

9, GaN10, and a-Si:H11) has enabled realization of highly efficient flat optical devices 56 
with optical metasurfaces. These devices have applications in optics and engineering. One 57 
intriguing application is optical holography for projective volumetric display and information 58 
encryption. Compared to conventional holograms that use spatial light modulators, the 59 
metahologram has numerous advantages such as miniaturization of optical setup, higher 60 
resolution of holographic images and larger field of visibility. 61 
 62 
Recently, encoding of multiple holographic information in a single-layered metahologram device 63 
has been achieved. Examples include metaholograms that are multiplexed in spin12,13, orbital 64 
angular momentum14, incident light angle15, and direction16. These efforts have overcome the 65 
critical shortcoming of metaholograms, which is a lack of design freedom in a single device. Most 66 
conventional metaholograms could only produce single encoded holographic images, but 67 
multiplexed device can encode multiple holographic images in real time. Hence, the multiplexed 68 
metahologram is a crucial solution platform towards real holographic video display or 69 
multifunctional anticounterfeiting holograms. 70 
 71 
Reported here are protocols to fabricate spin- and direction-multiplexed all-dielectric visible 72 
metaholograms, then to optically characterize them13,16. To encode multiple visual information 73 
in a single metasurface device, metaholograms are designed which show two different 74 
holographic images when the spin or direction of incident light are changed. To fabricate highly 75 
efficient holographic images in a manner comparable with CMOS technology, a-Si:H is used for 76 
the metasurfaces and dual magnetic resonances and antiferromagnetic resonances induced 77 
inside them are exploited. The fabrication protocol consists of film deposition, electron beam 78 
writing, and etching. The fabricated device is characterized using a customized optical setup 79 
composed of a laser, a linear polarizer, a quarter waveplate, a lens and a charge-coupled device 80 
(CCD). 81 
 82 
PROTOCOL: 83 
 84 
1. Device fabrication 85 
 86 
NOTE: Figure 1 shows the fabrication process of a-Si:H metasurfaces17. 87 
 88 



   

1.1. Prepare a fused silica wafer piece (size = 2 cm x 2 cm, thickness = 500 µm) as a substrate. 89 
Rinse the substrate with acetone and isopropyl alcohol (IPA) then blow nitrogen gas over the 90 
substrate to dry it. 91 
 92 
1.2. Deposit a 380 nm thick a-Si:H film on the substrate using plasma-enhanced chemical vapor 93 
deposition (PECVD) with the following settings: chamber temperature = 300 °C; radio frequency 94 
power = 800 W; gas flow rate = 10 sccm for SiH4 and 75 sccm for H2; process pressure = 25 mTorr; 95 
time = 30 s. 96 
 97 
1.3. Spin-coat an e-beam lithography photoresist. Drop polymethyl methacrylate (PMMA) A2 98 
onto the substrate and spin-coat with a rotation speed of 2,000 rpm for 1 min. 99 
 100 
1.4. Bake the resist-coated substrate on a hotplate at 180 °C for 5 min. 101 
 102 
1.5. Spin-coat a conductive polymer layer to prevent charge accumulation during the e-beam 103 
writing process. Drop the conductive polymer (e.g., Espacer) onto the substrate and spin-coat 104 
with a rotation speed of 2,000 rpm for 1 min. 105 
 106 
1.6. Run e-beam lithography with an acceleration voltage of 80 kV and a current of 50 pA.  107 
 108 
1.7. Immerse the sample in deionized (DI) water for 2 min to remove the conductive polymer 109 
layer. Immerse the sample in 1:3 methyl isobutyl ketone (MIBK):IPA solution surrounded by an 110 
iced cup for 12 min to develop the exposed pattern. Then rinse the sample with IPA for 30 s. 111 
 112 
1.8. Deposit a 30 nm thick chromium (Cr) film by using an e-beam evaporator.  113 
 114 
1.9. Immerse the sample in acetone to remove the unexposed photoresist layer and transfer the 115 
Cr pattern onto the substrate. Sonicate for 1 min at 40 kHz, then rinse with IPA for 30 s. 116 
 117 
1.10. Etch the uncovered a-Si:H layer to transfer the Cr pattern into the a-Si:H layer using a dry 118 
etcher with a source power of 500 W, bias of 100 V, gas flow rates of 80 sccm for Cl2 and 120 119 
sccm for HBr. 120 
 121 
1.11. Immerse the sample in a Cr etchant solution to remove the Cr etch mask. Then rinse the 122 
sample sequentially with acetone, IPA and DI water for 30 s, respectively.  123 
 124 
2. Scanning electron microscope characterization 125 
 126 
2.1. Spin-coat a conductive polymer layer to prevent charge accumulation during the electron 127 
beam scanning process. Drop the conductive polymer onto the substrate and spin-coat at a 128 
rotation speed of 2,000 rpm for 1 min. 129 
 130 
2.2. Fix the substrate onto the sample holder using carbon tape. Vent the load lock chamber by 131 
pressing the AIR button. 132 



   

 133 
2.3. Put the holder onto the holding rod of the load-lock chamber. Evacuate the load lock 134 
chamber by pressing the EVAC button. 135 
 136 
2.4. Set the stage height and tilting angle by setting the Z sensor to 8 mm and the T sensor to 0°. 137 
 138 
2.5. Open the load lock chamber door by pressing the OPEN button. Press the holding rod to 139 
transfer the holder to the main scanning electron microscope (SEM) chamber. Pull out the rod 140 
and press the CLOSE button. 141 
 142 
2.6. Check the vacuum state before turning on the electron gun. Execute the flashing function by 143 
pressing the FLASHING button to remove carbon or dust in the electron gun with an instant high 144 
voltage. 145 
 146 
2.7. Turn on the electron gun with an accelerating voltage of 5 kV by clicking the ON button in 147 
the SEM software. 148 
 149 
2.8. Adjust the beam alignment to precisely locate the electron beam in the center position by 150 
clicking the BEAM ALIGNMENT panel in the software. Using a stage controller, locate the beam 151 
in the center. 152 
 153 
2.9. Adjust the aperture alignment and stigma alignment to make a circular electron beam by 154 
clicking the APERTURE ALIGNMENT panel in the software. Using a stigma controller, make a 155 
stable beam to scan on the same spot.  156 
 157 
2.10. Capture SEM images with an appropriate focus and stigmator adjustment. 158 
 159 
2.11. Turn off the electron beam by clicking the OFF button in the software. Click the HOME 160 
button to return the stage to its original position. 161 
 162 
2.12. Open the door of the main chamber and push the rod to pick up the sample holder. Vent 163 
the load lock chamber by pressing the AIR button, then unload the holder. 164 
 165 
2.13. Rinse the sample with DI water to remove the conductive polymer layer. 166 
 167 
3. Optical characterization of the spin-multiplexed metahologram 168 
 169 
3.1. Prepare optical components listed in Table of Materials. 170 
 171 
3.2. Attach the diode laser module to an adapter that can be plugged into a 1 inch optical mount. 172 
Adjust the height of the diode laser by using a post and a post holder, and fix the position by 173 
using a clamp. 174 
 175 
NOTE: Every optical component should be mounted using a post and a post holder, then fixed in 176 



   

position by using a clamp. 177 
  178 
3.3. Assemble the half-wave plate by using a 1 inch rotational mount, then place the plate in front 179 
of the laser module to rotate the linearly-polarized light. 180 
 181 
3.4. Prepare two mirrors by mounting them on 1 inch kinematic mounts and one alignment disk 182 
to align the direction of initial beam. 183 
 184 
3.4.1. Place the alignment disk in front of the laser and set the height. Place the two mirrors so 185 
that the beam bends twice at 90° each to be alternating directions. 186 
 187 
3.4.2. Place the alignment disk near the second mirror and adjust the angle of the first mirror by 188 
rotating knobs to align the light in the center. 189 
 190 
3.4.3. Place the alignment disk far from the second mirror and adjust the angle of the second 191 
mirror by rotating knobs to align the light in the center. 192 
 193 
3.4.4. Repeat steps 3.4.2 and 3.4.3 until the light passes through the center of an alignment disk 194 
in both places. 195 
 196 
3.5. Place a neutral density filter behind the mirror to control the intensity of light. Place an iris 197 
behind the neutral density filter to control the diameter of incident light. 198 
 199 
3.6. To make a circularly polarized light, place a linear polarizer and a quarter wave plate in order 200 
behind the iris. Mount each component on its own rotational mount. 201 
 202 
3.7. Attach the fabricated metasurface to a plate with a hole and mount the plate on the XY 203 
translation mount for rectangular optics. Adjust the XY translation mount so that light is directed 204 
to the pattern in the sample. 205 
 206 
3.8. Place a lens after the metasurface. Adjust the position of lens to be placed at the focal length. 207 
Place a CCD after the lens to capture a hologram image. 208 
 209 
4. Optical characterization of the direction-multiplexed metahologram 210 
 211 
4.1. Prepare two beam splitters, two mirrors, lens and CCD. 212 
 213 
NOTE: This setup can be built from the spin-multiplexed metahologram setup by adding 214 
additional components. 215 
 216 
4.2. Place a beam splitter between the quarter-wave plate and the XY translation mount to split 217 
the beam into two directions. Place another beam splitter between the XY translation mount and 218 
the lens. 219 
 220 



   

NOTE: One beam path is the same as the previous spin-multiplexed metahologram setup. Here, 221 
another split beam will be aligned to illuminate a sample in the opposite direction to the previous 222 
setup. 223 
 224 
4.3. Place two mirrors so that the beam bends twice at 90° each to form alternating directions 225 
and adjust the beam to be directed into the second beam splitter. Finely align the light so that 226 
the beam irradiates the sample correctly in the opposite direction. 227 
 228 
4.4. Place another lens at 90° to the right of the first beam splitter and place a CCD to capture a 229 
hologram image from the opposite direction. 230 
 231 
REPRESENTATIVE RESULTS:  232 
The a-Si:H metasurfaces enable high cross-polarization efficiency and can be fabricated using a 233 
method (Figure 1) that is compatible with CMOS; this trait may enable scalable fabrication and 234 
near-future commercialization. The SEM image shows the fabricated a-Si:H metasurfaces (Figure 235 
2). Furthermore, a-Si:H has a larger refractive index than TiO2 and GaN, so even with low aspect 236 
ratio nanostructure of around 4.7, an a-SiH meta-hologram with high diffraction efficiency can 237 
be realized. The calculated efficiency at 633 nm wavelength was 74% and the measured efficiency 238 
was 61%.  239 
 240 
A spin-multiplexed metahologram can switch the projected holographic images by simply flipping 241 
the handedness of the incident circularly polarized light (Figure 3a). To design such a spin-242 
multiplexed metahologram, two kinds of metasurfaces were used; they can produce different 243 
responses depending on whether the light is circularly polarized to the left or to the right. The 244 
Gerchberg-Saxton algorithm was used to calculate a phase map that corresponds to the off-axis 245 
holographic images. As a result, depending on the input beam polarization states, ‘ITU’ and ‘RHO’ 246 
holographic images (Figure 3c−e) can be switched in real-time with high fidelity. 247 
 248 
A direction-multiplexed metahologram can switch the projected holographic images by changing 249 
the incident light direction (Figure 4a). For instance, if the light comes in from the substrate side 250 
(forward direction), the holographic ‘RHO’ images can be observed (Figure 4b,d), and if the light 251 
comes from the metasurface side (backward direction), the holographic ‘ITU’ images can be seen 252 
(Figure 4c,e). The hologram device that operates in both directions has the advantages of 253 
extending the area in which information can be transmitted, and of transmitting and receiving 254 
different visual information according to the position of the observer.  255 
 256 
FIGURE LEGENDS:  257 
Figure 1: Flow chart of a-Si:H metasurface fabrication. The fabrication starts with a double-side-258 
polished fused silica substrate. Using PECVD, 380 nm thick a-Si:H is deposited and followed by 259 
spin-coating of the e-beam resist, PMMA A2. Electron beam lithography (EBL) scanning draws 260 
nanorod patterns on the resist, which are transferred onto the a-Si:H layer by the Cr lift-off 261 
process. A dry etching process transfers the Cr pattern onto the a-Si:H layer, then the Cr etch 262 
mask is removed using a Cr etchant.  263 
 264 



   

Figure 2: The SEM image of the fabricated device. A tilted view of the SEM image of 380 nm thick 265 
a-Si:H metasurfaces is presented. During the etching process, a slanted side-wall profile occurred.  266 
 267 
Figure 3: A spin-multiplexed metahologram. (a) Schematic of operation of the proposed spin-268 
multiplexed metahologram. (b) Optical microscope and SEM images. The total size of the 269 
fabricated metahologram device is 400 µm x 400 µm. A single nanorod has a length of 200 nm, a 270 
width of 80 nm, and a height of 380 nm. (c) Experimentally obtained ‘ITU’ holographic images 271 
with the left circular polarization working at a wavelength of 633 nm. (d) Experimentally obtained 272 
‘RHO’ holographic images with the right circular polarization captured with a CCD camera. 273 
(e) Experimentally obtained both holographic images using the elliptically polarized light. This 274 
figure was modified from Ansari et al.13. 275 
 276 
Figure 4: A direction-multiplexed metahologram. (a) Schematic of operation of the proposed 277 
direction-multiplexed metahologram. (b,c) Fresnel-type metahologram finite-different time-278 
domain simulation results. A left circular polarized light illuminated in forward and backward 279 
directions. (d,e) Experimentally obtained holographic images captured with a CCD camera. This 280 
figure was modified from Ansari et al.16. 281 
 282 
DISCUSSION: 283 
The a-Si:H metasurfaces were fabricated in three major steps: a-Si:H thin film deposition using 284 
PECVD, precise EBL, and dry etching. Among these steps, the EBL writing process is the most 285 
important. First, the pattern density on metasurfaces is quite high, so the process requires 286 
precise control over the electron dose (energy) and scanning parameters such as number of dots 287 
per unit area. The development condition should also be chosen carefully. The density of the 288 
pattern is very high, so when the development process is done instantaneously, the nanorod-289 
shaped patterns are not defined well, but are connected to each other. To prevent this problem 290 
and to provide an appropriate negative slop of photoresist, which enables easy lift-off, a cold-291 
development technique was used in which the development process is conducted at 2−4 °C. 292 
Furthermore, a bi-layer resist method can be used for easy lift-off process, where two different 293 
kinds of resists having different molecular weights and solubility in a development solution are 294 
used. Additionally, the side wall profile during the etching process should be made as close to 90° 295 
as possible by adjusting the etching process.  296 
 297 
SEM and optical characterization of the fabricated metasurfaces should be rigorously conducted. 298 
By observing SEM images of the fabricated structures, exact geometric parameters and side-wall 299 
profile should be checked to predict the efficiency of metahologram. For the optical experiment, 300 
to produce and obtain high quality holographic images, the incident laser beam shape and 301 
focusing should be adjusted accurately. Hence, the optical component should be well aligned 302 
with each other and properly positioned according to the component specifications such as focal 303 
length of lens and angle of polarizer and waveplate.  304 
 305 
In this work, we presented a detailed fabrication and characterization method for spin- and 306 
direction-multiplexed metaholograms. Increasing the number of functionality on single-layer 307 
metasurface is a useful technique for expanding the applications of metasurface. At the same 308 



   

time, however, active functions that can change diverse functions imposed in real time should 309 
also be studied. In this experiment, passive methods, such as changing the polarizer angle or 310 
optical components, were used to switch holographic images. However, if active material 311 
systems such as phase change materials or liquid crystals are combined with the multifunctional 312 
metahologram, the holographic video display and anticounterfeiting display technology with 313 
metahologram can be commercialized in the near future18. 314 
 315 
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Name of Material/ Equipment Company Catalog Number

Aceton J.T. Baker 925402

Beam splitter Thorlabs CCM1-BS013/M

Chromium etchant KMG Cr-7

Chromium evaporation source Kurt J. Lesker EVMCR35D

Clamp Thorlabs CP175

Conducting polymer Showa denko E-spacer

Diode laser Thorlabs CPS635

E-beam evaporation system Korea Vacuum Tech KVE-E4000

E-beam resist Microchem 495 PMMA A2

Electron beam lithography Elionix ELS-7800

Half-wave plate Thorlabs AHWP05M-600

Inductively-coupled plasma reactive ion etching DMS -

Iris Thorlabs SM1D12

Isopropyl alcohol J.T. Baker 909502

Kinematic mirror mount Thorlabs KM100/M

Lens Thorlabs LB1630

Lens Mount Thorlabs LMR2/M

Linear polarizer Thorlabs GTH5-A

Mirror Thorlabs PF10-03-G01

Neutral density filter Thorlabs NDC-50C-4

Plasma enhanced chemical vapor deposition BMR Technology HiDep-SC

Post Thorlabs TR75/M

Post holder Thorlabs PH75E/M

Quarter-wave plate Thorlabs AQWP10M-580

Resist developer Microchem MIBK:IPA=1:3

Rotational mount Thorlabs RSP1/M

Scanning electron microscopy Hitachi Regulus8100

XY translation mount Thorlabs XYF1/M

1-inch adapter Thorlabs AD11F

1-inch lens mount Thorlabs CP02/M
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Comments/Description





Editorial Comments: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 

no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any 

errors in the submitted revision may be present in the published version. 

2. Please obtain explicit copyright permission to reuse any figures from a previous publication. 

Explicit permission can be expressed in the form of a letter from the editor or a link to the 

editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to 

your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, 

i.e. “This figure has been modified from [citation].” 

3. JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. 

Please remove all commercial language from your manuscript and use generic terms instead. 

All commercial products should be sufficiently referenced in the Table of Materials. You may 

use the generic term followed by “(Table of Materials)” to draw the readers’ attention to specific 

commercial names. Examples of commercial sounding language in your manuscript are: E-

spacer, 

4. Steps 2.10 and 2.11: For actions involving software usage, please provide all specific details 

(e.g., button clicks, software commands, any user inputs, etc.) needed to execute the actions. 

5. Please reference different panels of Figure 2 and Figure 3 in the results section. 

6. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 actions 

and maximum of 4 sentences per step. 

7. Please include single line spacing between each numbered step or note in the protocol. 

8. Please remove the embedded figure(s) from the manuscript. 

9. Table of Materials: Please ensure that it has information on all relevant supplies, reagents, 

equipment and software used, especially those mentioned in the Protocol. Please sort the 

materials alphabetically by material name. 

10. For in-text references, the corresponding reference numbers should appear as superscripts 

after the appropriate statement(s) in the text (before punctuation but after closed parenthesis). 

The references should be numbered in order of appearance. 

 

Comment 1:  

Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors 

in the submitted revision may be present in the published version. 

Our response 1: 

Yes, we’ve double checked and proofread whole manuscript to ensure that there are no spelling 

or grammar issues. 

 

Comment 2:  

Please obtain explicit copyright permission to reuse any figures from a previous publication. 

Explicit permission can be expressed in the form of a letter from the editor or a link to the 
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editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to 

your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, 

i.e. “This figure has been modified from [citation].” 

Our response 2: 

We prepared a license for copyright permission of reference 13 and 16. 

 

Comment 3:  

JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. 

Please remove all commercial language from your manuscript and use generic terms instead. 

All commercial products should be sufficiently referenced in the Table of Materials. You may 

use the generic term followed by “(Table of Materials)” to draw the readers’ attention to 

specific commercial names. Examples of commercial sounding language in your manuscript 

are: E-spacer 

Our response 3: 

Yes, we’ve deleted all commercial language from the manuscript. (e.g. E-spacer) 

 

Comment 4:  

Steps 2.10 and 2.11: For actions involving software usage, please provide all specific details 

(e.g., button clicks, software commands, any user inputs, etc.) needed to execute the actions. 

Our response 4: 

Yes, we’ve added the actions to perform those features as below. 

“2.10. Adjust beam alignment to precisely locate electron beam on the center position. In the 

SEM software, click the BEAM ALIGNMENT panel. Using a stage controller, locate the beam 

in the center. 

2.11. Adjust aperture alignment and stigma alignment to make circular shape of electron beam. . 

In the SEM software, click the APERTURE ALIGNMENT panel. Using a stigma controller, 

make a beam stable to scan on the same spot.” 

 

Comment 5:  

Please reference different panels of Figure 2 and Figure 3 in the results section. 

Our response 5: 

All of the figure 2 (figure 3 in the revised version) are modified from reference 13. 

All of the figure 3 (figure 4 in the revised version) are modified from reference 16. 



Comment 6:  

Please combine some of the shorter Protocol steps so that individual steps contain 2-3 actions 

and maximum of 4 sentences per step. 

Our response 6: 

We’ve written the step by step protocol as concisely as possible so that the reader can easily 

reproduce the experiment, where each step contains 2-3 actions. 

 

Comment 7:  

Please include single line spacing between each numbered step or note in the protocol. 

Our response 7: 

We modified the line spacing to meet the criteria.  

 

Comment 8:  

Please remove the embedded figure(s) from the manuscript. 

Our response 8: 

We removed the embedded figures from the manuscript and prepared individual figure files. 

 

Comment 9:  

Table of Materials: Please ensure that it has information on all relevant supplies, reagents, 

equipment and software used, especially those mentioned in the Protocol. Please sort the 

materials alphabetically by material name. 

Our response 9: 

We modified the list and sort the materials alphabetically. 

 

Comment 10:  

For in-text references, the corresponding reference numbers should appear as superscripts after 

the appropriate statement(s) in the text (before punctuation but after closed parenthesis). The 

references should be numbered in order of appearance. 

Our response 10: 

We amended the reference style and all the references are numbered in order of appearance.  

 



Reviewer: 1 

 

Comments: 

The manuscript presents a protocol of fabrication and optical characterizations of optical 

metaholograms made of hydrogenated amorphous silicon (a-Si:H), sensitive to the spin and 

direction of incident light. The fabrication protocol consists of film deposition, electron beam 

writing and subsequent etching. The fabricated device was characterized using a customized 

optical setup that consists of a laser, a linear polarizer, a quarter waveplate, a lens and a charge-

coupled device (CCD). 

 

The topic is relevant to the Journal (JoVE); all the materials and equipment needed are listed 

up; all the steps are clearly explained. However, I want the authors to add a few more 

information in the fabrication part. 

 

- The authors used PMMA single layer for Cr lift-off process with sonification to dissolve the 

resist. I presume this could only be possible when the patterned resist profile has negative slop. 

Is this the case in the experiment? Also hard sonification could lead to the damage on the metal. 

To avoid these problems PMMA bilayers are utilized for easy liftoff. 

- It would be helpful to display high magnification of patterned a-Si:H to show the verticality 

of the etching and edge /sidewall roughness. 

 

Response to comments of reviewer #1 

We would like to express our sincere gratitude and appreciation on essential, positive and 

constructive comments of the reviewers. As the reviewer raised several very good questions 

and comments, we address them in the following sections point-by-point by providing more 

detailed analysis and explanations. 

 

Comment 1:  

The authors used PMMA single layer for Cr lift-off process with sonification to dissolve the 

resist. I presume this could only be possible when the patterned resist profile has negative slop. 

Is this the case in the experiment? Also hard sonification could lead to the damage on the metal. 

To avoid these problems PMMA bilayers are utilized for easy liftoff. 

 

Our response 1: 

We thank the reviewer for his/her constructive comments.  

Yes, as the reviewer pointed out, the single layer PMMA has a slight negative slop once the 

development process is conducted at low temperature. Also the hard sonication may lead to the 

damage on the nanostructures, particularly edges of them can be teared off. To prevent this, we 

used gentle sonication condition (1 min at 40 kHz).  
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Of course, as the reviewer suggested, the bi-layer resists consisting of two different PMMA 

layers with different molecular weight would be helpful for easy lift-off process. 

In this study, we used the single layer PMMA because its height (~ 100 nm) is enough thick to 

provide easy lift off process of 30 nm-thick Cr structures.  

We’ve added this information in the manuscript as below 

“To prevent this problem and to provide an appropriate negative slop of photoresist, which 

enables ease lift-off process, we used a cold-development technique in which the development 

process is conducted at 2 to 4 °C. Furthermore, a bi-layer resist method can be used for easy 

lift-off process, where two different kinds of resists having different molecular weight and 

solubility in a development solution are used.” 

 

Comment 2:  

It would be helpful to display high magnification of patterned a-Si:H to show the verticality of 

the etching and edge /sidewall roughness. 

 

Our response 2: 

We thank the reviewer for his/her constructive comments and agree with the reviewer’s opinion. 

According to reviewer’s suggestion, we added SEM images of a-Si:H metasurfaces with high 

magnification as below.  

 

 

Figure 2: SEM image of fabricated device. A tilted view of SEM image of 380 nm-thick a-Si:H 

metasurfaces are presented. During the etching process, a slanted side-wall profile occurs.  

 



Reviewer: 2 

 

Comments: 

Manuscript Summary: 

The authors present the fabrication and characterization method for spin- and direction-

multiplexed metahologram which is composed of hydrogenated amorphous silicon. This work 

is well written and organized, and I recommend the acceptance of this paper for the publication 

in Journal of Visualized Experiments after minor revision. 

 

Minor Concerns: 

The authors should provide the video of fabrication and characterization. 

 

Response to comments of reviewer #2 

We would like to express our sincere gratitude and appreciation on positive comments of the 

reviewers. We are delighted that the reviewer found our work “this work is well written and 

organized” and recommend the acceptance of this paper.    

 

Comment 1:  

The authors should provide the video of fabrication and characterization. 

 

Our response 1: 

Yes, we are about to produce a video protocol soon.  
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terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci�cally
set forth in the Order Con�rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Con�rmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.

3.3.
Unless otherwise provided in the Order Con�rmation, any grant of rights to User (i) is "one-time" (including
the editions and product family speci�ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con�rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).

Title, description or
numeric reference of the
portion(s)

Engineering spin and
antiferromagnetic
resonances to realize an
e�cient direction-
multiplexed visible meta-
hologram

Editor of portion(s) N/A

Volume of serial or
monograph

5

Page or page range of
portion

52

Title of the
article/chapter the
portion is from

N/A

Author of portion(s) Muhammad Afnan Ansari,
Inki Kim, Ivan D.
Rukhlenko, Mummad
Zubair, Selcuk Yerci,
Tauseef Tauqeer,
Muhammad Qasim
Mehmood and and Junsuk
Rho

Issue, if republishing an
article from a serial

N/A

Publication date of
portion

2020-01-01
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3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi�ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con�rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci�ed in the Order Con�rmation, in addition to the use fee itself and any other fees
and charges speci�ed.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con�rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.

4. Indemnity. User hereby indemni�es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a�liates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.

7. E�ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con�rmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Con�rmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
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8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here: https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Con�rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con�rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a�liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con�rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con�rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con�rmation, and whether such writing appears on a copy of the Order Con�rmation or in a separate
instrument.

8.5. The licensing transaction described in the Order Con�rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con�icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Con�rmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mail to support@copyright.com.

v 1.1
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