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SUMMARY: 21 
A protocol for metal-assisted chemical imprinting of 3D microscale features with sub-20 nm 22 
shape accuracy into solid and porous silicon wafers is presented. 23 
 24 
ABSTRACT: 25 
Metal-assisted electrochemical imprinting (Mac-Imprint) is a combination of metal-assisted 26 
chemical etching (MACE) and nanoimprint lithography capable of direct patterning 3D micro- 27 
and nanoscale features in monocrystalline group IV (e.g., Si) and III-V (e.g., GaAs) 28 
semiconductors without the need of sacrificial templates and lithographical steps. During this 29 
process, a reusable stamp coated with a noble metal catalyst is brought in contact with Si wafer 30 
in the presence of hydrofluoric acid (HF) and hydrogen peroxide (H2O2) mixture which leads to 31 
the selective etching of Si at the metal-semiconductor contact interface. In this protocol, we 32 
discuss the stamp and substrate preparation methods applied in two Mac-Imprint 33 
configurations: (i) porous Si Mac-Imprint with solid catalyst, (ii) solid Si Mac-Imprint with porous 34 
catalyst. This process is a high throughput and is capable of centimeter-scale parallel patterning 35 
with sub-20 nm resolution. It also provides low defect density and large area patterning in a 36 
single operation and bypasses the need for dry etching such as deep reactive-ion etching (DRIE). 37 
 38 
INTRODUCTION: 39 
Three-dimensional micro- and nanoscale patterning and texturization of semiconductors 40 
enables numerous applications in various areas, such as optoelectronics1,2, photonics3, 41 
antireflective surfaces4, super hydrophobic and self-cleaning surfaces5,6 among others. 42 
Prototyping and mass-producing 3D and hierarchical patterns has been successfully 43 
accomplished for polymeric films by soft lithography and nanoimprinting lithography with sub-44 
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20 nm resolution. However, transferring such 3D polymeric patterns into Si relies upon etching 45 
selectivity of a mask pattern during reactive ion etching and thus limits the aspect ratio, induces 46 
shape distortions and surface roughness via scalloping effects7,8. 47 
 48 
A new method (called Mac-Imprint) has been realized for parallel and direct patterning of 49 
porous9 and solid Si wafers10,11 as well as solid GaAs wafers12,13,14. Mac-Imprint is a contact-50 
based wet etching technique which requires contact between substrate and noble metal-51 
coated stamp possessing 3D features in the presence of etching solution (ES), composed of HF 52 
and an oxidant (e.g. H2O2 in the case of Si Mac-Imprint). During the etching two reactions occur 53 
simultaneously15,16; (cathodic reaction) H2O2 reduction at the noble metal, during which 54 
positive charge carriers (holes) are generated and subsequently injected into Si17 and (anodic 55 
reaction) Si dissolution, during which holes are consumed. After sufficient time in contact, the 56 
stamp’s 3D features are etched into the Si wafer. Mac-Imprint has numerous advantages over 57 
conventional lithographical methods, such as high throughput, compatibility with roll-to-plate 58 
and roll-to-roll platforms, amorphous, mono- and polycrystalline Si and III-V semiconductors. 59 
Mac-Imprint stamps can be reused multiple times. Additionally, it is capable to deliver sub-20 60 
nm etching resolution which is compatible with contemporary direct writing methods.  61 
 62 
Key to attaining high-fidelity imprinting is the diffusion pathway to the etching front (i.e., 63 
contact interface between catalyst and substrate). It has been firstly demonstrated in the work 64 
of Azeredo et al. (2016)9 were ES diffusion was enabled through porous Si network. In order to 65 
realize solid Si Mac-Imprint the ES diffusion enabled through porous catalyst has been reported 66 
by Torralba et al. (2017)18, followed by further investigations of the catalyst porosity influence 67 
on ES diffusion in works of Bastide et al. (2019)19 and Sharstniou et al. (2019)20. Thus, the 68 
concept of Mac-Imprint was tested in 3 configurations with distinct diffusion pathways.  69 
 70 
[Place Figure 1 here].  71 
 72 
In the first configuration, the catalyst and substrate are solid providing no initial diffusion 73 
pathway. The lack of reactants diffusion leads to a secondary reaction during imprinting which 74 
forms a layer of porous Si on the substrate around the edge of the catalyst-Si interface. The 75 
reactants are subsequently depleted, the reaction stops resulting in no discernable pattern 76 
transfer fidelity between the stamp and substrate. In the second and third configurations, the 77 
diffusion pathways are enabled through porous networks introduced either in the substrate 78 
(i.e., porous Si) or in the catalyst (i.e., porous gold) and high pattern transfer accuracy is 79 
attained. Thus, the mass transport through porous materials plays a critical role in enabling the 80 
diffusion of reactants and reaction products to and away from the contact interface9,18-20. 81 
 82 
In this paper, Mac-Imprint process steps will be thoroughly discussed including stamp 83 
preparation and substrate pretreatment (protocol section) along with Mac-Imprint itself. The 84 
substrate pretreatment section will include following steps: Si wafer cleaning; Si wafer 85 
patterning with dry etching and substrate anodization (optional). Further, stamp preparation 86 
section will be subdivided into several procedures: PDMS replica molding of Si master mold; UV 87 
nanoimprinting of photoresist layer in order to transfer PDMS pattern and catalytic layer 88 
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deposition via magnetron sputtering followed by dealloying (optional). Finally, in the Mac-89 
Imprint section the Mac-Imprint setup along the Mac-Imprint results (i.e., Si surface 3D 90 
hierarchical patterning) will be presented.  91 
 92 
PROTOCOL: 93 
Caution: Use appropriate safety practices and personal protective equipment (lab coat, gloves, 94 
safety glasses, closed-toe shoes). This procedure utilizes HF acid (48% wt.) which is extremely 95 
hazardous chemical and requires additional personal protective equipment such as face shield, 96 
natural rubber apron and second pair of nitrile gloves that covers hand, wrists and forearms. 97 
 98 
1. Stamp Preparation for Mac-imprint 99 
 100 
1.1. PDMS mold fabrication 101 
 102 
[Place Figure 2 here] 103 
 104 
1.1.1. Prepare RCA-1 solution. To do so, mix deionized pure (DI) water and ammonium 105 
hydroxide in the glass beaker in 5:1 ratio (by volume). Place the beaker with the mixture onto 106 
stirring hotplate (see Table of Materials) and heat the mixture up to 70 ᵒC. Measure the 107 
temperature of the mixture with calibrated thermocouple.  108 
 109 
1.1.2. Add 1 part of the hydrogen peroxide to the preheated mixture to obtain RCA-1 solution. 110 
Keep RCA-1 solution at 70 ᵒC. Wait until RCA-1 solution will start to vigorously bubble. 111 
 112 
1.1.3. Soak Si master mold into RCA-1 solution for 15 min. 113 
 114 
1.1.4. Take the Si master mold out of RCA-1 solution and thoroughly rinse with DI water. 115 
 116 
[Place Figure 3 here] 117 
 118 
1.1.5. Make a Si master mold hydrophobic. Put Si master mold into plastic Petri dish and place it 119 
inside desiccator (see Table of Materials). Using plastic pipette drop few droplets of 120 
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFOCS) onto plastic weighing boat and place it 121 
inside the desiccator next to the plastic Petri dish with Si master mold. 122 
 123 
1.1.6. Close the desiccator lid. Connect the output of the desiccator to the vacuum pump (see 124 
Table of Materials) through PVC tube. Start vacuum pump. Set the pressure level to 30 kPa 125 
using vacuum pump valve. 126 
 127 
1.1.7. Open the desiccator valve and apply vacuum for 30 min. 128 
 129 
1.1.8. While vacuum is applied to the desiccators, mix the base and curing agent provided in 130 
silicone elastomer kit (PDMS) (see Table of Materials) in 10:1 ratio by mass. Slowly stir mixture 131 
with glass spatula for 10-15 min. 132 
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 133 
1.1.9. Turn off the vacuum pump. Open the desiccator and remove the plastic weighing boat 134 
with PFOCS. 135 
 136 
1.1.10. Carefully pour PDMS over Si master mold to completely cover it with the 2-3 mm layer 137 
of PDMS. 138 
 139 
1.1.11. Repeat step 1.1.6. 140 
 141 
1.1.12. Degas PDMS. Open the desiccator valve and apply vacuum for 20 min or until bubbles 142 
disappear. 143 
 144 
1.1.13. Turn off the vacuum pump. Open the desiccator. Take out the plastic Petri dish with 145 
PDMS covered Si master mold and place it onto the hotplate (see Table of Materials) 146 
preheated to 80 °C. 147 
 148 
1.1.14. Cure PDMS with Si master mold on the hotplate at 80 °C for 120 min. 149 
 150 
1.1.15. Remove the plastic Petri dish with cured PDMS from the hotplate. Using scalpel trim the 151 
edges of the cured PDMS inside the plastic Petri dish. Carefully take cured PDMS with Si master 152 
mold out of the plastic Petri dish using tweezers. 153 
 154 
1.1.16. Carefully exscind all PDMS that leaked underneath Si master mold using scalpel. Peel off 155 
cured PDMS from Si master mold using tweezers. Perform peeling off slowly in the direction 156 
parallel to the direction of Si master stamp pattern. 157 
 158 
1.1.17. Crop the 2 x 2 cm PDMS mold with the pattern in the center of it using scalpel. Store the 159 
PDMS mold in the plastic Petri dish with the pattern facing up. 160 
 161 
1.2. Photoresist UV nanoimprinting 162 
 163 
[Place Figure 4 here] 164 
 165 
1.2.1. Cleave 2.5 x 2.5 cm Si chip out of Si wafer using scriber. 166 
 167 
1.2.2. Repeat steps 1.1.1 – 1.1.4 to clean Si chip. 168 
 169 
1.2.3. Bring SU-8 2015 photoresist out from the fridge and let it stay at room temperature for 170 
10-15 min prior to spin coating. 171 
 172 
1.2.4. Open the spin coater (see Table of Materials) lid. Place the Si chip inside the spin coater 173 
onto the vacuum chuck. 174 
 175 
1.2.5. Connect the output of the spin coater to the vacuum pump through PVC tube. Start 176 
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vacuum pump. Set the pressure level to 30 kPa using vacuum pump valve. 177 
 178 
1.2.6. Select the spin coating procedure with the following parameters: spread at 500 rpm for 179 
10 s with acceleration 100 rpm/s, spin at 2000 rpm for 30 s with acceleration 300 rpm/s.  180 
 181 
NOTE: Step 1.2.6 will produce a 20 µm thick SU-8 2015 layer.  182 
 183 
1.2.7. Apply vacuum to the vacuum chuck by pressing “VAC ON” button on the spin coater 184 
display. Refer to Supplemental file Figure S1. 185 
 186 
1.2.8. Pour 1.5 mL of SU-8 2015 photoresist at the center of the Si chip. 187 
 188 
1.2.9. Close the spin coater lid. Start spin coating by pressing “START” button on the spin coater 189 
display. Refer to Supplemental file Figure S1. 190 
 191 
1.2.10. Open the spin coater lid. Turn off vacuum by pressing “VAC OFF” button on the spin 192 
coater display. Refer to Supplemental files Figure S1. Take out the Si chip with spin coated layer 193 
of SU-8 2015 photoresist using tweezers. 194 
 195 
1.2.11. Carefully place PDMS mold on the photoresist coated Si chip with pattern facing down. 196 
Flatten PDMS mold using finger press. Put UV transparent glass plate on the backside of PDMS 197 
yielding 15 g/cm2 weight applied to PDMS mold. 198 
 199 
1.2.12. Perform constant UV exposure using a 6 W UV bulb (see Table of Materials) placed at a 200 
distance of 10 cm from Si wafer surface during 2 h. 201 
 202 
1.2.13. Peel off PDMS mold from Si chip using tweezers. Perform peeling off slowly in the 203 
direction parallel to the direction of cured SU-8 2015 pattern. 204 
 205 
1.3. Gold catalyst thin-film deposition by magnetron sputtering 206 
 207 
[Place Figure 5 here] 208 
 209 
1.3.1. Attach Si chips with patterned SU-8 2015 photoresist layer onto 4” Si wafer using double-210 
sided polyimide tape. 211 
 212 
1.3.2. Open the chamber of the magnetron sputter (see Table of Materials). Place 4” Si wafer 213 
with attached Si chips onto rotational plate. Close the plate solid shutter by pressing “Solid” 214 
button in the control software. Refer to Supplemental file Figure S2b.  215 
 216 
NOTE: “Solid” button will turn green when the shutter is closed.  217 
 218 
1.3.3. Place Cr and Au targets (see Table of Materials) onto magnetron guns connected to the 219 
DC power supply. Place Ag target (see Table of Materials) onto magnetron gun connected to RF 220 
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power supply. Set the distance between targets and rotational plate to 8.5”. 221 
 222 
1.3.4. Close the chamber of the magnetron sputter and start evacuating the chamber by 223 
pressing “Pump down” and “Turbo enable” buttons in the control software. Leave it overnight. 224 
Refer to Supplemental file Figure S2a. 225 
 226 
1.3.5. Turn on DC and RF power supplies. Open the Cr gun shutter by pressing “Gun 1 open” 227 
button in the control software. Set the DC power supply to 100 W in the control software. Refer 228 
to Supplemental file Figure S2b. 229 
 230 
1.3.6. Set “Thickness Controlled Process” thickness to 200 Å. Enable the rotation of the 231 
rotational plate by pressing “Cont” and “Rotation” buttons in the control software. Refer to 232 
Supplemental files Figure S2b. 233 
 234 
1.3.7. Set deposition pressure to 3 mTorr. Refer to Supplemental files Figure S2b.  235 
 236 
1.3.8. Set Ar flow rate to 50 sccm in the control software. Enable DC power supply by pressing 237 
“DC supply” in the control software. Change Ar flow rate to 5 sccm. Refer to Supplemental file 238 
Figure S2b. 239 
 240 
1.3.9. Start the crystal thickness monitor and tare the thickness by pressing “START” and “ZERO 241 
THICKNESS” buttons respectively in the control software. Refer to Supplemental files Figure 242 
S2b. 243 
 244 
1.3.10. Start thickness controlled process by pressing “Thickness Controlled Process” button. 245 
Open the plate solid shutter by pressing “Solid” button. Tare the thickness monitor one more 246 
time by pressing “ZERO THICKNESS” button. Refer to Supplemental files Figure S2b. 247 
 248 
1.3.11. After sputtering ends close plate solid shutter by pressing “Solid” button. Stop thickness 249 
monitor by pressing “STOP” button. Refer to Supplemental files Figure S2b. 250 
 251 
1.3.12. Open the Au gun shutter by pressing “Gun 2 open” button. Set the DC power supply to 252 
35 W. Refer to Supplemental files Figure S2b. 253 
 254 
1.3.13. Set “Thickness Controlled Process” process thickness to 800 Å. Enable the rotation of 255 
the rotational plate by pressing “Cont” and “Rotation” buttons. Refer to Supplemental files 256 
Figure S2b. 257 
 258 
1.3.14. Repeat steps 1.3.7 – 1.3.11. 259 
 260 
1.3.15. Vent the magnetron sputter chamber by pressing “Press to vent” button in the control 261 
software. Refer to Supplemental files Figure S2c. The resulting structure is solid Au Mac-Imprint 262 
stamp.  263 
 264 
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NOTE: Perform steps 1.4 and 1.5 only if stamps with porous catalytic films are required. 265 
 266 
1.4. Silver/Gold catalyst thin-film deposition by magnetron sputtering 267 
 268 
1.4.1. Repeat steps 1.3.1 – 1.3.14. In step 1.3.13 set thickness controlled process to 500 Å 269 
instead of 800 Å. 270 
 271 
1.4.2. Open the Au and Ag guns shutter by pressing “Gun 3 open” button. Set DC and RF power 272 
supplies to 35 W and 150 W respectively. Refer to Supplemental files Figure S2b.  273 
 274 
NOTE: Step 1.4.2 will provide Ag/Au alloy with composition 60/40 (by vol.) 275 
 276 
1.4.3. Set “Timed process” process time to 16.5 min in the control software. Enable the rotation 277 
of the rotational plate by pressing “Cont” and “Rotation” buttons. Refer to Supplemental files 278 
Figure S2b.  279 
 280 
NOTE: Steps 1.4.3 to 1.4.8 of the protocol will produce 250 nm thick Ag/Au alloy layer. 281 
 282 
1.4.4. Set Ar flow rate to 50 sccm. Enable DC and RF power supplies by pressing “DC supply” 283 
and “RF supply” respectively. Change Ar flow rate to 5 sccm. Refer to Supplemental files Figure 284 
S2b. 285 
 286 
1.4.5. Start crystal thickness monitor and tare the thickness by pressing “START” and “ZERO 287 
THICKNESS” buttons respectively. Refer to Supplemental files Figure S2b. 288 
 289 
1.4.6. Start time controlled process by pressing “Timed Process” button. Open the plate solid 290 
shutter by pressing “Solid” button. Tare the thickness monitor one more time by pressing 291 
“ZERO THICKNESS” button. Refer to Supplemental files Figure S2b. 292 
 293 
1.4.7. After sputtering ends close plate solid shutter by pressing “Solid” button. Stop thickness 294 
monitor by pressing “STOP” button. Refer to Supplemental files Figure S2b. 295 
 296 
1.4.8. Repeat step 1.3.15.  297 
 298 
NOTE: Resulting structure is Ag/Au alloy sputtered Mac-Imprint stamp. 299 
 300 
1.5. Silver/Gold catalyst thin-film dealloying 301 
 302 
1.5.1. Mix DI water and nitric acid in the glass beaker in 1:1 ratio (by volume). Let it cool down 303 
to 30 °C. 304 
 305 
1.5.2. Place the beaker with the mixture onto stirring hotplate and submerge perforated 306 
polytetrafluoroethylene (PTFE) sample holder into mixture. Heat the mixture up to 65 ᵒC with 307 
constant stirring of 100 rpm. Constantly measure the temperature of the mixture with 308 
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calibrated thermocouple. 309 
 310 
1.5.3. Place Si chips with patterned SU-8 2015 layer sputtered with Ag/Au alloy into the mixture 311 
and dealloy for 2-20 min21. 312 
 313 
1.5.4. Quench samples in room temperature DI water for 1 min after dealloying. 314 
 315 
1.5.5. Take Si chips out of DI water and thoroughly rinse with DI water. 316 
 317 
2. Silicon substrate patterning and cleaning  318 
 319 
[Place Figure 6 here] 320 
 321 
2.1. Substrate preparation for solid Si imprinting with porous catalyst. 322 
 323 
2.1.1. Oxidize 4” Si wafer at 1150 °C for 24 h in a O2 flow of 4 sccm. 324 
 325 
2.1.2. Take SPR 220 7.0 photoresist outside the fridge and let it stay at room temperature for 326 
10-15 min prior spin coating. 327 
 328 
2.1.3. Open the spin coater lid. Place 4” Si wafer inside the spin coater onto vacuum chuck. 329 
 330 
2.1.4. Connect the output of the spin coater to the vacuum pump through PVC tube. Start 331 
vacuum pump. Set the pressure level to 30 kPa using vacuum pump valve. 332 
 333 
2.1.5. Select spin coating procedure with the following parameters: spread at 400 rpm for 30 334 
sec with acceleration 200 rpm/s, spin at 2000 rpm for 80 s with acceleration 500 rpm/s.  335 
 336 
NOTE: Step 2.1.5 will produce a 9 µm thick SPR 220 7.0 layer. 337 
 338 
2.1.6. Apply vacuum to the vacuum chuck by pressing “VAC ON” button on the spin coater 339 
display. 340 
 341 
2.1.7. Pour 5 mL of SPR 220 7.0 photoresist at the center of the 4” Si wafer. 342 
 343 
2.1.8. Close the spin coater lid. Start spin coating by pressing “START” button on the spin coater 344 
display. 345 
 346 
2.1.9. Open the spin coater lid. Turn off vacuum by pressing “VAC OFF” button on SPIN 150i 347 
spin coater display. Take out the 4” Si wafer with spin coated layer of SPR 220 7.0 photoresist 348 
using tweezers. 349 
 350 
2.1.10. Place the 4” Si wafer with spin coated layer of SPR 220 7.0 photoresist onto hotplate 351 
preheated to 110 °C and perform prebake for 2 min. Let cool for 1 min. 352 
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 353 
2.1.11. Expose photoresist layer through the mask with square mesas pattern that has following 354 
parameters: width 500 µm and spacing 900 µm. Flood exposure for 10 s to achieve 150 mJ/cm2 355 
dosage. 356 
 357 
2.1.12. Develop exposed photoresist layer in 4:1 (by vol.) ratio of Developer : DI water for 3 358 
min. Rinse sample with DI water and check features in microscope. 359 
 360 
2.1.13. Place the 4” Si wafer with developed SPR 220 7.0 photoresist onto hotplate preheated 361 
to 120 °C and perform hard bake for 5 min. Let cool for 1 min. 362 
 363 
2.1.14. Etch oxide layer in reactive ion etching equipment during 20 min using following 364 
parameters: pressure of 100 mT, O2 flow of 3 sccm, CF4 flow of 24 sccm, power of 250 W. 365 
 366 
2.1.15. Remove SPR 220 7.0 layer using acetone, rinse with isopropyl alcohol (IPA) and DI water. 367 
 368 
2.1.16. Perform etching in a 30 % KOH bath (by weight) at 80 °C for 100 min with constant 369 
stirring of 175 rpm to create mesas on the Si wafer. 370 
 371 
2.1.17. Remove oxide layer in buffered oxide etch solution. 372 
 373 
2.1.18. Thoroughly flush with DI water. 374 
 375 
2.2. Substrate preparation for porous Si imprinting with solid catalyst.  376 
 377 
[Place Figure 7 here] 378 
 379 
2.2.1. Repeat step 2.1. 380 
 381 
2.2.2. Coat the back of the patterned 4” Si wafer with nickel and anneal at 320 ᵒC in a rapid 382 
thermal annealing chamber in N2 environment for 3 min. 383 
 384 
2.2.3. Cleave 2.5 x 2.5 cm Si chips out of patterned 4” Si wafer using scriber. 385 
 386 
2.2.4. Place Si chip inside bottom part of electrochemical cell (EC). Place o-ring on the top of Si 387 
chip. Place the top part of EC and tight the screws. 388 
 389 
2.2.5. Set galvanostatic regime in potentiostat (see Table of Materials) control software. Refer 390 
to Supplemental files Figure S3. Connect working electrode to the Si chip and counter electrode 391 
to the platinum electrode.  392 
 393 
2.2.6. Carefully fill the EC with HF and insert a cylindrical platinum electrode from the top to the 394 
distance of 5 mm above the the Si chip surface. 395 
 396 
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2.2.7. Apply current density of 135 mA/cm2 for 120 s by pressing green start button in the 397 
potentiostat software. Refer to Supplemental files Figure S3. 398 
 399 
2.2.8. Carefully suck the HF out of EC with the plastic pipette. 400 
 401 
2.2.9. Thoroughly flush with DI water. 402 
 403 
3. Mac-Imprinting set-up  404 
 405 
3.1. Stamp to PTFE rod fixation 406 
 407 
3.1.1. Place reference Si chip inside bottom part of EC. Place Mac-Imprint stamp on top of 408 
reference Si chip with pattern facing down. 409 
 410 
3.1.2. Attach PTFE rod to the load cell (see Table of Materials) through double side threaded 411 
screw. Connect the structure to the software controlled motorized linear stage (see Table of 412 
Materials) through metal bracket. 413 
 414 
3.1.3. Add a small droplet of SU-8 2015 photoresist on the back of Mac-Imprint stamp. 415 
 416 
3.1.4. Bring PTFE rod in contact with SU-8 droplet by setting “Move Relative” command, 173500 417 
steps from home position and pressing “Write” button in stage control software. Refer to 418 
Supplemental files Figure S4a. 419 
 420 
3.1.5. Cure the SU-8 2015 photoresist droplet with 6 W UV bulb for 3 h. Refer to Supplemental 421 
files Figure S5. 422 
 423 
3.1.6. Bring PTFE rod with attached Mac-Imprint stamp into home position by setting “Home” 424 
command and pressing “Write” button in the stage control software. Refer to Supplemental 425 
files Figure S4a. 426 
 427 
3.1.7. Assemble EC. 428 
 429 
3.2. Mac-Imprinting operation 430 
 431 
[Place Figure 8 here] 432 
 433 
3.2.1. Clean patterned Si chip according to steps 1.1.1 – 1.1.4. 434 
 435 
3.2.2. Place patterned Si chip at the center of an EC. Position EC under PTFE rod with Mac-436 
Imprint stamp. 437 
 438 
3.2.3. Mix ES of HF and H2O2 in the 17:1 ratio (by vol.) inside PTFE beaker. Let the ES stay for 5 439 
min before etching.  440 
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 441 
NOTE: The suggested ratio lead to solution parameter ρ = 98%16. The ratio can be tuned in 442 
order to suppress or promote etching rate. 443 
 444 
3.2.4. Carefully pour the ES into the EC using plastic pipette. 445 
 446 
3.2.5. Bring PTFE rod with attached Mac-Imprint stamp in contact with patterned Si chip by 447 
setting “Move Relative” command, 173500 steps from home position and pressing “Write” 448 
button. Refer to Supplemental files Figure S4a.  449 
 450 
3.2.6. Next, set 600-2000 steps and press “Write” button to obtain the loads in the range 4-451 
10 lbf. Measure load values through software controlled load cell. Refer to Supplemental files 452 
Figure S4b. 453 
 454 
3.2.7. Hold in contact for during Mac-Imprint. Mac-Imprint time varies from 1 to 30 min.  455 
 456 
3.2.8. Move PTFE rod with attached Mac-Imprint stamp into home position by pressing “Home” 457 
button. Refer to Supplemental files Figure S4a. Carefully suck the ES out of EC with the plastic 458 
pipette. 459 
 460 
3.2.9. Rinse imprinted Si chip using IPA and DI water. 461 
 462 
3.2.10. Dry imprinted Si chip with clean dry air. 463 
 464 
REPRESENTATIVE RESULTS:  465 
Scanning electron microscope (SEM) images, optical microscope scans (Figure 9) and atomic 466 
force microscopy (AFM) scans (Figure 10) are obtained in order to study morphological 467 
properties of the Mac-Imprint stamps and imprinted Si surfaces. The cross-sectional profile of 468 
the imprinted solid Si is compared to that of the used porous Au stamp (Figure 10). Pattern 469 
transfer fidelity and porous Si generation during Mac-Imprint are two major criterias to analyze 470 
the experiment success. The Mac-Imprint is considered successful if Mac-Imprint stamp’s 471 
pattern is accurately transferred onto Si and no porous Si is generated during Mac-Imprint. The 472 
results of the sub-optimal experiment (i.e., lack of pattern transfer fidelity along with porous Si 473 
generation during Mac-Imprint) are presented in Figure 9a (left). 474 
 475 
FIGURE AND TABLE LEGENDS:  476 
 477 
Figure 1: Schematics of Mac-Imprint configurations. This figure highlights the role of porous 478 
materials in enabling diffusion of reacting species through the substrate (i.e. case II: porous Si) 479 
or in the stamp (i.e. case III: catalyst thin-film made of porous gold) 480 

Figure 2: RCA-1 cleaning process. (a) solution heating and (b) Si cleaning 481 

Figure 3: PDMS mold fabrication process. (a) schematic representation of the process and (b) 482 
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photographs of the process steps 483 

Figure 4: Photoresist UV nanoimprinting process. (a) photographs of photoresist spin-coating 484 
and (b) schematics and photographs of UV nanoimprinting 485 

Figure 5: Catalytic stamp preparation process. (a) schematics of the thin film deposition; (b) 486 
photographs of magnetron sputtering system and (c) photograph of dealloying process with 487 
representative porous gold SEM images 488 

Figure 6: Si wafer patterning mask layout (a) and single patterned chip (b) 489 

Figure 7: Photographs of substrate porosification procedure (Si anodization). (a) PC controlled 490 
potentiostat connected to two-electrode electrochemical cell; (b) electrochemical cell with 491 
platinum electrode and (c) Si chip with a porous Si layer 492 

Figure 8: Photographs of Mac-Imprint setup (a), stamp before (b) and after (c) contact with Si 493 
chip 494 

Figure 9: Representative results: (a) Mac-Imprint of solid Si and porous Si with solid Au film 495 
(left and middle respectively) and solid Si with porous Au film (right); (b) top-down SEM images 496 
of porous Au films with different pore volume fraction (top) and corresponding imprinted Si 497 
morphology (bottom); and (c) SEM-images of various patterns produced by Mac-Imprint. This 498 
figure is reprinted with permission from9,20 499 

Figure 10: Representative results of solid Si Mac-Imprint with porous Au stamp: (a) AFM scans 500 
of porous Au stamp (left) and imprinted solid Si (right) and (b) overlaid cross-sectional profiles 501 
of porous Au stamp (blue) and imprinted solid Si (red). This figure is reprinted with permission 502 
from20. 503 

 504 
Supplemental Figure 1: Photograph of spin coater control display 505 
 506 
Supplemental Figure 2: Magnetron sputter control software screenshots. (a) evacuation of 507 
magnetron sputter chamber; (b) sputtering control parameters and (c) ventilation of 508 
magnetron sputter chamber 509 
 510 
Supplemental Figure 3: Potentiostat control software screenshot 511 
 512 
Supplemental Figure 4: Linear motorized stage and load cell control software screenshots. (a) 513 
before Mac-Imprint and (b) during Mac-Imprint 514 
 515 
Supplemental Figure 5: Photograph of Mac-Imprint stamp to PTFE rod attachment process 516 
 517 
DISCUSSION:  518 
Mac-Imprint stamps and prepatterned Si chips (p-type, (100) orientation, 1-10 Ohm∙cm) were 519 
prepared according to sections 1 and 2 of the protocol respectively. Mac-Imprint of 520 
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prepatterned Si chip with stamps containing 3D hierarchical patterns was performed according 521 
to the section 3 of the protocol (Figure 9). According to Figure 9a different configurations of 522 
Mac-Imprint were applied - solid Si with solid Au (left); porous Si with solid Au (middle)9 and 523 
solid Si with porous Au (right)20. The diffusion of the reactants was blocked in the first case 524 
leading to non-localized etching and partial porosification of the imprinted Si which correlates 525 
with the same issue in the conventional MACE process22,23. However, when the diffusion was 526 
enabled through porous networks (either embedded in Si or Au) the high pattern transfer 527 
fidelity was observed, which leads to the conclusion that Mac-Imprint is mass-transport 528 
dependent process. Moreover, imprinted Si surface was roughened after imprinting with 529 
porous Au (Figure 9a, right). 530 
 531 
The hypothesis was proposed that surface roughening originates from the porosity of the used 532 
porous Au. In order to test the hypothesis series of porous Au layers with various controlled 533 
pore volume fractions (PVF) was created according to the sections 1.4 and 1.5 of the protocol 534 
and subsequently implemented for Mac-Imprint (Figure 9b)20. The direct relation between 535 
stamp’s PVF and imprinted Si surface roughness was observed supporting the hypothesis. 536 
Additionally, after Mac-Imprint with low PVF stamps Si was porosified which was explained by 537 
hindered ES diffusion through not developed porous Au structure resulting in delocalization of 538 
the etching front20. Thus, developed and interconnected porous structure is critical for high 539 
pattern transfer fidelity during Mac-Imprint. Moreover, imprinted Si porosification was also 540 
observed at medium PVF when porous Au layer already had interconnected porous network. 541 
This can be attributed to the high ratio between Au and Si surface areas and subsequent 542 
injection of the excessive holes into Si which also leads to the etching front delocalization and, 543 
as a result, porous Si formation20. This process can be controlled through careful consideration 544 
of HF and H2O2 ratios in the ES. 545 
 546 
Implementation of the porous Au stamps along with ES composition variations allows to 547 
manufacture various 3D hierarchical patterns via Mac-Imprint that were previously published in 548 
the works of Azeredo et al. (2016)9 and Sharstniou et al. (2019)20 (Figure 9c). 549 
 550 
Further investigations of porous Au/Si interface chemistry, in particular PVF dependent etch 551 
rate and localization, along with imprinting system improvement allows Mac-Imprint process to 552 
be considered for the industrial scale applications. 553 
 554 
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