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SUMMARY:  30 
This work presents microfabrication protocols for achieving cavities and pillars with reentrant 31 
and doubly reentrant profiles on SiO2/Si wafers using photolithography and dry etching. Resulting 32 
microtextured surfaces demonstrate remarkable liquid repellence, characterized by robust long-33 
term entrapment of air under wetting liquids, despite the intrinsic wettability of silica. 34 
 35 
ABSTRACT:  36 
We present microfabrication protocols for rendering intrinsically wetting materials repellent to 37 
liquids (omniphobic) by creating gas entrapping microtextures (GEMs) on them comprising 38 
cavities and pillars with reentrant and doubly reentrant features. Specifically, we use SiO2/Si as 39 
the model system and share protocols for 2D designing, photolithography, isotropic/anisotropic 40 
etching techniques, thermal oxide growth, piranha cleaning, and storage towards achieving those 41 
microtextures. Even though the conventional wisdom indicates that roughening intrinsically 42 
wetting surfaces (!" < 90°) renders them even more wetting (!' < !" < 90°), GEMs 43 
demonstrate liquid-repellence despite the intrinsic wettability of the substrate. For instance, 44 
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despite the intrinsic wettability of silica, !" ≈ 40°, for the water/air system and !" ≈ 20°for 45 
hexadecane/air system, GEMs comprising cavities entrap air robustly on immersion in those 46 
liquids, and the apparent contact angles for the droplets are	!' > 90°. The reentrant and doubly 47 
reentrant features in the GEMs stabilize the intruding liquid meniscus thereby trapping the liquid-48 
solid-vapor system in metastable air-filled (or Cassie-) states and delaying wetting-transitions to 49 
the thermodynamically-stable fully-filled (or the Wenzel) state by, for instance, hours to months. 50 
Similarly, SiO2/Si surfaces with arrays of reentrant and doubly reentrant micropillars demonstrate 51 
extremely high contact angles (!' ≈ 150° − 160°) and low contact angle hysteresis for the probe 52 
liquids, thus characterized as superomniphobic. However, on immersion in the same liquids, 53 
those surfaces lose their superomniphobicity catastrophically and get fully-filled within < 1 s. To 54 
address this challenge, we present protocols for hybrid designs that comprise arrays of doubly 55 
reentrant pillars surrounded by walls with doubly reentrant profiles. Indeed, hybrid 56 
microtextures entrap air on immersion in the probe liquids. To summarize, the protocols 57 
described here should enable the investigation of GEMs in the context of achieving 58 
omniphobicity without chemical coatings, such as perfluorocarbons, which might unlock the 59 
scope of inexpensive wetting materials for applications as omniphobic materials; silica 60 
microtextures could also serve as templates for soft materials. 61 
 62 
INTRODUCTION 63 
 64 
Solid surfaces that exhibit apparent contact angles, !' > 90° for polar and non-polar liquids, such 65 
as water and hexadecane, are referred to as omniphobic1. These surfaces serve numerous 66 
practical applications, including water desalination2,3, oil-water separation4,5, antibiofouling6, and 67 
reducing hydrodynamic drag7. Typically, omniphobicity necessitates perfluorinated chemicals 68 
and random topographies8-12. However, the cost, non-biodegradability, and vulnerability of those 69 
materials/coatings pose a myriad of constraints, e.g., perfluorinated desalination membranes 70 
degrade as the feed-side temperatures are raised leading to pore-wetting13,14, and 71 
perfluorinated/hydrocarbon coatings also get abraded15,16 and degraded, respectively, by silt 72 
particles in the flow streams and cleaning protocols. Thus, there is a need for alternative 73 
strategies for achieving the functions of perfluorinated coatings, for instance, entrapping air on 74 
immersion in liquids, without using water-repellent coatings. In this direction, researchers have 75 
proposed surface topographies comprising of overhanging (reentrant) features that could entrap 76 
air on immersion by microtexturing alone17-25.  These microtextures come in three flavors: 77 
cavities26, pillars27 and fibrous mats8. Hereafter, we will refer to reentrant features with simple 78 
overhangs as reentrant (Figure 1A-B and 1E-F) and reentrant features with overhangs that make 79 
a 90°-turn towards the base as doubly reentrant Figure 1C-D and 1G-H). [Place Figure 1 here] 80 
In their pioneering work, Werner & co-workers22,28-31 characterized cuticles of springtails 81 
(Collembola), soil-dwelling arthropods, and explained the significance of mushroom-shaped 82 
(reentrant) features in the context of wetting. Others have also investigated the role of 83 
mushroom-shaped hairs in sea-skaters32,33 towards facilitating extreme water repellence. 84 
Werner & co-workers demonstrated the omniphobicity of intrinsically wetting polymeric surfaces 85 
by carving biomimetic structures through reverse imprint lithography29. Alongside, Liu & Kim 86 
reported on silica surfaces adorned with arrays of doubly reentrant pillars that could repel drops 87 
of liquids with surface tensions as low as 123 = 10 mN/m, characterized by apparent contact 88 
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angles, !' > 150° and extremely low contact angle hysteresis27. Inspired by these amazing 89 
developments, we followed the recipes of Liu & Kim to reproduce their results. However, we 90 
discovered that those microtextures would catastrophically lose their superomniphobicity, i.e. 91 
!' → 0°, if wetting liquid drops touched the edge of the microtexture or if there were localized 92 
physical damage34. These findings demonstrated that pillars-based microtextures were unfit of 93 
applications that required omniphobicity on immersion, and they also questioned the criteria for 94 
assessing omniphobicity, i.e. should they be limited to contact angles alone, or if additional 95 
criteria are needed. 96 
 97 
In response, using the SiO2/Si wafers, we prepared arrays of microscale cavities with doubly 98 
reentrant inlets and, and using water and hexadecane as the representative polar and non-polar 99 
liquids, we demonstrated that (i) these microtextures prevent liquids from intruding them by 100 
entrapping air, and (ii) the compartmentalized architecture of the cavities prevents the loss of 101 
entrapped air by localized defects34. Thus, we describe them as gas entrapping microtextures 102 
(GEMs). As the next step, we microfabricated a variety of shapes (circular, square, hexagonal) 103 
and profiles (simple, reentrant and doubly reentrant) to systematically compare their 104 
performance under immersion in wetting liquids26. We also created a hybrid microtexture 105 
comprising arrays of doubly reentrant pillars surrounded by walls with doubly reentrant profiles, 106 
which prevented liquids from touching the stems of the pillars and robustly entrapped air on 107 
immersion35. Below, we present detailed protocols for manufacturing GEMs through 108 
photolithography and etching techniques along with design parameters. We also present 109 
representative results of characterizing their wetting by contact angle goniometry 110 
(advancing/receding/as-placed angles) and immersion in hexadecane and water. 111 
 112 
PROTOCOLS:  113 
 114 
Arrays of reentrant and doubly reentrant cavities and pillars were microfabricated by adapting 115 
the multistep protocol (for pillars) reported by Liu & Kim27; precautions were taken to minimize 116 
the formation of pin-residues or particles on our surfaces that could interfere with wetting 117 
transitions36.  118 
 119 
MICROFABRICATION OF CAVITIES 120 
Broadly, the protocols for the microfabrication of reentrant and doubly reentrant cavities (RCs 121 
and DRCs) consist of 2D layout designing, photolithography, general silica etching, and specific 122 
silicon etching depending on the final feature required37-41.  Details follow: 123 
 124 
1. Design 125 
1.1 Start the microfabrication process by designing the required pattern in a layout software42. 126 
An example of such a software is listed in the Materials List. 127 
 128 
1.2 Using the software, create a new file. Draw a unit cell comprising a circle of diameter, D = 200 129 
µm. Copy and paste this circle with a center-to-center distance (pitch) of L = 212 µm to create an 130 
array of circles to in a square patch of area 1 cm2(Figure 1).    131 
 132 
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1.3 Draw a circle of diameter 100 mm (4 inches). Place the 1 cm2 square array inside the circle 133 
and replicate it to create a 4×4 grid of square arrays. Features inside the circle will be transferred 134 
onto the 4-inch wafers  (Figure 2). [Place Figure 2 here]  135 
 136 
1.4 Export the design file to the desired format for the mask writing system, for example, the 137 
GDSII format.  138 
 139 
2. Cleaning of wafers 140 
2.1 Clean a silicon wafer (4-inch diameter, <100> orientation and with a 2.4 µm thick thermal 141 
oxide layer; see the Materials List for details) in piranha solution for 10 min. Piranha solution 142 
comprises sulfuric acid (H2SO4, 96%): hydrogen peroxide (H2O2, 30%) in a 3:1 volumetric ratio and 143 
is maintained at T = 388 K.  144 
 145 
2.2 Rinse the wafer with deionized water and spin-dry under nitrogen (N2) environment. 146 
 147 
3. Photolithography 148 
3.1 Coat the wafer with hexamethyldisilazane (HMDS) using vapor-phase deposition to improve 149 
adhesion with the photoresist. Refer to Table 1 for the process details. [Place Table 1 here] 150 
 151 
3.2 Mount the wafer on a 4-inch vacuum chuck in the spin coater. Cover the wafer with the  AZ-152 
5214E photoresist. Use the spin-coater to spread the photoresist uniformly on the surface as a 153 
1.6 µm-thick layer. Refer to Table 2 for spin-coating parameters. [Place Table 2 here] 154 
 155 
3.3 Bake the photoresist-coated wafer on a hot-plate maintained at 110°C for 120 s.  156 
 157 
3.4 Transfer the wafer to a direct-writing system and expose the wafer to UV radiation for 55 ms 158 
(defocus: +5). This step transfers the desired design on the AZ-5214 (used in the positive tone; 159 
see Materials List) (Figure 2). 160 
 161 
3.5 Place the UV-exposed wafer in a glass petri dish containing the AZ-726 developer  for 60 s for 162 
the features to develop. See Materials List for details. 163 
 164 
3.6 Remove the wafer from the developer solution and rinse with DI water gently to remove 165 
excess developer. Spin-dry the wafer in a N2 environment. These steps are presented in Figure 166 
3A-C. 167 
 168 
Note: At the end of this step, design patterns on the wafer can be seen under a standard optical 169 
microscope.  170 
 171 
4. ANISOTROPIC ETCHING OF SILICA (SiO2) LAYER 172 
Note: The goal of this step is to completely etch away the silica layer (2.4 µm-thick) that was 173 
exposed during photolithography to expose the silicon layer underneath.  174 
 175 
4.1 After photolithography, transfer the wafer to an inductively-coupled plasma (ICP) reactive-176 
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ion etching (RIE) system that employs a mixture of octafluorocyclobutane (C4F8) and oxygen (O2) 177 
gases to etch silica vertically downward (anisotropic etching).  178 
4.2 Run the ICP-RIE process  for approximately 13 min to etch the exposed silica layer; refer to 179 
the ICP-RIE parameters in Table 3. During this step, the photoresist layer also gets completely 180 
etched away (Figure 3C-D). [Place Table 3 here]  181 
 182 
4.3 To ensure that the silica layer thickness inside the desired patterns is reduced to zero, such 183 
that the silicon layer is exposed, measure the thickness of remaining silica using a reflectometer. 184 
Adjust the duration of the subsequent etching period based on the thicknesses of silica layers 185 
(especially in and around the patterns).   186 
 187 
Note: A reflectometer was used to measure the thickness of the remaining silica layer. 43. 188 
Alternatively, other tools, such as ellipsometer or an interactive color chart to predict the color 189 
of SiO2 and thickness can also be used44,45. 190 
 191 
The procedures detailed in the above-mentioned steps 1 and 4 are common for both reentrant 192 
and doubly reentrant cavities. However, the etching protocols for the silicon layer are different, 193 
which are described below: 194 
 195 
5. REENTRANT CAVITIES 196 
 197 
5.1 Anisotropic silicon etching  198 
5.1.1 After etching the silica layer, transfer the wafer to a Deep-ICP-RIE system to etch silicon. 199 
The first step consists of a fluorine-based anisotropic etching method known as the Bosch process 200 
that etches silicon vertically downward creating a straight wall.  201 
 202 
Note: Bosch process uses C4F8 and sulfur hexafluoride (SF6) gases in the reaction chamber: the 203 
C4F8 deposition creates a passivation layer, while the SF6 etches silicon straight down. Thus, the 204 
Bosch process enables the microfabrication of deep trenches in silicon with high-aspect ratios. 205 
 206 
5.1.2 Run this process for 5 cycles, which corresponds to an etching depth for silicon equivalent 207 
to ≈ 2 µm; process parameters are listed in Table 4. [Place Table 4 here]  208 
 209 
5.1.3 Clean the wafer in piranha solution for 10 min to remove any remnants of the Bosch 210 
process; rinse the wafer with DI water and spin-dry in a N2 environment (Figure 3E).  211 
 212 
5.2 Isotropic silicon etching  213 
In order to create the reentrant feature, perform isotropic etching that would create an undercut 214 
beneath the silica layer. A 5 µm overhang can be achieved by etching the silicon layer with SF6 215 
for 2 min 45 s (Figure 3F). Refer to Table 5 for the process parameters. [Place Table 5 here] 216 
 217 
5.3 Anisotropic silicon etching  218 
Once the reentrant features are created, tune the depth of the cavities by the Bosch process 219 
(described in Step 5.1). 220 
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  221 
Note: to microfabricate cavities with a depth of hc ≈ 50 µm it requires 160 cycles of the Bosch 222 
process (Figure 3G, Table 4).  223 
 224 
5.4 Wafer cleaning and storage 225 
5.4.1 Clean the wafer using piranha solution as described in step (2). After this step, the wafer 226 
becomes superhydrophilic, characterized by contact angles of water,  !" ≈ 0°.  227 
 228 
5.4.2 Store the wafer in a glass petri dish and place inside a clean vacuum oven maintained at T 229 
= 323 K and vacuum pressure PVac = 3.3 kPa for 48 h, after which the intrinsic contact angle of the 230 
silica layer stabilizes to	!" ≈ 40°.  231 
 232 
5.4.3 Store the samples in a clean cabinet equipped with an outward nitrogen (99%) flow, ready 233 
for further characterization. [Place Figure 3 here] 234 
 235 
6. DOUBLY REENTRANT CAVITIES 236 
 237 
6.1 Anisotropic silicon etching  238 
To create doubly reentrant cavities, follow steps # (1), (2), (3), (4), and (5.1) (See Figures 4A-E). 239 
 240 
6.2 Isotropic silicon etching  241 
In order to create doubly reentrant features, reentrant features must be created first. To achieve 242 
that, perform isotropic etching to create an undercut beneath the silica layer. Etch the silicon 243 
layer with SF6 for 25 s (Figure 4F), refer to Table 5 for the process parameters. Subsequently, 244 
clean the wafer using piranha solution as described in step (2). 245 
 246 
6.3 Thermal oxide growth 247 
6.3.1 To achieve doubly reentrant features, grow a 500 nm layer of thermal oxide on the wafer, 248 
using a high temperature furnace system (Figure 4G).  249 
 250 
6.3.2 Measure the thickness of the oxide layer using a reflectometer.  251 
 252 
Note: The oxidation was carried out by exposing the samples to an environment comprising 253 
oxygen (O2) and water vapor, leading to the wet oxidation of silicon in an enclosed environment 254 
at temperatures ranging from 800-1200 °C.  255 
 256 
6.4 Silica etching  257 
Carry out the same process as described in the step (4) to etch silica vertically downward for 3 258 
min. As a result of the anisotropic etching, the thermal oxide (500 nm thick silica layer) is etched 259 
away from the cavity, but it leaves an “overhang” along the sidewalls that would form the doubly 260 
reentrant edge eventually (Figure 4H, Table 3). 261 
 262 
6.5 Anisotropic silicon etching  263 
Repeat 5 cycles of the Bosch process to deepen of the cavities by ≈ 2 µm (Figure 4I, Table 5). This 264 
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step is necessary to remove the silicon behind the doubly reentrant feature in the next step. 265 
Clean the wafer using piranha solution. 266 
 267 
6.6 Isotropic silicon etching  268 
Perform the isotropic etching of silicon for 2 min and 30 s using the process parameters described 269 
in Table 4. This step creates an empty space (≈ 2 µm) behind the thermally-grown oxide at the 270 
mouth of the cavity, leading to the doubly reentrant edge (Figure 4J). 271 
 272 
6.7 Anisotropic silicon etching  273 
Use the Bosch process recipe (step 5.1) for 160 cycles to increase the depth of the cavities to hc 274 
≈ 50 µm, (Figure 4K, Table 5).  275 
  276 
6.8 Wafer cleaning and storage 277 
Clean the wafer using piranha solution and store as described in step (5.4) above. [Place Figure 4 278 
here] 279 
 280 
MICROFABRICATION OF PILLARS 281 
The design protocol for fabricating reentrant and doubly reentrant pillars and “hybrids” 282 
(comprising doubly reentrant pillars surrounded by walls) consists of three key steps, which are 283 
wafer preparation, silica etching, and specific silicon etching.  Figures 5A-C show the top-view of 284 
the layout design for reentrant and doubly reentrant pillars, while Figures 5D-F represent the 285 
layout of the hybrid arrays. Select the dark-field option of the UV exposure in order to expose 286 
the whole wafer except for the pattern using the same photoresist (AZ5214E) (Figures 6A-C and 287 
Figures 7A-C).  Besides these specificities, the processes for cleaning the wafer (step 2) and 288 
etching silica (step 4) are identical. [Place Figure 5 here] 289 
 290 
7. Reentrant pillars 291 
 292 
7.1 Anisotropic silicon etching  293 
After photolithography, UV-exposure, development, and etching silica (steps (1)-(4)) with the 294 
specificities for pillars described above), transfer the wafer to a Deep ICP-RIE system to etch the 295 
silicon layer using the Bosch process. This step controls the height of the pillars.  Use 160 cycles 296 
of the Bosch process to achieve pillars of height, hP ≈ 30 µm (Figure 6E, Table 5). Clean the wafer 297 
as described in step (2). 298 
 299 
7.2 Isotropic silicon etching  300 
Perform isotropic etching using SF6 for 5 min to create the reentrant edge on the pillars (Figure 301 
6F, Table 4). The resulting length of the overhang is 5 µm. 302 
 303 
7.3 Piranha cleaning and storage 304 
Clean the wafer using piranha solution and store as described in step (5.4) above. [Place Figure 6 305 
here] 306 
 307 
8. DOUBLY REENTRANT PILLARS AND HYBRIDS  308 



   

8 
 

 309 
8.1 Anisotropic silicon etching  310 
After etching SiO2, transfer the wafer to a Deep-ICP-RIE system to etch the Si under the SiO2 layer. 311 
Perform 5 cycles of the Bosch process that corresponds to an etching depth of ≈ 2 µm (Figure 7E, 312 
Table 4). Subsequently, clean the wafer as described in step (2).   313 
 314 
8.2 Isotropic silicon etching  315 
Carry out isotropic etching using SF6 for 16 s to create the reentrant edge (Table 5, Figure 7F). 316 
Clean the wafer as described in step (2). 317 
 318 
8.3 Thermal oxide growth 319 
Grow 500 nm layer of thermal oxide all over the wafer using a high temperature furnace system 320 
as described in step (6.3) (Figure 7G).  321 
 322 
8.4 Silica etching  323 
Etch the thermally grown oxide layer (500 nm thick) for 3 min as described in step (6.4) (Figure 324 
7H, Table 3). 325 
 326 
8.5 Anisotropic silicon etching  327 
Repeat 160 cycles of the Bosch process (Table 4) to increase the height of the pillars (Figure 7I). 328 
Clean the wafer as described in step (2) above. 329 
 330 
8.6 Isotropic silicon etching  331 
Perform isotropic etching of silicon for 5 min using the process parameters as described in Table 332 
4. This step creates the doubly reentrant edge (Figure 7J). The space between pillar stem and 333 
doubly reentrant edge is ≈ 2 µm.   334 
 335 
8.7 Wafer cleaning and storage 336 
Clean the wafer using piranha solution and store as described in step (5.4) above. [Place Figure 7 337 
here]  338 
 339 
Figure 8 represents the list of processes used in microfabricating reentrant and doubly reentrant 340 
cavities and pillars. [Place Figure 8 here] 341 
  342 
REPRESENTATIVE RESULTS: 343 
In this section, we showcase reentrant and doubly reentrant cavities (RCs and DRCs) (Figure 9) 344 
and reentrant and doubly reentrant pillars (RPs and DRPs) (Figure 10) microfabricated using the 345 
protocols described above. All the cavities have the diameter, DC = 200 μm, the depth, hC ≈ 50 346 
μm, and the center-to-center distance (or the pitch) between adjacent cavities to be LC = DC + 12 347 
µm. Using the same fabrication protocols, cavities of non-circular shapes can also be prepared, 348 
as reported previously26. [Place Figure 9 here] 349 
 350 
The diameter of the cap on top of the pillars was DP = 20 μm, and their height and pitch were, 351 
respectively, hp ≈ 30 μm and LP= 100 µm (Figure 10). [Place Figure 10 here] 352 
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 353 
WETTING BEHAVIORS OF GAS-ENTRAPPING MICROTEXTURES (GEMs): 354 
Flat silica (SiO2) is intrinsically wetting towards most polar and non-polar liquids. For instance, 355 
the intrinsic contact angles of droplets of hexadecane (123 	= 	20 mN/m at 20 °C) and water 356 
(surface tension 123 = 72.8 mN/m at 20 °C) on silica were, respectively, and	!" ≈ 	20° and and 357 
!" 	≈	40°. However, after microfabricating reentrant and doubly reentrant cavities (DRCs) and 358 
pillars, the contact angles changed dramatically (Table 6). We measured the advancing/receding 359 
contact angles by dispensing/retracting the liquids at the rate of 0.2 µL/s and found the apparent 360 
contact angles for both liquids, qr > 120°, (omniphobic; Figure 11E). Receding contact angles, 361 
!: ≈ 0°because of the lack of discontinuity in the microtextures, such as in pillar-based 362 
microtextures. On the other hand, SiO2/Si surfaces with arrays of  doubly reentrant pillars (DRPs) 363 
exhibited apparent contact angles, qr > 150° for both liquids and the contact angle hysteresis was 364 
minimal (superomniphobic; Figure 11A and Movies S1 and S2). Curiously, when the same SiO2/Si 365 
surfaces with arrays of pillars were immersed in the same liquids they got intruded 366 
instantaneously, t < 1 s, i.e. no air was entrapped (Figure 10A-D, Movie S3). So, while the pillars 367 
appeared to be superomniphobic in terms of contact angles, they failed to entrap air on 368 
immersion; in fact, wetting liquids intrude from the boundary of the microtexture (or from 369 
localized defects) and displace any trapped air instantaneously (Figures 11A-D and Movie S3). In 370 
contrast, DRCs entrapped air upon immersion in both liquids (Figures 11E-H and S1, Table 1); for 371 
hexadecane, the entrapped air was intact even after 1 month26. Our confocal microscopy 372 
experiments demonstrated that the overhanging features stabilize the intruding liquids and 373 
entrap air inside them (Figures 12A-B). [Place Figure 11 here] 374 
Next, to entrap air in arrays of DRPs, we employed the same microfabrication protocols to 375 
achieve arrays of pillars surrounded by walls of doubly reentrant profile (Figure 10G-I). This 376 
strategy insulated the stems of the DRPs from wetting liquids. As a result, the hybrid 377 
microtextures behaved as GEMs, as confirmed by confocal microscopy (Figure 12C-D) and Movie 378 
S4, Table 6). Thus, silica surfaces with hybrid microtextures exhibited omniphobicity on 379 
immersion by trapping air and demonstrated contact angles, qr > 120°, (omniphobic), and proved 380 
omniphobic in the true sense, i.e. in terms of contact angles and entrapping air on immersion. In 381 
Table 6, we assess the omniphobicity of SiO2/Si surfaces with a variety of microtextures cavity-382 
based, pillar-based, and hybrids by contact angles and immersion. [Place Figure 12 here] [Place 383 
Table 6 here] 384 
 385 
FIGURE AND TABLE LEGENDS: 386 
 387 
Figure 1. Schematics of microstructures: (A-B) Reentrant cavities, (C-D) Doubly reentrant cavities, 388 
(E-F) Reentrant pillars, and (G-H) Doubly reentrant pillars.  389 
 390 
Figure 2. Design patterns for cavities. Design patterns for reentrant and doubly reentrant cavities 391 
generated using the layout software. The pattern was transferred onto the wafer using 392 
photolithography. 393 
 394 
Figure 3. Microfabrication protocol for reentrant cavities. (A) Clean silicon wafer with 2.4 µm 395 
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thick silica on top. (B) Spin-coat the wafer with photoresist and expose to UV light. (C) Develop 396 
the UV exposed photoresist to obtain the design pattern.  (D) Etching of the exposed top silica 397 
layer vertically downward (anisotropic etching) using inductively coupled plasma (ICP) reactive-398 
ion etching (RIE). (E) Shallow anisotropic etching of exposed silicon layer using deep ICP-RIE. (F) 399 
Isotropic etching of silicon to create the reentrant edge. (G) Deep anisotropic silicon etching to 400 
increase the depth of the cavities. 401 
 402 
Figure 4. Microfabrication protocol for doubly reentrant cavities. (A) Clean silicon wafer with 2.4 403 
µm thick silica on top. (B) Spin-coat the wafer with photoresist and expose to UV light. (C) Develop 404 
the UV exposed photoresist to obtain the design pattern. (D) Etching of the exposed top silica 405 
layer vertically downward (anisotropic etching) using inductively coupled plasma (ICP) reactive-406 
ion etching (RIE). (E) Shallow anisotropic etching of exposed silicon layer using deep ICP-RIE. (F) 407 
Shallow isotropic etching of silicon to create undercut using deep ICP-RIE. (G) Thermal oxide 408 
growth. (H) Anisotropic etching of top and bottom silica layer. (I) Shallow anisotropic etching of 409 
silicon. (J) Isotropic silicon etch to create the doubly reentrant edge. (K) Deep anisotropic silicon 410 
etching to increase the depth of the cavities. 411 
 412 
Figure 5. Design patterns for pillars. Design patterns for reentrant, doubly reentrant, and hybrid 413 
pillars generated using the layout software. The pattern was transferred onto the wafer using 414 
photolithography.  415 
 416 
Figure 6. Microfabrication protocol of reentrant pillars. (A) Clean silicon wafer with 2.4 µm thick 417 
silica on top. (B) Spin-coat the wafer with photoresist and expose to UV light. (C) Develop the UV 418 
exposed photoresist to obtain the design pattern. (D) Etching of the exposed top silica layer 419 
vertically downward (anisotropic etching) using inductively coupled plasma (ICP) reactive-ion 420 
etching (RIE). (E) Deep anisotropic silicon etching to increase the height of the pillars. (F) Isotropic 421 
silicon etching to create the reentrant edge. 422 
 423 
Figure 7. Microfabrication protocol for doubly reentrant pillars. (A) Clean silicon wafer with 2.4 424 
µm thick silica on top. (B) Spin-coat the wafer with photoresist and expose to UV light. (C) Develop 425 
the UV exposed photoresist to obtain the design pattern. (D) Etching of the exposed top silica 426 
layer vertically downward (anisotropic etching) using inductively coupled plasma (ICP) reactive-427 
ion etching (RIE). (E) Shallow anisotropic etching of exposed silicon layer using deep ICP-RIE. (F) 428 
Shallow isotropic etching of silicon to create undercut using deep ICP-RIE. (G) Thermal oxide 429 
growth. (H) Anisotropic etching of the top and bottom of silica layer. (I) Anisotropic silicon etching 430 
to increase the height of the pillars. (J) Isotropic silicon etching to create the doubly reentrant 431 
edge. Note that the only difference between doubly reentrant pillars and the “hybrid” is the 432 
design at the beginning. 433 
 434 
Figure 8:  Microfabrication protocol for reentrant and doubly reentrant cavities and pillars. The 435 
flowchart lists the key steps involved. 436 
 437 
Figure 9. Scanning electron micrographs of reentrant and doubly reentrant cavities. (A-D)  Cross 438 
sectional and isometric views of silica surfaces with array of reentrant cavities. (E-H) Cross 439 
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sectional and top views of doubly reentrant cavities. DC - diameter of the cavity and LC - the 440 
center-to-center distance between adjacent cavities (or pitch), and hC - depth of the cavity.    441 
Figure 10. Scanning electron micrographs of reentrant and doubly reentrant pillars. (A-C) 442 
Isometric view of reentrant pillars. (D-F) Doubly reentrant pillars. (G-I) Hybrid pillars - DRPs 443 
surrounded by doubly reentrant walls. DP - diameter of the pillar cap and LP - the center-to-center 444 
distance between adjacent pillars (or pitch), and hP – height of the pillars. Figures D-I, reprinted 445 
from Ref. 35, Copyright (2019), with permission from Elsevier. 446 
 447 
Figure 11. Wetting behavior. (A) Superomniphobicity of SiO2/Si surfaces adorned with arrays 448 
doubly reentrant pillars, observed by placing liquid drops on top. (B-D) The superomniphobicity 449 
is lost instantaneously, if wetting liquids touch the boundary or localized defects. (E) SiO2/Si 450 
surfaces adorned with arrays doubly reentrant cavities exhibit omniphobicity. (F-H) These 451 
microtextures entrap air robustly and do not lose it if liquid touches the boundary or localized 452 
defects. Figure 11, reprinted from Ref.35, Copyright (2019), with permission from Elsevier. 453 
Figure 12. Confocal microscopy of microtextures immersed in liquids. Computer-enhanced 3D 454 
reconstructions of representative confocal images (isometric and cross-sections along the dotted 455 
lines) of wetting transitions in silica surfaces with doubly reentrant cavities and hybrid pillars 456 
immersed under a z ≈ 5 mm column after 5 min of immersion of (A,C) water, and (B,D) 457 
hexadecane. The (false) blue and yellow colors correspond to the interfaces of water and 458 
hexadecane with the trapped air. Intruding liquid menisci were stabilized at doubly reentrant 459 
edge. (Scale bar: Diameter of the cavity and pillar 200 µm and 20 µm respectively). Figure 12 was 460 
reprinted from Ref.35, Copyright (2019), with permission from Elsevier.  461 
 462 
Table 1. Process details for coating hexamethyldisilazane (HMDS) layers to enhance the adhesion 463 
between the silica surface and the AZ5214E photoresist. 464 
 465 
Table 2. Process details for achieving 1.6 µm-thick AZ5214E photoresist layer on SiO2/Si wafers 466 
by spin-coating.  467 
 468 
Table 3. Parameter settings for silica etching used in Inductively Coupled Plasma – Reactive Ion 469 
Etching (ICP-RIE). 470 
  471 
Table 4. Parameter settings for silicon etching (isotropic) used in inductively coupled plasma – 472 
deep reactive ion etching (ICP-DRIE). 473 
 474 
Table 5. Parameter settings for silicon etching (anisotropic) used in inductively coupled plasma – 475 
deep reactive ion etching (ICP-DRIE). 476 
 477 
Table 6.  Contact angle measurements – advancing (!;), receding (!:), and apparent (!')—and 478 
immersion in liquids. This table reprinted from Ref.35, Copyright (2019), with permission from 479 
Elsevier. 480 
 481 
DISCUSSION:  482 
Here we discuss additional factors and design criteria to help the reader in applying these 483 
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microfabrication protocols. For cavity microtextures - RCs and DRCs - the choice of pitch is crucial. 484 
On one hand, the thinner the walls between adjacent cavities, the entrapment of air would 485 
ensure that the liquid-solid interfacial area is low and the liquid-solid interfacial area is high, 486 
leading to high contact angles34. But, if the wall-thickness is too thin, it might compromise the 487 
mechanical integrity of the microtexture, for instance, during handling and characterization. 488 
Further, if the walls are too thin, then during the isotropic etching towards DRCs, e.g., step (6.6), 489 
a little over-etching would destroy the wall, and under-etching would yield doubly reentrant 490 
features that are too close to the wall. In the latter scenario, the ability of DRCs to entrap air for 491 
long-term might suffer, especially if the liquid would condense inside the cavities26. For this 492 
reason, we chose the pitch in our experiments to be L = D + 12 μm, i.e. the minimum wall 493 
thickness between the cavities was 12 µm. We also fabricated doubly reentrant cavities with a 494 
smaller pitch of L = D + 5 μm, but the resulting surfaces were not homogeneous due to structural 495 
damage during microfabrication.  496 
 497 
During the etching of the silica layer with C4F8 and O2 in the step (4), the prior history of usage or 498 
the cleanliness of the reaction chamber could give variable results, despite following the same 499 
recipe, for instance, in a common user facility such as in most universities. Thus, it is 500 
recommended that this step is performed in short time periods, for instance, no more than 5 min 501 
each and monitored the thickness of the silica layer by an independent technique, such as 502 
reflectometry. For our wafers with a 2.4 μm-thick silica layer, a typical etching routine took us 13 503 
min to remove silica completely from the targeted areas. Since the photoresist was also etched 504 
during the process, this step removed 1 μm of the silica layer that was initially masked by the 505 
photoresist. Furthermore, to ensure that the etching rate was as expected, and to avoid cross-506 
contamination from previous etch processes (a common issue in multi-user facilities), silica 507 
etching was always preceded by the etching a sacrificial wafer as a precautionary step. During 508 
the development of the photoresist the exposed surface might get contaminated from the 509 
photoresist’s traces/particles, which could act as (microscopic) masks leading to the formation of 510 
pin residues. To avoid this, rigorous cleaning and storage protocols should be followed 511 
throughout the microfabrication process36. 512 
 513 
 Similarly, during the Bosch process, even though SiO2 layer acts as a mask for the Si-layer 514 
underneath, it does get etched during long etching cycles, albeit at slower rates. Thus, the depth 515 
of the cavities or the height of the pillars is limited up the point that the reentrant features will 516 
not be compromised. The passivation and etching times during the Bosch method should be 517 
tuned carefully to obtain smooth walls. This can be achieved by testing iteratively changing 518 
recipes and observing their effects on dummy samples, for instance, using electron microscopy. 519 
In the case of RPs and DRPs, the longer the duration of isotropic etching, the smaller would be 520 
the diameter of the stem. If the diameter is less than 10 μm, it might cause instability/fragility. 521 
This limitation should inform the design at the beginning of the microfabrication procedure. 522 
Dry-etching tools commonly available in universities do not have industrial-grade tolerances, 523 
leading to spatial non-uniformities in terms of the rate of etching inside the chamber. Thus, the 524 
features obtained in the center of the wafer might not be the same as those at the boundary. To 525 
overcome this limitation, we used four-inch wafers and concentrated only in the central region. 526 
We also recommend using direct-writing systems instead of using hard-contact masks for 527 
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photolithography, allowing for quickly varying design parameters, diameters, pitches, shapes 528 
(circular, hexagonal and square), and overall designs (cavities, pillars, and hybrid designs). 529 
 530 
Obviously, neither SiO2/Si wafers nor photolithography are the desired materials or processes for 531 
the mass production of omniphobic surfaces. However, they serve as an excellent model system 532 
to explore innovative microtextures for engineering omniphobic surfaces, for instance by 533 
biomimetics26,27,34,35,46,47, which can be translated to low-cost and scalable materials systems for 534 
applications. It is expected that in the near future, the design principles for GEMs might be scaled 535 
up using techniques such as two photon lithography48, additive manufacturing49, laser 536 
micromachining50. Microtextured SiO2/Si surfaces could also be used for templating soft 537 
materials29,51. Currently, we are investigating applications of our gas entrapping surfaces for 538 
mitigating cavitation damage47, desalination46, and reducing hydrodynamic drag. 539 
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