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Superhydrophobic surfaces are essential in various industries such as textiles, aviation, electronics and
biomedical devices due to their exceptional water-repellent properties. Black silicon (b-Si) would be an
ideal candidate for some applications due to its nanoscale topography made with a convenient lithogra-
phy-free step and complementary metal—oxide-semiconductor (CMOS) compatible fabrication process.
However, its use is hindered by serious issues with mechanical robustness. This study presents ‘'nanojun-
gle b-Si’, characterized by elongated and deep nanostructures and fabricated through photoresist micro-
masks associating with Bosch etching. These nanojungle structures exhibit enhanced robustness and
sustain superhydrophobicity under abrasive conditions, outperforming traditional ‘'nanograss b-Si'. Optical
analysis indicates that the nanojungle structures dissipate abrasive impact energy more effectively, preser-
ving surface roughness and hydrophobicity. Notably, nanojungle b-Si maintains its superhydrophobicity
even after impinging by 20 g of sand impacting from a height of 40 cm. This advancement in b-Si sur-
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Introduction

Superhydrophobic (SHB) surfaces constitute a type of material
surface that demonstrates an exceptional ability to repel water.
This distinctive property is most closely associated with the
surface chemistry and morphological structure. This remark-
able characteristic has led to numerous applications within a
broad range of industries. For instance, these applications
entail the development of self-cleaning surfaces within the
textile and automobile sectors,” the creation of anti-icing sur-
faces utilized by the aviation industry,” and corrosion-resistant
surfaces for use in the marine industry." Additional appli-
cations are found in the realm of electronic packaging for
microelectronics®® and solar-energy harvesters,” as well as the
construction of anti-biofouling and other specialized surfaces
for medical devices.® These diverse applications are antici-
pated to future technological innovations.

Black silicon (b-Si), a variant of silicon characterized by a
distinctively textured surface and black color, has garnered
considerable attention as a substrate for superhydrophobic
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faces holds significant potential for enhancing future technological applications.

surfaces.” Various fabrication techniques (i.e. reactive ion
etching,’® chemical etching,'’ laser'?) have been utilized to
generate the nanotexture of b-Si and their wetting properties
have been thoroughly investigated.’®'* Owing to its simple
fabrication process, excellent superhydrophobic performance
endowed by the air-filled structures, it has been utilized in
numerous superhydrophobic applications. Moreover, thanks
to compatibility with existing CMOS nanofabrication techno-
logies, chemical inertness,'” and low thermal conductivity,'®
b-Si has emerged as a prominent material in the realm of bio-
medical devices, particularly within microfluidic devices. It
has been utilized to create anti-biofouling surfaces,'” anti-bac-
terial surfaces,"®'® and biofluid repellent surfaces.*® Yet, akin
to many superhydrophobic surfaces, b-Si surfaces are suscep-
tible to issues with robustness due to their nanoscale-struc-
tured and rough texture. For instance, under conditions of
high turbulence, strong fluid shear stresses can damage the
nanostructures.*' Efforts to enhance the robustness of super-
hydrophobic surfaces have been made;**>* however, there is
sparse literature reporting on methods to increase the robust-
ness of b-Si, indicating a compelling area for future research.
In this study, we report the development of a novel type of
black silicon, nanojungle b-Si, which features extremely long
and deep structures (over 10 pm). The nanojungle b-Si is fabri-
cated using photoresist micromasks and Bosch etching tech-
niques. Thanks to its deep nanostructures, the novel nanojun-
gle b-Si surface, subsequent to surface modification, attained
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superior superhydrophobic robustness compared to the tra-
ditional nanograss b-Si surface. This upgraded surface could
withstand sand impact from a height of 40 cm. The factors
contributing to this enhanced robustness were investigated via
optical analysis, and key transition points of superhydrophobi-
city were identified and examined.

Nanojungle b-Si fabrication and
characterization

To achieve the deep nanojungle structure, a novel nanofabrica-
tion route, utilizing Bosch etching assisted by micromasks was
raised (Fig. 1a). This unique process began with a 100 mm
prime Silicon (Si) wafer (p-type, {100;, Siegert Wafer, Aachen,
Germany). Initially, the Si wafer was coated with a layer of AZ
5214E photoresist (MicroChemicals GmbH, Ulm, Germany),
acquired by spin-coating the wafer at a speed of 500 rpm (revo-
lutions per minute) for the first 5 seconds and at 4000 rpm for
the subsequent 40 seconds (Step b). Following spin-coating,
the wafer was subjected to a hotplate soft baking step that
lasted 2 minutes at a temperature of 90° to evaporate residual
solvents from the photoresist film. The next step involves the
use of Argon (Ar) milling via the reactive ion etching (RIE)
technique (Oxford Plasmalab 80Plus), to make the photoresist
surface rough (Step c). The process was performed with para-
meters of 30 mTorr pressure, 200 W power, 25 sccm CHF; flow
and 25 sccm Ar flow. The duration of the etching can be
adjusted as required to control the level of roughness on the
photoresist surface, as shown in Fig. S1.f In this work, 30 min
was chosen as the etching time.

Next, the sample with rough photoresist was introduced to
an inductively coupled plasma etcher (ICP-RIE, Oxford Estrelas
100) for Bosch deep etching. This technique alternates among
deposition (1.25s, ICP 1500 W, SFs 10 sccm, C4Fg 300 scem,
pressure 40 mTorr), breakdown (0.85s, ICP 1800 W, SFs 200
scem, C4Fg 1 scem, pressure 25 mTorr), and etching (0.855,
ICP 1800 W, SF¢ 300 scem, C4Fg 10 scem, pressure 50 mTorr)
phases, producing high-aspect-ratio structures that resemble a
‘nanojungle’ on the Si wafer surface. During this etching
process, the photoresist film underwent etching initially. After
completing roughly 100 etching cycles, the photoresist film
formed island-like configurations due to the surface’s rough
texture, serving as micro-masks for the subsequent Bosch deep
etching process (Step d). It should be noted here that since the
sample would be Bosch-etched all the way until the photoresist
was completely stripped, there was no need to identify the
exact time point when the micromasks were initially formed as
shown in Step d. Owing to the high selectivity between AZ
5214E photoresist and Si,>* the consecutive Bosch etching will
result in an extremely deep, and high-aspect-ratio nanojungle
b-Si structure. Hence, an additional 200 etching cycles were
applied to achieve the desired nanojungle structure, as
depicted in Step f. Because the micromasks were not flat struc-
tures (with bump-like structures), the resulting vertical struc-
tures would not be in perfect cylindrical structures (the area of
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Fig. 1 (a) Nanofabrication process of the nanojungle b-Si. (b) SEM
micrographs of vertically aligned nanograss and nanojungle b-Si struc-
tures (scale bar: 2 pm) and collapsed structure images of each kind
(scale bar: 3 um, top: nanograss b-Si, bottom: nanojungle b-Si).

the micromasks would gradually decrease during Bosch
etching). Therefore, the strcutures would be needle-like
random structures due to the bump-like micromasks. It is also
noteworthy that Bosch etching might cause rough edges/
surface on the micromasks. However, because the effect is sup-

This journal is © The Royal Society of Chemistry 2025
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posed to be negligible, the schematics in Fig. 1a does not
reflect this change.

Finally, in order to achieve a superhydrophobic surface, a
fluoropolymer layer was applied to the nanojungle structure
using a plasma-enhanced chemical vapor deposition (PECVD)
process carried out via the previously mentioned RIE system.
The process was performed with parameters of 250 mTorr
pressure, 50 W power, and 100 sccm CHF; flow for 5 min. It is
worth noting that the fluoropolymer will create a proper
surface chemistry towards superhydrophobicity. Bare b-Si
surface will behave hydrophilic due to the existence of native
oxide. Given the nano-textured rough surface, by different
surface modification techniques (polymer deposition, self-
assembled monolayer, etc.), the surface of b-Si can be tuned
from superhydrophilic to superhydrophobic.>®

Scanning electron microscopy (SEM) images of the result-
ing nanojungle b-Si and the reference nanograss b-Si were
obtained using a Zeiss Supra 40 SEM system. These images, as
depicted in Fig. 1b, demonstrate that both b-Si structures
exhibit vertical configurations, albeit with distinct character-
istics. A closer examination of the micrographs of the col-
lapsed structures reveals that the lengths of the nanojungle
structure, which extend over 10 um, considerably surpass
those of the nanograss structure, which reach 3-4 pm. It
should be noted here that due to the limitation of the software,
the random structures on the sidewalls of the nanojungles
cannot be fully depicted in Step f of Fig. 1a. Please refer to
Fig. 1b for details of the nanojungle structures. As what has
been mentioned before, the nanojungle structure is needle-
like random structures. The procedure for fabricating the
nanograss b-Si, which has been adapted from previous
literature,?>*” is elaborated upon in the ESL

Experimental

The hydrophobicity of the samples was assessed using a
contact angle meter (THETA, Biolin Scientifics, Espoo,

View Article Online

Paper

Finland) with the needle in sessile droplet technique.
Advancing contact angles were measured from 2 to 5 pL
droplet size and receding angles from 5 to 0 uL with droplet
pumping rate of 0.1 pL s™*. The sand used in the impact test
was from Biltema B.V., Sweden (size distribution: 200 pm-
1 mm, product number: 175401). The optical images were
obtained via an optical microscope (MX63L, Olympus, Tokyo,
Japan). The reflectance spectra of the samples were measured
using a Shimadzu UV-2600 UV-Vis spectrophotometer
equipped with an ISR-2600Plus integrating sphere attachment
(Shimadzu, Japan). Reflectance measurements were taken
across wavelengths ranging from 300 nm to 900 nm.

Results and discussion

The contact angles of water on pristine nanograss b-Si and
nanojungle b-Si were then acquired. The advancing and reced-
ing angles for the pristine nanograss b-Si surface were 173°
and 170° respectively, compared to 166° and 159° for the pris-
tine nanojungle b-Si surface. This data confirms the signifi-
cant superhydrophobicity of both surfaces.

The robustness of samples was then evaluated by the sand
impact test. As shown in Fig. 2a, the setup includes a funnel
filled with a certain weight of sands positioned above the
tested sample surface inclined at 45 degrees. Sand is allowed
to fall from the funnel and impact the sample surface from
varying heights.

Sand impact tests were carried out on both the nanograss
and nanojungle b-Si superhydrophobic surfaces. The advan-
cing and receding water contact angles were measured on both
types of b-Si surfaces following exposure to sand impact from
heights of 20 cm, 30 cm, and 40 cm, using a constant sand
weight of 10 g. As shown in Fig. 2b and ¢, the novel nanojungle
b-Si maintained high contact angles across all height con-
ditions, indicating its superior robustness against sand
impact. In contrast, the traditional nanograss b-Si exhibited a
noticeable decrease in receding angles while the advancing

) R ' Nanograsé b-Si

" Nanojungle b-Si

20cm 30cm

Sand abrasion heights

T
Pristine

T
40cm

T T
20cm 30cm 40cm

Sand abrasion heights

T
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Fig. 2 Abrasion resistance of nanojungle b-Si (a) experimental setup of the sand impact test. (b) Contact angle measurement results of different
nanograss b-Si surfaces after sand impact (10 g) from different heights. (c) Contact angle measurement results of different nanojungle b-Si surfaces
after sand impact (10 g) from different heights. Bars represent standard deviation.
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angles remained the same. This phenomenon means on the
impacted nanograss b-Si surface, the contact angle hysteresis
increased as sand abrasion height increased, suggesting a
reduction in its superhydrophobic robustness.

To unveil the correlation between sand-impacted surface and
superhydrophobicity, optical route was selected as the method-
ology. As shown in the left panel of Fig. 3a, incident light inter-
acts with a vertical nanostructured surface - such as nanograss
and nanojungle structures in a certain manner. The vertical
structures trap and bounce photons between the nanostructures
leading to an overall enhancement of light absorption, which
appears as dark spots (low grayscale intensity) in optical images.
Conversely, for collapsed structures (as shown in the right panel
of Fig. 3a), the majority of incident light is reflected (both
directly and diffusively) due to reduced internal reflections,
leading to an overall increase in light reflectance and resultant
bright spots in optical images (high grayscale intensity).

Consequently, optical micrographs of sand-impacted
samples were captured. An example is shown in Fig. 3b, dis-
playing evident bright (indicating reflection) and dark spots
(indicating absorption). This contrast implies a heterogeneous
surface where certain regions have preserved the nanostruc-
tural integrity (dark spots) while others have collapsed or been
abraded (bright spots).

Histograms of pixel count versus grayscale intensity for
sand-impacted nanograss and nanojungle b-Si superhydropho-
bic samples are presented in Fig. 3c and d respectively. For the
nanograss sample (Fig. 3c), subjected to abrasive forces from
three different sand drop heights (20 ¢cm, 30 cm, and 40 cm),
the number of pixels at the lower end of grayscale intensity —
which represent vertical structures decreases as the height of
sand abrasion increases. In contrast, the grayscale distribution
of the pixel amounts for the nanojungle sample remains con-
sistent across varying sand abrasion heights. Complete optical
image set can be found as Fig. S2 in the ESL}
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Associating Fig. 3c and d with the contact angle measure-
ments shown in Fig. 2b and c, it can be inferred that the col-
lapse of nanograss structures indeed diminishes hydrophobi-
city. However, regarding the nanojungle b-Si surface, there is
no observable change in either the pixel count distribution or
the wetting property. This consistency reinforces the strong
association that exists between surface morphology and
wetting property.

With respect to the morphology, the prominent distinguish-
ing feature between the nanojungle and nanograss structures
lies in their depth. The nanograss structure is relatively shorter
compared with the nanojungle structure. This shorter length
results in higher stress concentration during the course of
abrasion or impact. The localized stress at the fixed end due to
the inability of the beam to flex will significantly increase the
likelihood of the nanograss structure collapsing from the end.
Once the nanograss structure is fully collapsed, it fails to gene-
rate sufficient roughness needed for the formation of the
Cassie-Baxter state, in which the liquid does not penetrate
into the hollows on the surface, creating an interface consist-
ing of both solid and vapor.?®*° Consequently, after enduring
a certain degree of abrasion or impact, the superhydrophobi-
city of the nanograss b-Si structure diminishes, as depicted in
the left panel of Fig. 4.

In contrast to shorter structures of nanograss b-Si, the
deeper nanojungle structure demonstrates different behavior
following abrasion or impact. The deep structure will be more
flexible and will experience greater deflections under the same
load compared to a short beam. The ability to flex and distri-
bute stress reduces the chance of the nanojungle breaking at
the end. While the long beam may still experience significant
stress at the fixed end, the overall distribution of impact
energy across the length of the structure lessens the peak
stress at the end, increasing the likelihood of breaking in the
middle. As demonstrated in the right panel of Fig. 4, the nano-
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Fig. 3 Optical characterization of abrasion resistance (a) Schematics of interactions between incident light and vertical/collapsed structures. (b) Sample of
optical micrograph of sand-impacted nanojungle b-Si surface. The scale bar in the graph is 100 pm. (c) Pixel count vs. grayscale histograms of nanograss
b-Si samples impacted by sand from different heights. (d) Pixel count vs. grayscale histograms of nanojungle b-Si samples impacted by sand from different
heights. (e) Pixel count vs. grayscale histograms of nanograss and nanojungle b-Si samples impacted by sand from 40 cm.
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Fig. 4 Mechanisms for nanojungle b-Si superhydrophobic surface
keeping its robustness towards superhydrophobicity.

jungle structure, given its tendency to break mid-way, ensures
the remaining structures preserve sufficient roughness for
superhydrophobicity following abrasion or impact. Even if
micro-size areas (diameter smaller than the height of the
nanojungle) of complete structural collapse occur on the
surface, the deep nanojungle facilitates the effective air
cushion necessary for the Cassie-Baxter state (Fig. 4). The evi-
dence for these two scenarios was found on abrased/impacted
nanojungle samples as shown in Fig. S4.}

To conclude, our novel nanojungle b-Si surface exhibits
superior superhydrophobic robustness compared to the con-
ventional nanograss b-Si surface owing to its deeply etched
structures.

Notably, an observation can be made that the ‘darker’
pixels, representative of the vertical structures, are markedly
greater on the nanograss surface compared to its nanojungle
counterpart under the sand abrasion conditions, identified by
weight and abrasion height, as shown in Fig. S3.f This
phenomenon indicates that the long, jungle-like structures are
easier to break under impact. We suspect that because long
structures are more susceptible to buckling and may fail in
modes other than brittle fracture. Despite this fact, the
abrased nanojungle surface still maintain its superhydropho-
bic behavior. This observation thereby confirms the working
mechanisms mentioned earlier.

To confirm this point, pixel histograms of both abraded
surfaces resulting from the application of 10 g of sand from a
height of 40 cm are presented in Fig. 3e for analysis. The histo-
gram reveals three distinct regimes denoted as R1, R2, and R3.
In R1 (approximately from grayscale 0 to 20) and R3 (approxi-
mately above grayscale 60), the nanograss pixels exhibit a
higher frequency than those from the nanojungle sample,
whereas in R2 (approximately from grayscale 20 to 60), nano-

This journal is © The Royal Society of Chemistry 2025
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jungle pixels outnumber those of the nanograss sample. This
comparison can be interpreted as follows:

The R1 regime represents the fully intact vertical structures.
As previously discussed, due to the buckling, the nanojungle is
more easily broken, resulting in few nanojungle pixels in this
regime.

The R3 regime comprises the ‘brighter’ pixels where the
structures have been completely collapsed or removed. Due to
the relatively shorter structures, the nanograss structure tends to
be more fully removed or collapsed compared to the nanojungle
structure, resulting in fewer nanojungle pixels in this regime.

Situated between R1 and R3 is R2, which can be character-
ized as the ‘partially’ collapsed conditions. These conditions
can be understood as structures broken from the middle or
micro-sized collapsed spots (smaller than the resolution of the
microscope), resulting in grayscale levels between extreme
brightness and darkness. The significantly larger population
of nanojungle pixels in R2 serves as an indicator that the nano-
jungle structure has a tendency to maintain its superhydro-
phobicity, which suits the two ‘after abrasion scenarios’ as
stated in the Working Mechanism Section and illustrated in
Fig. 1c.

The reflectance spectra of the aforementioned samples
were also obtained (Fig. S51). By analyzing the spectra, it is
evident that the reflectance of the traditional nanograss b-Si
surface increased after abrasion, likely due to the collapse or
complete removal of the nanograss structures. In contrast, the
spectra of the nanojungle b-Si surface exhibited a decrease in
post-abrasion reflectance, indicating enhanced absorption in
the visible spectrum. This suggests that most nanojungle
structures were only partially damaged, allowing them to
retain their anti-reflective properties. The observed increase in
absorption can be attributed to broken nanojungle debris,
which may enhance photon scattering and bouncing between
structures, thereby increasing absorption. The reflectance cal-
culation method can be found in the ESIL. T

In order to more comprehensively analyze the failure point
of the nanojungle b-Si, sand impact tests using varying
weights of sand from the same height, 40 cm, were put into
effect. Fig. 5 illustrates the relationship between sand weight
(g) and the advancing and receding contact angles on the
nanojungle b-Si superhydrophobic surface.

The amber curve corresponds to the advancing contact
angles, and the green curve corresponds to the receding
contact angles. Both angles are initially high, indicating super-
hydrophobic behavior. As the sand weight increases, the
advancing angle remains relatively stable, slightly decreasing
but consistently above the superhydrophobic threshold. In
contrast, the receding angle exhibits a significant decline after
a sand weight of 30 g, transitioning from superhydrophobic
(>150°) to hydrophobic and eventually becoming hydrophilic
(<90°) at 60 g, indicating formation of Wenzel states, in which
the water is in fully contact with the surface. The SEM micro-
graphs (Fig. S61) and pixel analysis (Fig. S7 and S8%) also eluci-
date the formation of Wenzel states due to large-area fully col-
lapsed structures.
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Conclusions

In this study, we demonstrated the enhanced superhydropho-
bic robustness of the novel nanojungle b-Si surface compared
to the traditional nanograss b-Si structure. The lengths of the
nanojungle structures reach over 10 pm via a new fabrication
route, Bosch etching assisted by micromasks. Through com-
prehensive sand impact testing and optical characterization, it
was found that the nanojungle b-Si maintained high advan-
cing and receding contact angles even after impact by sand
from 40 cm, indicating superior robustness over nanograss
b-Si. The enhanced robustness of the nanojungle b-Si can be
attributed to its deeply etched structures, which are less prone
to fully collapse and maintain their superhydrophobic pro-
perties even after impact. These findings suggest that nanojun-
gle b-Si surfaces are more suitable for applications where long-
term superhydrophobicity is critical, especially in environ-
ments subject to mechanical abrasion.
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