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ABSTRACT: The  persistent  decline  in  photovoltaic  efficiency  caused
by  surface  soiling  represents  a  major  obstacle  to  the  reliable
deployment of solar energy systems. While superhydrophobic surface
provide  a  promising  route  to  self-cleaning  surfaces,  their
implementation  on  photovoltaic  glass  has  been  fundamentally
constrained  by  the  longstanding  trade-off  between  optical
transparency and surface roughness, as well as the reliance on high-
temperature  fabrication  processes.  Herein,  we  provide  a  feasible
approach:  optimizing  optical,  wettability,  and  mechanical  properties
simultaneously by designing the height of disordered nanopillar arrays. Unlike prior methods that rely on high-temperature
metal  dewetting  (>  500  °C)  or  ordered  nanostructures  requiring  expensive  lithography,  our  disordered  nanocolumn array
(DCA) glass is fabricated via a scalable, substrate-independent route combining block-copolymer phase separation, flexible
composite  template  replication,  nanoimprint  lithography,  plasma  etching,  and  fluorosilane  modification.  At  a  nanocolumn
height  of  approximately  150 nm,  the surface exhibits  a  transmittance above 95%, a  water  contact  angle  (CA)  exceeding
155°, a roll-off angle (RA) as low as 7°. This critical aspect ratio stabilizes the Cassie wetting state while resisting external
mechanical stress. This work not only presents a high-performance, durable, and transparent superhydrophobic glass, but
also establishes a design paradigm based on geometry engineered disordered nanostructures for multifunctional protective
surfaces. It provides the feasible way for more efficient and sustainable solar energy harvesting in real-world environments.
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 1    Introduction
Developing  photovoltaic  technology  that  can  maintain  high
photoelectric conversion efficiency over the long term is crucial for
the  global  transition  to  renewable  energy  [1−3].  In  real  outdoor
operations,  the  accumulation  of  dust,  pollen,  and  other  pollutants
on  the  surface  of  photovoltaic  module  glass  can  severely  weaken
incident light intensity, leading to a sustained decline in the output
power  of  photovoltaic  modules  [4−7].  Therefore,  achieving  a  self-
cleaning capability for the glass cover that is efficient,  durable, and
does  not  compromise  its  core  optical  functions  has  become  an
urgent technical challenge in the photovoltaic field.

Currently,  strategies  for  preventing  pollution  on  photovoltaic
glass  covers  can  be  broadly  classified  into  two  categories:  passive
remediation  and  active  prevention  [8−12].  Passive  remediation
methods,  such  as  manual  wiping  and  mechanical  cleaning,  can
directly  remove  dirt;  however,  these  methods  come  with  high
maintenance  costs  and  also  pose  a  risk  of  scratching  the  glass
surface [5, 13−15]. In contrast, active prevention strategies based on
surface  functionalization  have  the  potential  to “prevent  dirt
accumulation  before  it  forms”,  showing  promising  prospects.
Among  these  studies,  developing  surfaces  with  superhydrophobic
or  superhydrophilic  properties  to  achieve  self-cleaning  functions
has  become  a  mainstream  research  direction  [16−18].
Superhydrophilic surfaces can form a water film that washes away
pollutants,  performing  well  in  regions  with  frequent  rainfall
[19, 20]. However, their effectiveness significantly decreases in dry,
low-rain  environments.  On  the  other  hand,  constructing
micro/nano-structured surfaces with low surface energy to achieve
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superhydrophobicity  results  in  water  droplets  forming  contact
angles greater than 150°, allowing droplets to roll off and carry away
contaminants  [21−23].  This  mechanism is  particularly  suitable  for
water-scarce areas and is regarded as a highly promising solution.

Despite  extensive  research  efforts,  the  practical  application  of
superhydrophobic technology to photovoltaic (PV) glass covers has
long  been  constrained  by  two  core  bottlenecks.  On the  one  hand,
the  microscopic  roughness  required  to  achieve
superhydrophobicity  often  induces  detrimental  light  scattering,
leading  to  a  loss  of  the  high  transparency  that  glass  covers  must
guarantee [9, 24−26]. On the other hand, most existing fabrication
routes  require  high-temperature  annealing  (>  500  °C),  which  is
incompatible  with polymer substrates  and functional  layers  due to
their  poor  thermal  stability  [27, 28].  Additionally,  most  reported
superhydrophobic  micro-nano  structures  have  limited  mechanical
strength,  making  them  prone  to  wear  from  outdoor  dust  and
raindrop  impacts,  which  in  turn  causes  rapid  performance
degradation  [24].  Previous  studies  have  reported  a  number  of
transparent  superhydrophobic  glass  materials  fabricated  via
nanostructure  treatment  followed  by  subsequent  fluoroalkylsilane
modification. For instance, Infante et al. employed metal dewetting
combined  with  reactive  ion  etching  (RIE)  to  fabricate  etched
nanostructured  glass  with  low  haze,  anti-reflection,  and
superhydrophobic  properties  [29].  Similarly,  follow-up  studies
further extended this metal dewetting approach to the fabrication of
durable  transparent  superhydrophobic  surfaces  [30, 31].  Despite
these important contributions, they have a common flaw: they rely
on  high-temperature  annealing  (>  500  °C)  to  generate  metal
nanoparticles  as  etching  masks.  This  process  restricts  the  practical
scalability and industrial applicability of the associated technologies.
Furthermore, most of these studies focus exclusively on optimizing
the  nanostructure  etching  process,  and  have  not  systematically
investigated “controlled  disorder” as  a  design  principle  that  can
simultaneously  balance  trade-offs  among  multiple  performance
metrics.

In  contrast  to  the  high-temperature  metal  dewetting  approach,
our  study  proposes  a  novel  solution:  designing  a  disordered
nanostructure  array  and  systematically  regulating  its  geometric
parameters  to  achieve  a  synergistic  optimization  of  light
management,  wettability  control,  and  mechanical  stability.
Moderate  structural  disorder  helps  to  suppress  specific  optical
interference  and  diffraction  caused  by  periodic  structures,  thereby
maintaining  excellent  transparency  across  a  wide  spectral  range.
More  importantly,  by  precisely  controlling  the  height  and
morphology  of  the  nanostructures,  it  becomes  possible  to
simultaneously  regulate  light  transmission  and
superhydrophobicity.  This  approach  transcends  the  traditional
pursuit  of “ordered  perfect  structures”,  instead  viewing “disorder”
as  a  new  pathway  to  address  the  challenges  of  multifunctional
coupling.

Herein,  this  work  presents  the  preparation  of  fluorinated
disordered  nanocolumn  arrays  (F-DCA)  with  varying  heights  of
nanocolumns using nanoimprint lithography (NIL) and inductively
coupled  plasma  reactive  ion  etching  (ICP-RIE)  on  glass.  The
systematic  investigation  focuses  on  how  the  height  of  the
nanocolumns  (70–380  nm)  influences  their  optical  performance,
superhydrophobic properties, and mechanical durability. The study
reveals an optimized structural height (~ 150 nm) that achieves the
best balance among these three performance indicators. Excessively
low heights may lead to droplet penetration, while excessively high

heights could cause pinning effects on the droplet due to sharp tips
formed  by  over-etching.  Nanopillars  of  a  specific  height  can
stabilize the Cassie wetting state. This work not only demonstrates a
high-performance  transparent  superhydrophobic  surface  suitable
for  photovoltaic  glass  but  also  elucidates  a  multifunctional
synergistic  design  principle  based  on  disordered  nanostructures,
providing  a  feasible  approach  for  developing  long-lasting  self-
cleaning optical devices suitable for harsh outdoor environments.

 2    Experimental

 2.1    Materials
The  Corning  Gorilla  Glass  was  procured  from Nanjing  WanQing
Chemical  GlassWare  &  Instrument  Co.,  Ltd.  1H,1H,2H,2H-
Perfluorodecyl-trichlorosilane  (FDTS)  was  purchased  from  Sikang
New  Material  Co.,  Ltd.  Hydrochloric  acid,  acetone,  anhydrous
ethanol, toluene, polystyrene (PS), polyphenyl bis-siloxane (PPSQ),
polymethyl  methacrylate  (PMMA)  and  other  reagents  were
obtained from Aladdin Co., Ltd.

 2.2    Disorderly silicon nanohole template preparation
The  experimental  preparation  process  is  shown  in  Fig.  S1  in  the
Electronic  Supplementary  Material  (ESM).  First,  a  3%  PMMA
solution was spin-coated onto the silicon substrate (3000 rpm, 40 s)
to  form  a  uniform  film  with  a  thickness  of  ~  180  nm.  A  25  nm
thick  SiO2 intermediate  layer  was  then  deposited  on  the  surface
using  plasma-enhanced  chemical  vapor  deposition  (PECVD)  to
prevent  miscibility  between the  subsequent  blended polymer  layer
and  the  PMMA  layer.  A  2%  mass  fraction  of
polystyrene/poly(dimethylsiloxane)  (PS/PPSQ  =  1:1)  blended
solution  was  spin-coated  onto  the  PMMA-SiO2 sample  surface  at
3000  rpm  to  form  a  phase-separated  film.  The  PS  phase  and  the
residual  PPSQ  layer  were  sequentially  removed  using  ICP-RIE,
transferring the pattern to the SiO2 and PMMA. Next,  Chromium
was  deposited  onto  the  sample  surface  using  an  electron  beam
evaporator (rate: 1 nm/s), achieving the thickness of ~ 20 nm. The
chromium-coated sample was immersed in acetone and treated in
an  ultrasonic  cleaning  to  peel  off  the  PMMA  resulting  in  a
disorderly  chromium  nanonet  structure  on  the  surface.  Using  the
chromium layer as a hard mask, ICP-RIE was employed to etch the
silicon substrate,  obtaining  the  disorderly  nanopore  structure.  The
sample was then placed in a mixed solution of cerium ammonium
nitrate,  acetic  acid,  and  ultrapure  water,  followed  by  ultrasonic
treatment  to  thoroughly  remove  the  residual  chromium  layer.
Finally,  the  disordered  silicon  nanopore  template  was  exposed  to
ozone for 30 min, transferred to a vacuum oven, and functionalized
by adding three drops of FDTS at 80 °C under −0.09 MPa for 2 h.
This  treatment  completed  the  surface  hydrophobic  modification,
yielding  a  disordered  silicon  nanopore  template  suitable  for
nanoimprinting (Fig. S2 in the ESM).

 2.3    F-DCA preparation
Figure 1(a) schematically illustrates the fabrication process of the F-
DCA. First, A flexible, transparent polyethylene terephthalate (PET)
substrate  was  spin-coated  with  a  low-surface-energy  fluorine  UV
resist resin (3000 rpm, 40 s). The coated substrate was then aligned
with  a  master  disordered  silicon  nanohole  template  and
nanoimprinted under 0.4 MPa in vacuum. Subsequent UV curing
and demolding yielded a complementary polymer-based composite
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template.  Subsequent,  a 3% solution of PMMA and UV resist  was
sequentially  spin-coated  onto  a  quartz  glass  substrate.  Cover  the
composite template over the UV resist layer and perform ultraviolet
exposure for  60 s  in a  N2,  thereby forming a  disordered nanopore
array on the surface of the top UV resist layer (Fig. S3 in the ESM).
After  demolding,  a  two-step  etching  process  was  performed using
an ICP-RIE system. The residual UV resist layer was etched with a
mixture of O2 (20 sccm) and CHF3 (2 sccm), followed by etching of
the underlying PMMA with O2 (10 sccm). Finally, A ~ 20 nm-thick
chromium  layer  was  deposited  via  electron  beam  evaporation
(PVD).  The  PMMA  layer  was  removed  by  ultrasonication  in
acetone,  leaving  a  disordered  chromium  (Cr)  dot  pattern  on  the
quartz  surface.  Using  Cr  dot  pattern  as  a  hard  mask,  the  quartz
glass  was  etched  with  a  mixture  of  CHF3 (30  sccm)  and  CF4

(10  sccm).  Removal  of  the  Cr  produced  the  disordered
nanocolumn  array  (DCA,  Fig.  S4  in  the  ESM)  on  the  quartz
substrate. The F-DCA were obtained by exposing the DCA to three
drops of FDTS in a vacuum oven at 80 °C and −0.09 MPa for 2 h.
Figures  1(b)−1(d) present  scanning  electron  microscopy  (SEM)
images  of  the  sample  at  key  fabrication  stages.  As  shown  in
Fig.  1(b),  the  two-step  etching  process  completely  removed  the
residual  UV  resist  and  the  underlying  PMMA  layer,  yielding
polymer  nanopores. Figure  1(c) demonstrates  the  resulting
disordered  Cr  dot  array,  which  exhibits  excellent  consistency  with
the geometric parameters of the original silicon nanohole template,
thereby  attesting  to  the  high  fidelity  and  reliability  of  our  pattern
transfer  strategy.  The  structurally  intact  disordered  nanocolumn
array,  showcased  in Fig.  1(d),  confirms  the  successful
implementation of the entire fabrication protocol.

 2.4    Fluorinated ordered nanocolumn arrays preparation
Using  the  same  fabrication  process  as  that  of  F-DCA,  an  ordered
nanocolumn array (diameter of 200 nm, periodicity of 400 nm, and
height of 300 nm, Fig. S5 in the ESM) was fabricated on quartz glass
as  a  control  sample,  with  the  only  difference  being  the  use  of  an
ordered silicon template.

 2.5    Characterizations
The surface  morphology  of  the  samples  was  characterized  using  a
scanning electron microscope (GeminiSEM, ZEISS) operated at an
accelerating  voltage  of  20  kV.  To  evaluate  the  transmittance  and
reflectance  of  light,  a  UV-3600  ultraviolet–visible  spectrop-
hotometer  was  used.  Static  contact  angle  and  roll-off  angle
measurements  were  conducted  using  a  fixed-drop  analyzer
(DSA100,  Krüss,  Germany).  Measurements  were  taken  at  three
different  locations  on  each  surface,  and  the  average  value  was
calculated. Unless otherwise specified,  the droplet volume used for
both contact angle and roll-off angle measurements was 5 µL, with
three independent measurements taken on different regions of the
sample  surface.  Relevant  optical  images  were  recorded  using  a
camera (SONY NEX-7) with a macro lens.

 3    Results and discussion

 3.1    Characterization of structure and optical properties
As  shown  in Figs.  2(a)−2(d),  we  fabricated  a  series  of  disordered
nanocolumn  arrays  (DCA)  with  heights  of  70,  150,  250,  and
380  nm  by  controlling  the  quartz  etching  time.  Subsequently,  all
samples  were  surface-treated  with  FDTS  to  reduce  their  surface
energy.  The  resulting  samples  were  labeled  according  to  their
heights  as  F-DCA-70,  F-DCA-150,  F-DCA-250,  and  F-DCA-380.
When the nanocolumn heights were 70 and 150 nm, there was no
noticeable  difference  between  the  top  and  bottom  diameters.
However,  as  the  etching  time  increased,  the  top  diameter  became
slightly  smaller  than  the  bottom  diameter  when  the  nanocolumn
height  reached  250  nm.  This  was  due  to  the  lateral  etching  of  the
nanocolumn  sidewalls  by  the  reactive  plasma  during  the  etching
process,  with  the  top  experiencing  more  etching  than  the  bottom.
When the nanocolumn height was further increased to 380 nm, the
lateral  etching  effect  became  more  pronounced,  not  only  causing
the top diameter to be significantly smaller than the bottom but also
enlarging the gap between adjacent nanocolumns at the top.

 

Figure 1    (a) Fabrication processes of the F-DCA. (b)–(d) SEM images of the corresponding disordered nanopore array, Cr dot array, and F-DCA.
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Transparent  glass  is  commonly  used  as  a  protective  layer  in
devices such as displays, touchscreens, and solar cells, and its optical
properties directly influence the overall performance of the devices.
Typically,  the  construction  of  micro/nanostructures  on  the  glass
surface  significantly  affects  its  light  transmission  properties.  To
investigate  this,  we  characterized  the  optical  performance  of  bare
glass and samples with different heights of disordered nanocolumns
using  a  UV-3600  ultraviolet-visible  spectrophotometer.  As  shown
in Fig.  2(e),  compared  to  the  blank  substrate  and  ordered
nanocolumn  array  (Fig.  S6  in  the  ESM),  the  samples  with  the
disordered nanocolumn structures exhibited a significant reduction
in  reflectance,  indicating  that  the  structure  effectively  suppressed
interface  reflection.  Additionally,  these  samples  demonstrated
higher  transmittance  (Fig.  2(f)).  The  images  and  text  displayed  in
Fig.  S7  in  the  ESM,  captured  through  DCA  glass,  show  superior
clarity  compared  to  bare  glass  and  ordered  nanocolumn  array
(noticeable rainbow effect, Fig. S8 in the ESM), further confirming
that introducing disordered nanocolumn structures on quartz glass
can  achieve  both  antireflection  and  antireflection  enhancement.
The  reason  behind  this  lies  in  the  fact  that  the  disordered
arrangement  of  the  nanocolumns  enables  incoherent  scattering  of
incident  light  at  the  interface.  This  mechanism  distributes  the
energy uniformly across all angles, rather than concentrating it in a
specific  direction.  As  a  result,  the  disordered  nanocolumn  array
maintains  high  surface  roughness  while  maximizing  optical
transparency (Fig. S9 in the ESM).

To assess the potential application of the disordered nanocolumn
array  in  imaging  and  display  fields,  we  performed  haze
characterization  of  the  prepared  samples. Figure  2(g) shows  the
haze data calculated according to Eq. (1) [32]

hλ =
Sd,λ

St,λ
− Wd,λ

Wt,λ
(1)

Sd,λ St,λ

Wd,λ Wt,λ

where  and represent  the  scattering  transmittance  and  total
transmittance  of  the  sample,  respectively,  while and refer
to  the  scattering  transmittance  and  total  transmittance  measured
when  the  sample  is  removed  from  the  optical  path  of  the
spectrometer.

It can be seen that within the short-wavelength range, the haze of
all  samples  is  higher  than  that  in  the  long-wavelength  range
(Fig.  2(g)),  and  the  haze  increases  with  the  height  of  the
nanocolumns.  The  samples  with  heights  of  70  and  150  nm
exhibited  relatively  low  haze,  remaining  below  1%  in  the
400–780  nm  wavelength  range,  indicating  better  transparency  for
these  two  samples.  To  visually  verify  these  results,  we  observed
outdoor  scenes  through  bare  glass  and  glass  with  a  150  nm
disordered  nanocolumn  array  on  the  surface.  The  glass  with  the
nanocolumn  structure  had  minimal  impact  on  visual  observation,
and  the  outdoor  scenes  were  still  clearly  visible,  further
demonstrating  that  the  nanocolumn  array  at  this  height  can
maintain good imaging quality while achieving antireflection.

 3.2    Superhydrophobic and anti-dust properties
In the following, the surface liquid-repellent performance of quartz
samples  with  F-DCA  of  different  heights  was  characterized.  The
results  showed  that  the  contact  angle  variation  of  water  and  oleic
acid on the surface followed similar patterns (Fig.  3(a)).  When the
nanocolumn  height  was  70  nm,  the  contact  angle  (CA)  was  the
smallest (water CA = 141.7° and oleic acid CA = 130.5°), and water
droplets  could  not  roll  off  (rolling  angle  (RA)  >90°).  This  unique
wetting behavior does not stem from a simple Wenzel state; instead,
it  is  a  transition wetting state  induced by the insufficient  height of
the  nanostructures.  Under  droplet  weight  or  minor  disturbances,
the liquid-air  interface can easily  sag and make substantial  contact
with the substrate between the nanocolumns [33], leading to a high-
adhesion, Wenzel-like state (Fig. S10 in the ESM). This explains the
observed  contact  angle  reduction  and  the  complete  pinning  of
droplets.  As  the  height  increased  to  150  nm,  the  water  and  oleic
acid  CA significantly  increased  (water  CA =  155.3°  and  oleic  acid
CA  =  141.6°),  and  the  RA  of  the  water  droplets  decreased  to  7°,
with  the  sample  exhibiting  excellent  liquid-repellent  and  self-
cleaning  properties.  This  improvement  was  due  to  the  sufficient
height  of  the  nanocolumns  to  prevent  droplets  from touching  the
bottom, thus enhancing the liquid-repellent performance (Fig.  S11
in the ESM). For the ordered nanocolumn array, the surface CA is
152° (Fig. S12 in the ESM), which is comparable to that of F-DCA-

 

Figure 2    (a)–(d) The heights of the disordered nanocolumns were respectively labeled as F-DCA-70, F-DCA-150, F-DCA-250, and F-DCA-380. (e) and (f) Reflectance
and transmittance of F-DCA-(70, 150, 250 and 380) and bare glass. (g) The haze of different sample and tree captured through F-DCA-150.
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150. When the height was further increased to 250 nm (water CA
of  156.4°,  an  oleic  acid  CA  of  142.4°,  and  a  water  RA  of  6°),  the
liquid-repellent  properties  and  rolling  angle  were  comparable  to
those of the 150 nm sample (water CA of 155.3°, an oleic acid CA
of 141.6°, and a water RA of 7°). However, when the height reached
380 nm, the contact angle began to decrease, and the rolling angle
increased.  This  could  be  attributed  to  over-etching,  which  caused
the  nanocolumn tips  to  become sharper,  reducing the  support  for
the  droplets  and  thereby  triggering  the  pinning  effect  (Fig.  S13  in
the  ESM).  Similar  geometric  effects  on  wetting  transitions  have
been extensively discussed in studies [34, 35].

We  selected  F-DCA-150  quartz  glass,  which  exhibits  both
excellent  optical  properties  and  high  liquid-repellent  performance,
to  further  assess  its  applicability  and  stability  in  real-world
scenarios.  As  shown  in Fig.  3(b),  after  a  marker  pen  was  drawn
across  the  F-DCA-150  surface,  the  ink  aggregated  and contracted,
while on the bare glass surface, it spread uniformly (Fig. S14 in the
ESM), indicating the excellent liquid-repellent properties of F-DCA-
150.  Further  dynamic  experiments  were  conducted  to  verify  its
hydrophobicity: when an 8 μL water droplet was moved and lifted
by  a  syringe  needle  on  the  surface  of  the  sample,  no  significant
deformation of the droplet occurred (Fig. 3(c)), suggesting that the
needle-water  interface  force  (Fneedle-water)  was  sufficient  to  overcome
the gravity of droplet (Gwater) and adhesion to the surface (Fsurface-water,
Fig.  S15  in  the  ESM).  Additionally,  a  10  μL  water  droplet  rapidly
rolls  off  the  sample  surface  at  a  tilt  angle  of  only  15°  within 3  ms,

leaving  no  residue,  indicating  extremely  low  water  adhesion  and
outstanding dynamic superhydrophobic performance (Fig. 3(d)).

To  evaluate  the  dust  resistance  performance  of  the  fabricated
surfaces,  both  outdoor  static  dust  resistance  testing  and  indoor
simulated  dust  resistance  experiments  were  conducted.  In  the
outdoor test, the samples were placed in Petri dishes and fixed at a
20°  tilt  angle  on  a  balcony.  The  dust  resistance  was  assessed  by
measuring  the  weight  change  after  different  exposure  durations.
The indoor test employed a 200-mesh-sieved outdoor soil dust at a
concentration  of  500  g·m−3 in  a  dedicated  chamber  with  a  20°  tilt
angle,  and  three  samples  were  tested  for  each  condition  to  enable
statistical  evaluation  [36].  As  shown  in Fig.  3(e),  after  10  days  of
indoor testing, the dust deposition on the F-DCA-150 and F-DCA-
250 surfaces  was  7.3  and 6.1  g·m−2,  respectively,  significantly  lower
than  that  on  the  bare  glass,  F-DCA-70,  and  F-DCA-380  samples.
After 180 days of outdoor exposure, the dust accumulation on the F-
DCA-150  and  F-DCA-250  surfaces  was  10.6  and  9.8  g·m−2,
respectively,  still  much lower  than on the  bare  glass  (53  g·m−2),  F-
DCA-70  (28  g·m−2),  and  F-DCA-380  (14.3  g·m−2),  clearly
demonstrating  the  excellent  dust  resistance  of  these  two  surfaces
(Fig.  3(f)).  The  increased  dust  accumulation  on  the  F-DCA-380
surface is due to two factors: (1) larger inter-column gaps that allow
dust particles  to become trapped;  and (2) an excessive aspect  ratio
that may create capillary effects, drawing fine dust particles into the
gaps. To further explore the dust resistance mechanism, the surface
morphology  after  180  days  of  outdoor  exposure  was  analyzed.  As

 

Figure 3    (a) The CA and RA of F-DCA-(70, 150, 250 and 380). (b) The picture after the marker pen was drawn on the surface of F-DCA-150. (c) The process of a water
droplet being in contact with and lifted from the F-DCA-150. (d) The water droplet rolls off the sample surface at an angle of only 15°. (e) Dust deposition amount after
10 days indoor test. (f) Dust deposition amount after 180 days outdoor exposure test.

Nano Research | Vol. 19, No. 12 Zhou et al.

94908912 (5 of 9) Nano Research, 2026, 19, 94908912

https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912


shown  in  Fig.  S16  in  the  ESM,  the  densely  arranged  nanocolumn
structures  reduce  the  likelihood of  dust  particles  entering the  gaps
between the structures, causing dust to primarily accumulate at the
tops  of  the  nanocolumns.  This  arrangement  decreases  the  actual
contact  area  between  the  dust  and  the  glass  substrate,  thereby
reducing  adhesion  strength.  Consequently,  under  the  influence  of
external  forces  such  as  gravity  or  wind,  dust  particles  are  more
easily  detached  from  the  surface,  exhibiting  significant  dust
resistance  performance.  Notably,  while  all  F-DCA  samples  exhibit
hydrophobic  properties,  their  anti-dust  performance  varies
significantly  with  geometry  (Table  S1  in  the  ESM).  This  indicates
that  the  structural  geometry  plays  a  more  critical  role  in
determining dust removal efficiency under dry conditions.

 3.3    Mechanical stability
Superhydrophobic  self-cleaning  surfaces  often  face  various
mechanical challenges in practical applications [37]. Therefore, it is
essential  to  evaluate  their  mechanical  stability  and wear  resistance.
To  evaluate  the  mechanical  robustness  of  DCA-150,  a  sandpaper
abrasion  test  was  first  conducted  (Fig.  4(a)).  The  sample  (5  cm  ×
5  cm)  was  placed  on  sandpaper  (grit  No.  800)  and  subjected  to
movement  under  a  weight  of  500  g.  Each  reciprocating  motion
covering  a  total  distance  of  2.5  m  on  the  sandpaper  is  defined  as
one friction cycle. The results showed that after 20 cycles (total wear
distance of  50 m),  both the contact  angle and rolling angle on the
DCA-150 surface did not exhibit significant changes, maintaining a
stable  superhydrophobic  state  (Fig.  4(b)).  Further,  a  sand  impact

test  was  conducted  on  DCA-150  according  to  the  ISO/TS
10,689:2023  standard  [38]  (Fig.  S17  in  the  ESM).  After  300  sand
impact  cycles,  the  water  CA  on  its  surface  remained  stable  at
approximately  161.7°  (Fig.  4(d)),  with  no  significant  decrease,
further  confirming  its  excellent  impact  resistance.  The  results  of
both  the  sandpaper  abrasion  and  sand  impact  tests  demonstrate
that  DCA-150  possesses  outstanding  mechanical  robustness.  To
investigate  the  mechanism  behind  the  exceptional  durability  of
DCA-150,  SEM  characterization  was  performed  on  the  samples
after  abrasion  and  sand  impact  treatments  (Fig.  S18  in  the  ESM).
The results showed that the disordered nanocolumn structure on its
surface remained intact after testing. This is primarily attributed to
the fact that (i) the nanocolumns are directly etched into the quartz
substrate  via  ICP-RIE,  forming  a  monolithic  structure  that  avoids
the weak interfacial adhesion common in coated systems; (ii) quartz
glass itself has high hardness; (iii) the disordered arrangement helps
distribute  external  stress  across  multiple  columns  rather  than
concentrating it on a few; (iv) the FDTS forms covalent bonds with
hydroxyl groups on the nanocolumn surfaces, enhancing chemical
stability. To further evaluate the practical self-cleaning performance,
the  DCA-150  surface  was  contaminated  with  adhesive  carbon
powder after gravel impact testing. When tilted at 20°, rolling water
droplets completely removed the dust particles without leaving any
residue (Fig. S19 in the ESM), confirming that the surface retains its
self-cleaning  functionality  even  after  undergoing  mechanical
abrasion,  further  demonstrates  the  potential  of  DCA-150  for
practical applications.

 

Figure 4    (a) Schematic of sandpaper abrasion test (one cycle). (b) Changes in CA and RA after mechanical abrasion cycles of DCA-150. (c) Changes in CA after impact
test cycles of DCA-150. (d) The variation of CA and RA as a function of the temperature. (e) The variation of CA and RA as a function of the irradiation UV time. (f) The
variation of CA and RA as a function of the pH of solution for 10 days. (g) The variation of CA and RA as a function of the humidity. (h) Transmittance of DCA-150
samples  after  self-cleaning  test.  (i)  The  comparison  of I–V curves  of  the  solar  cells  with  DCA-150.  Inserted:  photographs  of  the  assembled  solar  cell  covered  with
transparent superhydrophobic glass.

Zhou et al. Nano Research | Vol. 19, No. 12

Nano Research, 2026, 19, 94908912 94908912 (6 of 9)

https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912
https://www.sciopen.com/article/10.26599/NR.2026.94908912


 3.4    Environmental and chemical durability
To  further  evaluate  the  practical  durability  of  the  F-DCA-150
samples  under  complex  environmental  conditions,  a  systematic
assessment  was  conducted,  encompassing  thermal  stability,  UV
stability, chemical stability, and humidity resistance. To evaluate the
thermal  stability  of  F-DCA-150,  the  samples  were  placed  at
different temperatures ranging from 20 to 200 °C, maintaining each
temperature  for  2  h.  As  shown  in Fig.  4(d),  the  surface  of
F-DCA-150  maintained  its  CA,  RA,  and  transparency  (inset  in
Fig.  4(d))  even  at  the  high  temperature  of  200  °C,  demonstrating
excellent  thermal  stability.  This  is  primarily  attributed  to  the
outstanding  thermal  stability  of  the  quartz  substrate,  and  the
covalent bonds formed between FDTS and hydroxyl groups on the
nanopillar  surfaces,  which  provide  exceptional  heat  resistance.  In
order  to  assess  the  UV  stability  of  F-DCA-150,  sample  were
subjected  to  accelerated  UV  irradiation  for  20  days,  while  the  CA
and RA were measured at 5 days intervals, as depicted in Fig. 4(e).
The results revealed that the CA and RA remained unchanged. This
stability is attributed to the chemical inertness of the perfluorinated
groups and the robustness of the integrated quartz nanopillar array.
The inset in Fig. 4(e) visually confirms that the optical clarity of the
samples was unaffected before and after UV exposure. Additionally,
F-DCA-150  was  immersed  in  deionized  water  and  solutions  with
different pH values adjusted by tuning dilute hydrochloric acid and
sodium  hydroxide  solutions,  for  10  days.  After  immersion,  the
sample  were  rinsed  with  deionized  water  and  dried,  followed  by
testing  their  surface  wetting  behavior.  As  showed  in Fig.  4(f),  the
results showed no significant changes in CA and RA after 10 days
of  immersion  in  deionized  water  and  different  pH  environments,
indicating  that  F-DCA-150  possesses  high  chemical  stability.
Finally, to assess its humidity resistance, we conducted a continuous
10  days  humidity  test  in  a  salt  spray  chamber,  measuring  the  CA
and  RA  every  2  days.  As  shown  in Fig.  4(g),  the  CA  and  RA
remained  unchanged  throughout  the  testing  period.  This  can  be
attributed to the high CA and low RA of the surface, which enabled
condensed  water  droplets  to  be  effectively  removed,  thereby
maintaining stable wetting performance.

To  appropriately  position  the  performance  of  F-DCA-150,  we
conducted a systematic comparison with representative transparent
superhydrophobic surfaces reported in recent literature (Table S2 in
the  ESM).  While  certain  individual  metrics  may  be  surpassed  by
specific  designs,  such  as  Nomeir  et  al.  reporting  a  higher  CA  of
173.6°,  their  transparency significantly  decreased to 82.1%,  and no
dust  resistance  evaluation  was  conducted  [39].  Furthermore,
Infante  et  al.  demonstrated  excellent  optical  performance,  with  a
reflectance below 0.4% and haze below 0.9%, but did not assess dust
resistance  [29].  In  contrast,  F-DCA-150  coordinates  high
transparency (> 95%), low haze (< 1%), superhydrophobicity (CA >
155°,  RA  <  7°),  dust  resistance  (10.6  g·m−2),  and  durability
(mechanical,  environmental  and  chemical)  within  a  single
nanostructured  surface.  This  comprehensive  synergy  of  multiple
performances  is  uncommon  in  existing  reports.  Additionally,  the
phase-separation-based  template  method  eliminates  the  need  for
high-temperature  processing,  enhancing  substrate  versatility  and
compatibility with low-cost, large-area manufacturing. This further
distinguishes  this  method  from  previous  techniques  that  rely  on
thermal  dewetting  or  laser-based  patterning  [30, 40−42].  Clearly,
F-DCA-150  exhibits  outstanding  performance  across  multiple
dimensions,  demonstrating  significant  potential  for  practical
applications.

 3.5    The  energy-conversion  performance  of  self-cleaning
solar cells
To evaluate the functional durability of the DCA-150 surface under
practical  operating  conditions,  its  optical  transmittance  was
characterized  before  and  after  the  self-cleaning  process.  As  shown
in Fig.  4(e),  the  transmittance  after  cleaning  remained  stable  and
was  consistently  higher  than  that  of  the  bare  glass  substrate.  This
result  confirms  that  the  surface  maintains  its  anti-fouling
functionality  without  compromising  the  light-harvesting  capability
essential  for  photovoltaic  applications.  To  further  validate  its
application  value,  DCA-150  glass  was  integrated  with  commercial
solar cells to construct a functional photovoltaic device (as depicted
in  the  inset  of Fig.  4(f)).  Notably,  this  device  exhibited  sustained
high  photoelectric  conversion  efficiency,  attributed  to  the
synergistic optical effects of the disordered nanocolumn array. The
disordered nanocolumn structure on its surface facilitated multiple
reflections  and  refractions  of  the  incident  light  at  the  air–glass
interface  [43, 44],  effectively  suppressing  surface  reflection  losses
and enhancing light coupling into the active layer (Fig. 4(f)). These
results indicate that DCA-150 glass serves a dual purpose as both a
protective  barrier  and  an  optical  enhancement  layer,  providing  a
synergistic pathway for practical photovoltaic systems.

 4    Conclusions
In summary, this study has coordinated the contradiction between
the  superhydrophobicity  and  optical  transparency  of  photovoltaic
glass  by  manipulating  the  surface  nanostructures,  providing  a
feasible  technical  solution  for  the  practical  application  of
photovoltaic protective glass. The F-DCA developed herein realizes
the synergistic optimization of conflicting macroscopic properties: it
maintains  high  optical  transmittance  (>  95%)  while  achieving
superhydrophobicity  (CA  >  155°,  RA  <  7°),  attributed  to  the
incoherent  scattering  effect  of  the  disordered  nanostructure  that
mitigates  light  loss  caused  by  surface  roughness.  Notably,  the
F-DCA  exhibits  exceptional  durability,  maintaining  its  structure
and  performance  under  sandpaper  abrasion  (50  m,  500  g),  sand
impact (300 cycles), thermal treatment (20–200 °C), UV irradiation
(20  days),  high  humidity  (10  days),  and  immersion  in  pH
2–13 solutions (10 days). This durability, coupled with superior anti-
soiling performance (10.6 g·m−2 dust accumulation after 180 days of
outdoor  exposure),  addresses  the  core  requirements  for  long-term
outdoor  service  of  photovoltaic  modules.  However,  the  current
work  lacks  relevant  assessments  of  real  long-term  outdoor
experiments  on  solar  cell  modules  covered  with  unordered
nanocolumn  glass,  which  will  be  a  focus  of  future  research.
Furthermore,  the  approach  that  combines  scalable  nanoimprint
lithography (NIL)  with established etching processes  demonstrates
significant application potential.

 Electronic  Supplementary  Material: Supplementary  material
(structure characterization, wettability characterization, spectra, self-
cleaning, and results) is available in the online version of this article
at https://doi.org/10.26599/NR.2026.94908912.
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