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Introduction

Self-cleaning, high transmission, near unity haze
OTS/silica nanostructured glass

Sajad Haghanifar,* Ping Lu,” Md Imrul Kayes,*Susheng Tan, Ki-Joong Kim,?Tongchuan
Gao,“Paul Ohodnicki,” and Paul W Leu*®4

High haze, high transparency substrates can increase the power conversion and extraction effi-
ciency of solar cells and light emitting diodes (LEDs), respectively. In this paper, we demonstrate
a new octadecyltrichlorosilane (OTS)/silica nanostructured substrate that displays high transmis-
sion (91.5+0.5% at 550 nm wavelength) and near unity haze (98.1+0.5% at the same wavelength)
with 143° scattering angle. The OTS/silica nanostructures are fabricated through a scalable and
facile maskless reactive ion etching (MRIE) process followed by OTS coating. The OTS coating
enhances the transmission of the structures by merging silica nanostructures together by capillary
forces and effectively grading the index of refraction. The OTS/silica nanostructures display the
highest combination of both transmission and haze in the literature as defined by Pareto optimal-
ity. The OTS/silica nanostructured glass exhibits lotus leaf-like wetting with a 159.7 +-0.6° water
contact angle (WCA) and 4.9 +0.6° contact angle hysteresis. We demonstrate the structures
have self-cleaning functionality where about 100% of transparency can be easily recovered after
graphite soiled substrates are rinsed with water. This self-cleaning functionality is maintained af-
ter 200 cycles of soiling and cleaning. The OTS/silica nanostructured glass may be an important
substrate in optoelectronic applications where a combination of high transmission, high haze, and
self cleaning function are important.

alumina nanowire arrays on glass”, imprinted polydimethylsilox-

Optoelectronic substrates with high transmission and high light
scattering are needed for optoelectronic applications such as so-
lar cells and light emitting diodes (LEDs) where the substrate can
increase how much light scatters into or out of the underlying
photoactive layers, respectively'2. These substrates can enhance
the power conversion efficiency of solar cells and extraction effi-
ciency of LEDs. Various paper substrates have been demonstrated
for optoelectronic applications including mesoporous wood cel-
lulose paper=, microsized wood fibers in paper®, nanostructured
paper, wood composites®©, and plastic-paper’l. While paper may
offer new functionality for optoelectronic applications such as
flexibility, glass is most frequently used for optoelectronic devices
due to its low cost and moisture barrier properties. High trans-
parency, high haze glass substrates have included self-aggregated
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ane (PDMS) coatings on glass®, and our recent nanograss glass?.
Optoelectronic substrates would also benefit from self-cleaning
properties where particulates are easily removed from the sur-
face upon application of water. Dust or dirt particulates may
accumulate on the surface and reduce the transmission of light
and can significantly reduce the power conversion and extrac-
tion efficiency of solar cells and LEDs, respectivelyl%1l. There
is a need to develop substrates for advanced optoelectronic ap-
plications that exhibit high haze and high transparency and self-
cleaning function.

In this paper, we report on self cleaning octadecyltri-
chlorosilane (OTS)/silica nanostructured glass which exhibits
both high transparency and near unity haze. The OTS/silica
nanostructures are synthesized by a facile maskless reactive ion
etching method (MRIE) to create silica nanograss blades followed
by OTS coating. The OTS/silica nanostructured glass exhibits a
transparency of 91.5+0.5% with a haze value of 98.14+0.5% at
a wavelength of 550 nm. The OTS coating enhances the trans-
parency of the nanograss glass by as much as over 10% as the sil-
ica nanograss blades merge together from capillary forces during
coating and effectively grade the index of refraction between the
air and the glass. Furthermore, the OTS coating does not signifi-
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cantly change the haze. The glass exhibits strong light scattering
ability with a scattering angle of 143°. Our OTS/silica nanostruc-
tured glass demonstrates the highest combination of haze and
transmission in the literature as defined by Pareto optimality.

The silica nanograss glass is superhydrophilic initially with
a water contact angle (WCA) of 7.4 +0.2°. After coating, the
OTS/silica nanostructures become superhydrophobic with a WCA
of 159.7£0.6° due to a combination of the nanostructures and
low surface energy OTS. The OTS coated glass exhibits lotus leaf-
like wetting with high WCA and 4.9 4+ 0.6° contact angle hystere-
sis. We demonstrate the structures have self-cleaning functional-
ity where about 100% of the original transparency can be easily
recovered after graphite soiled substrates are rinsed with water.
The original transparency and haze of the substrates are recov-
ered after as many as 200 cycles of soiling and cleaning. The
combination of optical properties and self-cleaning functionality
make the nanostructured hazy glass an strong candidate for sev-
eral optoelectronic applications.

Experimental

Nanostructured hazy glass fabrication process

Reactive ion etching (RIE) was used to etch fused silica. In the
RIE chamber, a plasma and polymer composition is generated1%
and radicals and ions bombard the substrate. Polymer particles
are deposited on the surface of the substrate during the etching
process, which acts as a nano-mask which creates high aspect-
ratio nanograss'2. The fused silica is etched by a CHF3, SFg, and
Ar chemistry, where the etching parameters and conditions have
been reported previously?. In general, the pressure, power and
flow rate of the etching gases can be selected and varied, such as
to tune or control the etch rate and the resulting morphology of
the nano-patterned textures created on the surface of the fused
silica substrate which allows the haze and transparency of the
substrate to be tuned, controlled and maximized. The overall
height and density of the pattern can vary. Typically, the height
of each individual grass-like structure is consistent. Furthermore,
the distance between the blades is also consistent.

OTS coating process

Before coating the glass surface, the samples were cleaned. Then
0.2% OTS solution in toluene was prepared. The glass surfaces
were inserted in OTS solution for 17 minutes and then the glass
surfaces were transferred to a beaker containing only toluene in
order to remove excess OTS from it. After 5 minutes, the samples
were taken out and dried using a nitrogen pressure gun. After
that, the samples were placed on a hot plate set at 90 °C for half
an hour. Finally, samples were transferred to toluene solution and
sonicated for 5 minutes, followed by drying with a nitrogen gun.

TEM imaging

Transmission electron microscopy (TEM) images and electron
diffraction spectroscopy (EDS) spectra were acquired using a
JEOL JEM-2100F TEM operated at 200 kV and equipped with
an OXFORD Aztec windowless x-ray energy dispersive spectrom-
eter. The TEM specimens were prepared using a focused ion beam
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(FIB)/scanning electron microscope dual beam system (Ther-
moFisher) following the standard sample preparation protocol,
which consists of different step including identification of region
of interest, followed by deposition of a Pt layer on top of this re-
gion, and ion mill the region around the Pt layer to create a thin,
small area sample. Then this small section was lifted of using a
probe and then attached to the TEM grid. The entire TEM prepa-
ration is done in-situ and the SEM is used for imaging the sample
preparation.

Optical and surface roughness Characterization

A spectrophotometer (PerkinElmer, Lambda 1050) equipped with
a 150 mm integrating sphere was used for measuring the optical
characteristics of the samples. The scattering angular distribu-
tion was measured using Cary 7000 Universal Measurement Spec-
trophotometer (UMS); In this instrument, incident light is normal
to the sample surface with a 5 mm x 5 mm square beam and the
photodetector is scanning from 10 to 350 (-10)°; the wavelength
scan is from 530 to 570 nm and the wavelength of 550 nm is se-
lected to obtain the data. In order to study the surface roughness,
optical profilometry (Contour GT Bruker) was used. The scan
distance of profilometry was set on 400 um x 800 um and the
measurements have been done for ten times, then average and
standard deviation for each sample has been calculated.

Self Cleaning Characterization

For self-cleaning test, the transmission of substrates of about 5
cm? area were measured in the original state, soiled state, and af-
ter cleaning. The initial transmission of different types of glasses
were obtained using a spectrophotometer (PerkinElmer, Lambda
1050). After that, 0.5 gram graphite powder from Aldrich chem-
istry company with particle size less than 150 um, 99.99% trace
metal base was placed on top surface of the glass, then ultrason-
icated for 5 min to disperse the powder on the surface, in room
temperature. The transmission of the soiled state was measured.
For cleaningt, 2 ml of water was dropped onto the glass and the
transmission was measured afterwords.

Results and Discussion

Figure |1| shows details of the fabrication process and structure
of the OTS/silica nanostructured glass. Figure [I[(a) shows a
schematic of the fabrication process. The fused silica substrate
is etched by a maskless RIE process to create nanograss glass
and then coated with OTS. Details of the fabrication process
are provided in the Methods section. Figure b) shows a 10°
tilted cross section scanning electron microscope (SEM) images
of 8.54+0.2 um initial height hazy glass (i) before and (ii) after
OTS modification, respectively. While the initial structures are
about 8.5+0.2 um long, the OTS deposits in the space between
nanograss blades. In some cases where the nanograss blades are
close together, the drying process merges the blades together by
capillary-induced bendingZ1%. The final height of the structures
after OTS coating is only about 2.2£0.2 um long. Figure [I{c)
shows overhead SEM images of 8.5+ 0.2 um initial height hazy
glass (i) before and (ii) after OTS modification, respectively. The

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 (a) Fabrication process of etching silica nanostructures with RIE followed by OTS coating. (b) 10°tilted cross section SEM images of 8.5+0.2
um height hazy glass (i) before and (ii) after OTS modification. (c) Overhead SEM images of 8.54+0.2 um height hazy glass (i) before and (ii) after OTS
modification, (d) (i) TEM image and (ii) EDS spectrum of OTS coated hazy glass with 8.5+0.2 um initial blade height.
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Fig. 2 (a) Cross-section SEM images of hazy glass after OTS modification with initial and final blade heights of (i) 2.5+0.2 and 0.7 £0.2, (i) 4.5+0.2
and 0.940.2, (iii) 5.2+0.2 and 1.0+0.2, and (iv) 8.5+0.2 and 2.2+0.2 um. (b) Variation of the OTS thickness (left y-axis) and the final structure
height(right y-axis) as a function of initial nanograss height. (c) Change in root mean square (rms) roughness of different height hazy glass before (left
y-axis) and after (right y-axis) OTS coating.
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reduced density of structures is apparent in these images as vari-
ous nanograss blades have merged together therefore the surface
roughness slightly decreases. Figure [I(d)(i) shows a transmis-
sion electron microscopy (TEM) image of a selected area of the
8.5+0.2 um initial height OTS coated hazy glass near the tips
and Figure[Ij(d) (i) plots the energy-dispersive x-ray spectroscopy
(EDS) analysis of this selected area. After hydrolysis of the chlo-
rine groups in the OTS, the molecules attach to the surface and
polymerization takes place with elimination of waterl>, The final
surfaces are terminated by methyl groups. The structures are pri-
marily silica with some carbon from the carbon chains in the OTS.
The small peaks near 0.9 keV and 1.1 keV correspond to the Cu La
line and Na Ka line, respectively. The Cu and Na measurements
come from the support grid and glass respectively.

Different height nanograss glass were fabricated by varying the
RIE time followed by OTS deposition. Figure [2(a) shows cross
section SEM images of the OTS/silica nanostructured glass of dif-
ferent initial heights of (i) 2.5+0.2, (ii) 4.54+0.2, (iii) 5.2+0.2,
and (iv) 8.5+0.2 um. After OTS deposition, the final height of the
structures are about (i) 0.7 +0.2, (ii) 0.9+0.2, (iii) 1.0£0.2, and
(iv) 2.240.2 um as the OTS fills the space between the nanostruc-
tures. All the measurement are the average and standard devia-
tion of three different measurements in different cross sections
of samples. Figure 2[b) shows a plot on the left y-axis of how
the OTS thickness varies as a function of initial nanograss height
and on the right y-axis how the final structure height varies as a
function of initial nanograss height. The optical properties of the
various samples were subsequently characterized. The root mean
square (RMS) of the surface roughness for different height hazy
glass before (left y-axis) and after (right y-axis) OTS coating is
shown in Figure [2|(c). It is apparent that after OTS coating of
hazy glass, the surface roughness slightly decrease for all initial
heights due to merged blades together.

Figure a) shows the total transmission as a function of wave-
length for the nanostructured hazy glass both (i) before and (ii)
after OTS coating. Figure [3|(b) shows the total transmission of
the various structures at 550 nm wavelength. The transmission of
bare fused silica is 93.2% both before and after OTS modification.
On these surfaces, the OTS only forms a monolayer:>18 and has
negligible change on the transmission of the original fused sil-
ica across the entire spectrum. For the 2.5+ 0.2 yum nanograss
glass, the transmission is initially 91.8 +0.5% at 550 nm wave-
length. After OTS modification, the transmission increases to
92.4+0.5%. The improvements in transmission are primarily
in the wavelengths under 600 nm. Nanograss glass with initial
heights 4.5+ 0.2 um and above (final height over 0.9+0.2 um)
demonstrate an improvement in transparency across the entire
spectrum after OTS coating compared to before. The enhance-
ment in transmission from the OTS coating is shown in Fig. [3|(c)
and over 8.0 £0.5% at a initial silica nanostructure height of
5.2+0.2 um and longer (final OTS/silica height over 1.0+0.2
um). This improvement in enhancement is primarily due to the
merging of nanograss blades. While the initial blades are struc-
tures of constant diameter, after OTS deposition, structures that
are close together are merged together. These sub-wavelength
structures effectively grade the index of refraction of the glass
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such that the antireflection and thus, transmission properties are
improved.

Next, we characterized the haze factor of the original nanograss
glass and compared it with the OTS/silica nanostructured glass.
The haze factor is defined as the percent of scattered transmission
to the total transmission:

[ Scattered transmission(A)

H(A) = total transmission(A) x 100% L

where A is the free space wavelength. The portion of the to-
tal transmitted light that is considered scattered transmission is
transmitted light that deviates from the incident beam greater
than 2.5°s defined by the ASTM D1003 standard™®. Figure [4{(a)
plots the haze of (i) the original nanograss glass, and (ii) the
OTS/silica core-shell nanograss glass. The haze in the silica/OTS
core-shell nanograss glass increases monotonically with height
similar to that of just the silica nanograss glass, and the haze
does not change much prior to and after OTS coating. The haze
is near unity at wavelengths in the ultraviolet and visible, though
the haze does start to drop slightly in the near-infrared.

We next characterized the angular distribution of the transmis-
sion through various substrates. Figure [4(b) shows the scatter-
ing angular distribution of transmission at a wavelength of 550
nm for (i) bare glass before and after OTS modification and (ii)
5.240.2 um initial height hazy glass before and after OTS coat-
ing. As can be seen from these plots, the OTS coating does not
change the haze substantially in either sample. On bare glass, the
OTS only forms a monolayer?? and does not change the haze as
expected. On the nanograss glass, the OTS also does not change
the haze significantly. While the OTS reduces the height of the
structures and merges some of the silica structures together, the
structures are also heterostructures now with silica nanostruc-
tures and OTS coating. These additional interfaces may compen-
sate for the reduced scattering from reduced roughness. The scat-
tering angle range, defined as the range of angles in which lights
have more than 5% intensity of the highest intensity at 0° was
also characterized from these plots=. The scattering angle ranges
of the bare silica and OTS-coated silica at wavelength of 550 nm
are both 7°. The photodetector receives light in a 6°cone so that
there is substantial broadening on the light intensities measured
and the haze calculated directly from these plots differ from those
measured with an integrating sphere. The haze of these samples
at 550 nm are both less than 1%. For the 5.24+0.2 um height hazy
nanograss glass, the scattering angle range is 146°initially and
143°after OTS coating. The haze of these samples are 98.5 +0.5%
and 98.1 4+ 0.5%, respectively.

Figure plots the the total transmission and haze (at 550 nm)
for a variety of optoelectronic substrates. For each type of sub-
strate, only the best performing data (as defined by Pareto op-
timality) is plotted. The Pareto frontier is the set of solutions
where one attribute cannot be improved without degrading an-
other attribute. Our experimental data for the nanograss glass is
plotted with green circles and our data for the OTS/silica nanos-
tructures is plotted with blue squares. For comparison purposes,
we plot the best performing optoelectronic substrate data in the
literature for glass substrates using yellow markers and other op-

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Water contact angle of bare glass, OTS coated bare glass, 5.2+ 0.2 um height nanograss glass, and 5.2 +0.2 um initial height OTS/silica

nanostructured glass.

toelectronic substrates using gray markers. Glass substrates have
been modified using aggregated alumina nanowire arraysZ and
imprinted PDMS on glass®. In addition, a variety of paper sub-
strates have been demonstrated such as mesoporous wood cellu-
lose paper?, controlled macro/nanofiber paper®, nanostructured
paper2, wood composites©, and plastic-paper hybridsl. For the
nanograss glass samples, two of the nanograss glass samples re-
side on the Pareto frontier. The 8.5+ 0.2 um height nanograss
glass exhibits 76.8 4+ 0.5% transmission and 99.4 4+ 0.5% haze,
and the 6.0 +£0.2 um height nanograss glass has 82.1 +0.5%
transmission and 98.9 +0.5% haze. Other Pareto optimal struc-
tures include imprinted PDMS on glass with 94.6% transparency
and 92.7% haze and 96.5% transparency and 87% haze®. Our
OTS/silica nanostructured glass demonstrates the highest combi-
nation of transmission and haze as well. The 6.0+0.2 um and
5.2+0.2 um initial height (1.1+0.2 and 1.0+0.2 um final height,
respectively) OTS/silica nanostructures have 89.4 + 0.5% trans-
mission and 98.4 +0.5% haze and 91.5 £ 0.5% transmission and
98.140.5% haze, respectively.

For a surface to be self-cleaning, it needs to have a combination
of superhydrophobicity (WCA > 150°) and small contact angle
hysteresis“l. We next compare how the OTS modifies the wet-
ting of various surfaces. Figure [f]shows the static WCA and hys-
teresis of bare glass, OTS coated bare glass, 5.2+ 0.2 um height
nanograss glass, and 5.2+0.2 um initial height (1.04+0.2 um final
height) OTS/silica nanostructured glass. The hysteresis is the dif-

6| Journal Name, [year], [voI.],1-E]

ference between the advancing and receding contact angle. The
bare fused silica is hydrophilic with a WCA of 42.9 +1.1°. Af-
ter OTS coating, the glass becomes hydrophobic as the WCA in-
creases to 108.5+£0.7°. However, the OTS coating on bare glass is
not enough to make the bare glass sample superhydrophobic. In
contrast, nanostructures have been demonstrated to increase su-
perhydrophilicity and superhydrophobicity?2"2>, The nanograss
glass is superhydrophilic with a contact angle of 7.4 +0.2°as the
nanostructuring enhances the Wenzel state of wetting. After
OTS coating, the wetting of the nanostructures becomes super-
hydrophobic with a WCA of 159.74+0.6°. The nanostructures pro-
mote Cassie-Baxter wetting where air pockets increase the appar-
ent static water contact angle. The hysteresis is only 4.9 +0.6°,
which is indicative of weak water adhesion with the surface.
When the OTS/silica nanostructured glass is tilted just slightly,
the droplets easily roll off. The rolling angle was measured as
1.5+0.5°.

To study the self-cleaning functionality of the different types of
glass, we performed self-cleaning tests where samples were soiled
with graphite powder and then rinsed with water. Self-cleaning
is defined here as the application of water without any additional
scrubbing. Glass substrates of about 5 cm? area were soiled with
0.5 grams of graphite powder and then rinsed with 2 mL of water.
The total transmission of the samples was measured initially, af-
ter soiling, and finally, after cleaning. Figure|7|summarizes these
self-cleaning results. Figure [7(a) shows the transmission spectra

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 (a) Total transmission plots as a function of wavelength for (i) flat fused silica, (ii) OTS coated flat fused silica and (jii) 5.24+0.2 um height
OTS coated nanograss glass in three different states. (a) (iv) plots the normalized transmission of the various glass substrates showing the mean
transmission after cleaning relative to the original mean transmission. (b) Shows Optical images of (i) flat fused silica, (ii)) OTS coated flat fused silica
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Fig. 8 (a) Transmission (left y-axis) and haze (right y-axis) at 550 nm wavelength as a function of soiling/cleaning cycle for 5.2+0.2 um initial height
OTS/silica nanostructured glass. (b) Water contact angle (left y-axis) and hysteresis (right y-axis) as a function of soiling/cleaning cycle for 5.2+0.2 um

initial height OTS/silica nanostructured glass.

and figure[7(b) shows optical images of the (i) bare glass, (ii) OTS
coated bare glass, and (iii) OTS/silica nanostructured glass in the
original state, after soiling, and after cleaning. Three measure-
ments were made for each sample and the mean and standard
deviation for each state are also shown. For the bare glass, no
improvement in transmission was observed after cleaning with
water. The standard deviation becomes larger due to decreased
uniformity in the transmission as the graphite tended to agglom-
erate into patches as can be seen in Fig. b). In contrast, the
OTS coated bare glass shows some improvement in transmission
after cleaning, but does not recover its original transmission. Fi-
nally, the OTS/silica nanostructured glass decreases similarly to
the other two samples, but the transmission almost recovers back
to its original state after rinsing.

Figure a) (iv) plots the normalized transmission of the vari-
ous glass substrates showing the mean transmission after clean-
ing relative to the original mean transmission. The bare glass
transmission is about 75% of its original value across all wave-
lengths after cleaning which is about the same as what it is in the
soiled state. In contrast, the soiled OTS coated bare glass recov-
ers about 91% of its original transmission after cleaning. Finally,
the OTS/silica nanostructured glass not only demonstrates the
best anti-fouling properties as its transmission decreases the least
in the soiled state, but self-cleaning, where the transmission is
about 100% of its original value. Due to statistical variation, the
transmission after cleaning is, in fact, over 100% of its original
value and in some parts of the spectrum measured and slightly
below 100% in others.

In order to study the long term functionality of self-cleaning
glass, the same soiling and cleaning procedure were performed
up to 200 cycles and the transmission and haze at 550 nm and
the WCA and hysteresis were measured. Figure[§|(a) plots trans-
mission at 550 nm (left y-axis) and haze (right y-axis) at 550
nm wavelength as a function of cleaning cycle for 5.2 pm initial
height OTS/silica nanostructured glass. There were no significant
changes in both transmission and haze after 200 cycles of soiling

8| Journal Name, [year], [voI.],1-E]

and cleaning. Figure [8|(b) plots the WCA (left y-axis) and hys-
teresis (right y-axis) as a function of cleaning cycle for 5.2 um
initial height OTS/silica nanostructured glass. The WCA and hys-
teresis were also maintained after up to 200 cycles of soiling and
cleaning. These experiments demonstrate that the durability of
the self-cleaning glass is promising.

Conclusion

In conclusion, we demonstrated self-cleaning, high transmission,
near unity OTS/silica nanostructured glass. The 5.2+0.2 ym ini-
tial height OTS/silica nanostructured glass showed 91.5 +0.5%
total transparency and 98.1£0.5% haze and 143° scattering angle
at 550 nm wavelength. The wetting went from superhydrophilic
to superhydrophobic after OTS coating. The OTS/silica nanos-
tructures demonstrate high water contact angle and low contact
angle hysteresis. The samples demonstrate self-cleaning function-
ality where graphite soiled substrates recover about all of their
transparency after rinsing with water. This characteristics make
the superhydrophobic hazy glass a strong candidate to use in op-
toelectronic applications such as solar cells and LEDs which com-
bination of high transmission, high haze, and self cleaning func-
tion are important requirements.
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