
APPLICATION TO SURFACES, 
NANOSTRUCTURES AND DEVICES   



UV-CURABLE POLYMER-BASED MATERIALS AT LPAC

Optical polymer sensors
Lab-on-a-chip

Bioinspired surfaces
Light-trapping textures

for solar cells
Encapsulation ‘hard-coats’

Flexible displays
UV inks and gas-barrier films

Food & pharma packaging

Low-stress UV resists
Microdevice structures

Functionally graded composites
Antibacterial surfaces & e-FGM insulators
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NANOSTRUCTURED DEVICE TECHNOLOGIES
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MicroElectronic Device

SSI : small-scale integration (early 60’s)
MSI : medium-scale integration (late 60’s)
LSI : large-scale integration (mid 70’s)
VLSI : very large-scale integration (80’s)

ULSI (ultra large-scale integration), 
WSI (wafer-scale integration)
SOC (system-on-chip)  
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Driving Force for Micro Devices

3Ps
• Performances – speed, functions, etc.
• Power Consumption
• Price
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MEMS / NEMS
• Micro(Nano) Electro Mechanical System
• Micromachine / Micro System Technology (MST)
• Electrical comp.+Mechanical comp. based on CMOS process
• Application: G-MEMS (inertia MEMS) – accelometer, gyro, etc.

Optical MEMS – communication, display, etc.
Bio MEMS – DNA chip, lab-on-a-chip, etc.

Pictures from Sandia National Laboratory
http://mems.sandia.gov/gallery/images.html
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Si-based MEMS/NEMS
Pressure sensor

3-axis Accelerometer

[Hitachi]

[Motorola]

NANOSTRUCTURED DEVICE TECHNOLOGIES
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NANOSTRUCTURED DEVICE TECHNOLOGIES

Sakai, J. Photopolym Sci Technol (2009) 6



PHOTOLITHOGRAPHY

Photoresist = monomer + photoinitiator + solvent

3. Exposure (seconds)

4. Development2. SoA bake (90-120°C, minutes)

A. Bertsch, EPFL

Wafer

1. Spin coaIng (500-8’000 rpm)

UV light
centrifugal forces
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POSITIVE VS NEGATIVE RESISTS

A. Bertsch, EPFL

UV exposure

Development

Posi%ve photoresist:
UV-induced chain scission

Exposed parts become soluble

Negative photoresist:
UV-induced chain polymerization

Non-exposed parts become soluble

UV exposure

Development
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Characteristic Positive Negative
Adhesion to Silicon Fair Excellent
Relative Cost More Expensive Less Expensive
Developer Base Aqueous Organic
Minimum Feature 0.5 μm and below ± 2 μm
Step Coverage Better Lower
Wet Chemical Resistance Fair Excellent
Resin type Novolac Epoxy (SU-8)

Madou, Fundamentals of Microfabrication (2002)

POSITIVE VS NEGATIVE RESISTS
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Lecture Outline

• Micro/Nano Devices: Why? How?

• Polymer Materials for Micro/Nano Devices

• Case Study

20/36

Photolithography: SU-8
• epoxy-based negative tone photoresist
• Commercially available from Microchem and Gersteltec.
• for thick polymer microstructures with high aspect ratio
• Process flow

substrate pretreatment � coating � soft bake � expose 
� post expose bake � development � rinse & dry      
� hard bake (optional)

• Process time: > 30 min. up to several hours.
• High resolution, high aspect ratio (+)
• High internal stress, cracks (-)

PHOTOLITHOGRAPHY: SU-8
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DIRECT PATTERNING

is its hydrophilic nature, in contrast to both PDMS and COC, which
are hydrophobic. Photo initiator was also used to cure the AEO3000
monomer by UV light. Irgacure 500 (a mixture of equal parts of 1-
hydroxy-cyclohexyl-phenyl-ketone and benzophenone, Ciba
Specialty Chemicals) were added to AEO3000 monomer at 2 wt%
concentration. They were blended at a temperature of 85 !C to
facilitate mixing.

The fabrication process using UV-curing process is described in
Fig. 1. We deposited 2.2 mm AEO3000 polymer layer using spacers
between the wafer and the photomask. Then, the AEO3000
monomer was cured by UV light having an intensity of 22.2 mW/
cm2 (365 nm) for 3 min. Since the AEO is cured at room tempera-
ture by 3 min UV exposure, it ensures low thermal shrinkage. In
addition to the low thermal shrinkage, it also exhibits low

polymerization shrinkage, resulting in low residual strain of 0.2%
[10]. For the development, we used 1-methoxy-2-propyl acetate to
remove unexposed (non-cured) AEO3000monomers. Fig. 2a shows
the patterned AEO3000 polymer. On the polymer, metal layers can
be deposited. We aligned an aluminum shadow mask and depos-
ited Au layer. After gold deposition, we removed shadow mask to
obtain polymer structure having gold electrodes on the surface as
shown in Fig. 2b.

3. Microelectrofluidic bench

By utilizing the present fabrication method, we fabricated
a microelectrofluidic bench using AEO3000 as a rigid substrate. The
microelectrofluidic bench [11] is the platform where a unit device
capable of a unique function, such as mixing, separation, reaction,
and detection, can be linked to each other in the form of both
electrical and fluidic interconnection for micro total analysis
system. Rigid substrate robust to deformation is essential for the
deposition of electrodes and the secure interconnection in
a microelectrofluidic bench. The high flexibility of PDMS substrate
makes it difficult to secure electric interconnection due to the crack
propagation caused by the deformation. A thousand times higher
Young’s Modulus of the AEO3000 than PDMS (750 kPa [12])
provides a rigid substrate for lab-on-a-chip application and enables
the metal deposition and patterning on the surface, thus over-
coming the fabrication limit of conventional PDMS devices. Previ-
ously, the substrate for electrical interconnection in the
microelectrofluidic bench was obtained by manual cutting of pol-
ycarbonate film [11]. The manual procedure of substrate, however,
causes the fabrication error as well as increases the fabrication cost.
The AEO3000 structure provides a rapid and precise fabrication of

Polymer deposition

Spacer: 2.2mm
Shadow mask

Au sputtering: 
0.5µmUV-curing

UV curing Process

Fig. 1. Proposed polymer structure fabrication process including UV-direct patterning
and screen printing.

Fig. 2. Fabricated AEO3000 structure: (a) Fabricated structures after UV exposure; (b) Gold electrodes patterned by screen printing on the AEO3000 structure.

Fig. 3. Fabricated microelectrofluidic bench using AEO3000: (a) Unit device and microelectrofluidic bench; (b) Device interconnection on the bench.

I. Doh et al. / Current Applied Physics 12 (2012) 1596e1599 1597
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Doh et al., Current Appl Phys (2012)

Microelectrofluidic
bench 

Schmidt, L.-E., J Micromech Microeng 2008

Microbattery, layer thickness 500 µm
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Jin, et al., J Micromech Microeng 2007

UV-MICROMOLDING
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NANO-IMPRINT LITHOGRAPHY (NIL)

H. Schift, J. Vac. Sci. Technol. B (2008)

Chou et al., Science (1996)
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NANO-IMPRINT LITHOGRAPHY (NIL)

H. SchiJ, J. Vac. Sci. Technol. B (2008)

Suss.com

LTM-CNRS
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DEMOLDING AND CLOGGING!

Merino et al., Microelectronic Eng (2007)
Eriksson et al., Microelectronic Eng (2011)

Problems:
• adhesion at the surface
• friction due to surface roughness
• shrinkage - stress 
• trapping of the polymer in 

concave geometry

Solutions: 
• mold surface treatment (e.g. 

fluorinated silanes)
• mold design (clearance angle)
• sacrificial layers (SiO2 …)
• mold (solvent) cleaning
• mold filling simulation 

(viscoelasticity and stress effects)

after 8’000 imprints
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MOTIVATION – FOOD SAFETY

Conventional techniques
• high-screening J
• quantitative analysis J
• semi-automatic K
• skilled user L
• lab. environment L
• expensive L

Strip tests
• cheap J
• fast J
• field environment J
• quite easy to use K
• max 2 antibiotic families L

Lab-on-a-chip

• semi-quantitative J
• easy to use J
• cheap J
• fast J
• fully-automated J
• field environment K

Sensing chip

Reservoirs

Loading
waste

Main waste
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Evanescence field is highly sensitive to changes in refractive index.
Device sensitivity: pg/mm2

Substrate
(polymer or glass)

Waveguiding film
(high refractive index layer)

Biochemical sensing layer
(Immobilized proteins)

Molecules to be detected 
in liquid

Grating structure
(for coupling light in/out 
of the waveguide)

Evanescent 
field

intensity 
profile

Penetration depth
(ca.100-200nm)

Illumination
(Laser: λ = 763 nm)

(Tuning range: 2 nm)

period: 360 nm
step height: 12 nm

Cottier, Sensor Actuat A 2003, 91 (1), 241

WAVELENGTH INTERROGATED OPTICAL SENSOR
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100 nm

glass - master

2 μm

Cottier, Sensor Actuat A 2003, 91 (1), 241

WAVELENGTH INTERROGATED OPTICAL SENSOR
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Polymer nanogratings for 
optical waveguide devices

UV-NANOIMPRINT LITHOGRAPHY (UVNIL)
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UVNIL SET-UP

pressure

movable stamp

quartz

UV light

glass carrier
composite

glass master

HBP nanocomposite

glass master

HBP nanocomposite

Chou et al., Appl Phys Lett (1995)
Geiser et al., Macromol Sympos (2010)
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GRATING DIMENSIONS

25°
12 nm

HBP 
nanocomposite

glass-master

161 nm                 148 nm

360 nm

25°

stepheight

bottom

top

HBP 
nanocomposite
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INFLUENCE OF ILLUMINATION TIME

HBP
3 seconds

100 nm

2 μm

after 3 seconds:
15 % conversion
1 MPa shear modulus
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master

hyperbranched 
polymer

before 
gelation

after 
gelationgelation

INFLUENCE OF ILLUMINATION TIME

HBP
3 seconds

100 nm

2 μm
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INFLUENCE OF UV-LIGHT INTENSITY

100 nm

2 μm

HBP
5 mW/cm2

Dalle Vacche et al., Polymer (2010) 26



INFLUENCE OF PRESSURE

100 nm

2 μm

1 bar
HBP + 5% Highlink

master

HBP
nanocomposite
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INFLUENCE OF NANOPARTICLES

master

HBP
nano-composite

HBP + 25% SiO2
6 bar

100 nm

2 μm

Yield stress ~ 0.5 bar (@ ϕ = 0.25) 
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UVNIL SUMMARY

before 
polymerisation

before 
gelation

a1er 
gela2on

after 
demolding

pressure
UV light

master

HBP
nanocomposite

Geiser et al, MRS spring meeting 2010, Macromol Sympos (2010) 29



WAVELENGTH-INTERROGATED OPTICAL SENSOR WIOS

Suarez et al., Lab-on-a-chip (2009)
Geiser et al, Macromol Sympos (2010)

new
polymer 
sensor

reference
glass

sensor
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50 µm
31



http://www.webmultiple.net/roses-originales.html 32
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UV nanoimprint lithography process steps

4 RESULTS AND DISCUSSION

molds.
The quality of the leaf influences a 1R mold, as its surface depends on the hydrophobic quality of
the leaves themselves. During winter time, the leaves can die and then are unavailable (if not in
greenhouses or bought at a private market). They can also suffers from bad conditions, indeed
molds can appear due a sickness (Figure 16).

Figure 16: single lotus leaves with appearing molds during casting process.

An other issue with leaves comes from an adhesion problem. Indeed, some of them appear
not to stick to the adhesive tape during molding. PDMS can then insert itself between the leaf
and the tape, creating an inhomogeneous height. During assembly process such as juxtaposition
I. and laying chain, it has been observed that each leaf can have a various height, creating an
inhomogeneous height in the assembled mold, not flat anymore. Besides, each leaf has a unique
textured pattern at their surface, that can also create inhomogeneous properties if assembled.
A larger scale issue is the repetitive use of fresh leaves. This creates an unnecessary waste, that
is not well seen specially for a product reaching for a more sustainable image.
Finally fresh leaves are very delicate to assemble, they can torn apart easily and are very flexible
and fragile. Therefore, it can be concluded that the assembly process is facilitated by using
HBP 1R surfaces (made with verified good quality leaves) making second replica mold. The
hydrophobic properties between first and second replica are evaluated in Figure 17.

Figure 17: WCA measurement on first and second HBP replication surfaces.

It can be seen that no diminution of the hydrophobic properties occurs between 1R and 2R
HBP surfaces despite from contrariety assumptions. This phenomena comes from the chosen
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3.2 Process methods

3.2.1 Molds from natural leaves
The leaves of two plants were used to make the molds: Nelumbo nucifera (lotus, see Figure

3.7) and Tropaeolum majus (nasturtium, see Figure 3.8). Both plants were kindly provided by
the Botanical Garden of Lausanne.

Figure 3.7: Nelumbo nucifera. Figure 3.8: Tropaeolum majus.

Once the leaves of the plants were brought back to the laboratory, the fabrication of the
molds took place. The first step consisted in weighing both the base agent and the curing agent
of the PDMS Sylgard 184 silicone elastomer at a ratio of 10:1 respectively. The mixture was
homogenized manually for 5-10 minutes until all the bubbles were spread everywhere. Then,
the mixture was degassed in two times, firstly at 50.8 kPa for 5 minutes and secondly at 84.7
kPa for 10 minutes. The leaves were cleaned with water and squares of 2 cm by 2 cm were cut
and placed on pieces of adhesive tape inside a petri dish, see Figure 3.9 and 3.10. Then, the
PDMS mixture was slowly poured onto the petri dish. Finally, the overall stayed for at least
48h at ambient temperature for curing.

Figure 3.9: Samples of lotus with PDMS
on top.

Figure 3.10: Samples of nasturtium in a
petri dish.
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After the curing, the PDMS layer was solidified and it was possible to cut the squares of 2
cm by 2 cm and therefore obtain the molds, see Figure 3.11 and 3.12.

Figure 3.11: Lotus mold, i.e. negative
replica of the leaf.

Figure 3.12: Nasturtium mold with the
corresponding leaf template.

From now on, these squared pieces of PDMS texturized with leaves are called molds. These
molds are the negative replica of both plants. The molds exhibit some haziness, due to the
texture of the leaf, see Figure 3.13. In comparison, PDMS without texture is totally transparent,
see Figure 3.14.

Figure 3.13: Lotus mold on a printed pa-
per with the corresponding leaf template.

Figure 3.14: Flat PDMS showing no
haziness.

The main issue to make the molds was that some pieces of leaf unstick themselves from the
adhesive tape, leading to the flow of PDMS mixture between the adhesive tape and the leaf.
Thus some of the molds were not properly flat. These molds were not used because it was
not possible to get a well printed surface with a mold that does not have the same thickness
everywhere.
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Lausanne botanical garden

Application of UV-curable formulation 
and exposure to air (few s)

UV: 75 mW/cm2, 3 bars, 30 s 

Ambient PDMS replication
and demolding

1

2

3

4

Wasser, Leterrier, et al., Coatings, 8, 436 (2018) 

… but the polymer
surfaces are soft 
and not scratch-
resistant
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hybrid 
composites

4) Ophthalmic lenses 
(multilayer hybrid 
coatings)

5) Dental restoration 
(silica nanocomposites)

6) Cancer treatment 
(core-shell 
nanoparticles)

7) Solar cells (diffusion 
barrier layers)

8) Tires (clay and silica 
nanocomposites)

O
rg

an
ic

 p
re

cu
rs

or

Sol-gel precursor

Particles particulate polymer composites

sol-gel 
composites

ceramics

6

7

8

4

1) Nacre
2) Diatom
3) Bone

1

2

3

5

Integrative dual-cure synthesis of hybrid composites

1

2

3

Sanchez et al., Chem Soc Rev 40 (2011)
Drisko & Sanchez, Eur J Inorg Chem (2012)
Geiser, Leterrier, Månson, Macromol. Mater. Eng., 297, 155-166 (2012) 
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Ø Organic precursor: Acrylated polyester HBP (low shrinkage)

Ø Photoinitiator: Diphenyl-(2,3,4-trimethylbenzoyl)-phosphine oxide
Ø SiO2 nanoparticles:  Methacrylated fused silica (12 nm, aggregates, 150 m2/g) 
Ø Organometal precursor: tetraethylortho-silicate (TEOS)
Ø Coupling agent: methacryloxypropyl-trimethoxysilane (MEMO)

1. Sonication of silica nanoparticles + isopropanol
2. Mixing of nanoparticles/isopropanol with HBP (1 hour at 25°C)
3. Evaporation of isopropanol at 70°C
4. Addition of MEMO (mixing 10 min at 25°C)
5. Addition of TEOS (mixing 10 min at 25°C)
6. Addition of HCl 1M (mixing 10 min at 25°C)
7. Stirring at 25°C for 30 min
8. Dual-cure: condensation (1h; 4h) + photopolymerization (3 min 

before, after, or during condensation)

timing of 
the dual-

cure 
process!

Schmidt et al., J Micromech Microeng 18 (2008), Geiser et al., J Appl Polym Sci 114 (2009)
Geiser et al., Macromol Sympos 296 (2010), Macromol Mater Eng 297 (2012)

INTEGRATIVE SYNTHESIS OF HYBRID COMPOSITES
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Low viscosity
reactions are thermally activated and storing the solutions in a cold
atmosphere rather than at ambient temperature can strongly
enhance their stability [12,22,23]. In the present study, the rheo-
logical tests were performedwithin few hours after preparation i.e.,
well before gelation.

A 200Wmercury bulb UV lamp (OmniCure 2000, Exfo, Canada)
was used to cure all composites. The light intensity was measured
using a calibrated radiometer (Silver Line, CON-TROL-CURE, Ger-
many), between 230 and 410 nm. All samples were irradiated
during 3 min using a UV intensity of 130 mW/cm2 for flat samples
and of 75 mW/cm2 for textured samples. For solegel and hybrid
composites, a dual-cure (solegel condensation and photo-
polymerization) process was used [11,15]. Condensation of the
inorganic phase was achieved at 80 !C during 1 or 4 h. Photo-
polymerization occured either during or after the whole conden-
sation process, as indicated in Table 1.

Light trapping textures were fabricated in the hybrid composites
using a UVNIL tool as detailed in a previous work [9]. A Ni master in
the form of a 24 mm " 24 mm square foil was used, with random
sub-micron pyramidal structures replicated from ZnO crystals was
used. Using this random structure, texturization of the back
reflector in a thin film silicon solar cell enabled the photocurrent to
be increased by 23% [9,24]. The hybrid solutions were deposited
either on a glass slide or on a 50 mm thick polyethylene naphthalate
(PEN) substrate, and subsequently polymerized using the dual-cure
process sequences summarized in Table 1. Samples were placed in
an oven at 80 !C for the condensation process. After a certain time,
the Ni master was placed on the partially condensed sample and
the assembly was loaded into the UVNIL tool. A pressure of 3 bars
was applied while UV polymerization was performed. The textur-
ized sample was finally put back in the oven at 80 !C to complete
the condensation process.

In the following, the suspensions and cured composites will be
referred to as xA, xA_yT and xA_yT_z1min_z2h, where x and y are
the volume fraction of Aerosil nanoparticles ‘A’ and silica obtained
from the condensation of TEOS ‘T’, respectively; z1 is the onset time
in min for UV polymerization with respect to the start of the
condensation reaction at 80 !C and z2 is the total condensation time
in hours.

2.2. Characterization methods

Rheological measurements of the various mixtures were con-
ducted in a rheometer (AR2000, TA instruments) with plateeplate
geometry. The plate diameter was either 25 mm or 40 mm,
depending on the sample viscosity. The distance between the plates
was set to 100 mm. For each sample, the linear viscoelastic range
was determined through strain sweep tests at a frequency of 1 Hz.
Frequency sweep tests were then performed. Evaporation of sole
gel precursors was avoided using a solvent trap cover.

The microhardness of each composite was measured using a
Vickers indenter (Miniload microhardness tester, Leitz, Germany).
Coatings with thicknesses of 150e200 mm on glass slides were
indented using a weight of 50 g during 15 s. A weight of 500 g was
used for the 10A_20T hybrid composite due to its high hardness. At
least five indentations weremade on each sample and the hardness
was determined from optical micrographs with an Olympus BX60
optical microscope. Differential interference contrast illumination
was used to maximize contrast in the transparent composites. The
two diagonals (typically 100 mm) of the pyramidal indentationwere
measured with w1 mm accuracy. The hardness H (in MPa) was
calculated as:

H ¼ 1:854 P=d2 (1)

where P is the force (in N) and d is the mean diagonal length of the
indentation (in mm). The factor 1.854 comes from the geometry of
the pyramidal indenter with a face angle equal to 136!.

The topography of the texturized samples was examined by
scanning electron microscopy (SEM, FEI XL30-SFEG) in ultra-high
resolution mode using an acceleration voltage of 10 kV. The
working distancewas usually 10mm. In order to avoid any charging
effect, the samples were covered with a 25 nm thick carbon layer.

The haze parameter (ratio of scattered light to total reflected
light) was measured with a Perkin Elmer UV/VIS/NIR Spectrometer
Lambda 900 in reflection mode. Angle-resolved scattering (ARS) of
light was measured with a detector on a goniometer under normal
incidence onto the sample surface, using a laser at a wavelength of
543 nm [25]. In both cases, a 200 nm thick silver layer was sput-
tered onto the texturized samples prior to optical characterization.

3. Results and discussion

3.1. Rheological behavior

The viscosity of the HBP and of particulate and hybrid suspen-
sions is depicted in Fig. 1. The HBP showed Newtonian behavior,
with a viscosity independent of frequency and equal to 0.2 Pa.s. The
viscosity of suspensions of acrylated SiO2 nanoparticles in HBP
rapidly increased with increasing nanoparticle loading and shear
thinning became evident at particle concentrations of 5 vol% and
above. This thixotropic behavior resulted from the break-down of
particulate aggregates and release of the immobilized liquid with
increasing shear rate [22]. At 30 vol% of silica the viscosity of the
particulate suspension at low frequency was close to 10 000 Pa.s,
almost 5 orders of magnitude higher than that of the HBP. Such a
dramatic increase in viscosity is associated with a liquid-to-solid
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50 µm

Scratch resistant and colored self-cleaning surfaces

Scratch resistant: no change 
in WCA > 150° of hybrid
composite lotus surface 
after 7000 sand abrasion 
cycles (ASTM F735–17)

Cully, Karasu, Müller, Jauzein, Leterrier, Surf. Coat. Technol., 348, 111–120 (2018)

Figure 16: Chromatic graphic with the different color points of the surfaces.

The blue color does not appear on this graphic because the blue surfaces give
a wrong result, they appear transparent, nearly red on the chromatic panel an not
blue (see annex). As the blue solution had already some other issues like being really
liquid and surprisingly transparent, it was decided to continue just with the green
and red color. These issues are due to an evaporation of solvents from the solution
and the bad solubility of the Co/Al/Cr-oxide. The solution was also not very well
stirred because the stirrer got sticked at the bottom and couldn’t rotate. Moreover,
blue pigments works well by reflection. Here, transmission is done. If the blue range
is reflected, it does not arrive to the detector and the blue is not visible which gives
a transparent look on the graphic. As the red color is also an oxide, the project was
continued only with the red color to get faster results but the blue color will still
need to be tested.

20

SyntheNc, 
vermillion-colored, 
superhydrophobic 
white rose petal
surface

5 µm

4. Conclusions

Superhydrophobic self-cleaning nanocomposite replica of a lotus
leaf was produced using a combination of self-assembly of a silicone
surfactant at the surface of acrylate/silica suspensions and a UVNIL
process with a PDMS master. The migration of the surfactant to the
surface occurred within few seconds after application of the liquid
formulations. It was marginally affected by the contact with PDMS and
led to a 20° increase of the WCA to values close to 90° for the Acryl-1S
and Acryl-2S resins. The addition of acrylated silica nanoparticles

increased the viscosity of both resins by several orders of magnitude,
however to a considerably different degree, the Acryl-2S suspensions
being five times less viscous than the Acryl-1S suspensions. Suspensions
were also shear-thinning, which nevertheless did not compromise the
replication fidelity. The presence silica at concentrations up to 25 vol%
did not inhibit the rapid and spontaneous migration of the surfactant,
and led to a further 10–15° increase of the WCA, which was attributed
to increased roughness due to the formation of superficial submicron
silica outcrops. The creation of a lotus texture led to an even greater
increase of the WCA, and Acryl-2S composites with 25 vol% of

Fig. 9. Young's modulus (a) and hardness (b) of Acryl-1S and Acryl-2S composites. The dotted lines are guides for the eye.

Fig. 10. Texturized plain Acryl-2S resin (a) and composite with 25 vol% of silica (b,c) after sand abrasion.

Fig. 11. Demonstration of the self-cleaning ability of a syn-
thetic lotus replica made out of Acryl-2S with 25 vol% of
silica (a, inclined composite sample with surface covered
with black pepper grains, b, clean composite surface after
dropping 2ml of water and trapping of pepper), and visual
appearance of an Acryl-2S/silica composite sample placed
above a color printed paper (c, a dotted line has been added
on the periphery of the sample to facilitate visualization),
with a water droplet on the sample (indicated by the arrow).

P. Cully et al. 6XUIDFH�	�&RDWLQJV�7HFKQRORJ\���������������²���
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5 µm

Rolith

panokip.nl

V. Bersier
Polymer Nanocomposite Textures for

Multifunctional Encapsulation of Solar Cells

(a) Master mold @ 20 000× (b) Master mold @ 50 000×

(c) HBP film @ 20 000× (d) HBP film @ 50 000×

(e) Nanocomposite film @ 20 000× (f) Nanocomposite film @ 50 000×

(g) Tilted view of the master mold @ 50 000×

Figure 8: SEM micrographs of the nickel mold used to imprint a moth-eye-like texture (a,b,g), an HBP film after

nanoimprint (c,d) and an HBP+TiO2 nanocomposite film after nanoimprint (e,f).
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Paraboloids are 
preferable for 
UVNIL

Cones are more 
sensitive to 
height changes 
around 300 nm 

Optical modeling of cones and paraboloid arrays: 
45 layers with effective refractive index from 1 to 1.5

Dewan, R., et al., Bioinspiration Biomimetics 7 (2012)
Stavenga, D.G., et al.. Proc Roy Soc B: Biol Sci 273 (2006)
Gonzalez Lazo et al., Energy Technology (2015)
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Figure 4. Reflection as a function of the incident wavelength from
moth eye facets covered with corneal nipple arrays with three
different shapes—(a) pillar, (b) cone and (c) parabola. The dashed
line represents the reference for a moth eye facet without corneal
nipples.

in the red at 560–600 nm [21]. Assuming Cameraria ohridella
possesses the same spectral sensitivity as other investigated
moths, the reduced reflectivity by the corneal nipple arrays
would have its greatest effect on wavelengths of the UV-band,
although reflectivity is also reduced in the blue and green
and thus should increase the total amount of light that can be
absorbed by the retinae of the moth’s eyes.

For nipples with periods smaller than λ/(2nn) the
propagation of light can be explained by using effective
medium theory [23, 24]. The periodic array acts as a refractive
index gradient and allows the incident light to couple into
the propagating medium with reduced reflection losses. In
figure 5, the effective refractive index of an air/nipple interface
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Figure 5. Change of effective refractive index as the incident light
travels from air (n = 1) into the moth eye (n = 1.52). Normalized
height of 1 represents the peak of the corneal nipple arrays, and
0 represents the base surface of the eye facet.

is shown as the incident light passes through the nipple array.
The effective refractive index, neff , can be calculated based on

neff(h) = nn × An(h)

Abase
+ nair × Abase − An(h)

Abase
, (2)

where An(h) is the area of the nipple as a function of the height
of the nipple. Abase is the base area of a nipple. nn and nair are
the refractive index of the nipple and the surrounding media,
which is in this case air. In the case of a parabolic-shaped
nipple the effective refractive index is given by

neff(h) = π

2
√

3
×

(
1 − h

h0

)
× rn

ri

× (nn − 1) + 1, (3)

where h is the height of the nipple, h0 is the maximal height of
the nipple, rn is the radius of the nipple and ri is the inner radius
of the hexagonal grid. In figure 5 it is assumed that the radius
of the nipple is equal to the inner radius of the hexagonal grid.
The straight line for the parabola-shaped nipples represents a
PML resulting in the lowest possible reflection. Therefore,
the reflection properties, as seen in figure 4, are consistent
with the refractive index gradient arising from the shape of
the nipple arrays. Due to the abrupt change of the refractive
index observed for the circular pillar arrays, the reflectivity
from such a surface is higher compared to a cone or parabola-
shaped nipple array.

Reflection properties from moth eye facets covered with
a nipple array were so far discussed for the normal incidence
of light. The reflectivity for a nipple array as a function of the
incident angle is shown in figure 6.

The heights of the paraboloid nipple arrays were 50, 100
and 200 nm with their period fixed at 200 nm. The reflectivity
was calculated for a monochromatic wavelength of 400 nm.
The polarization of the incident light was assumed to be
circular. Similar to what is observed for normal incidence,
the reflectivity is reduced as the height of the corneal nipples
is increased. The reflectivity does not change much up to an
angle of incidence of 25◦.

Hence, nipple arrays on the facet of moth eyes act as an
anti-reflection coating. The shape of the nipples allows for
almost optimal anti-reflection properties over a broad spectral
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Figure 3. Hexagonal simulation grid for the simulations is shown. Isometric projections of the three shapes used for the study, pillars, cones
and parabolas, are also depicted.

properties we numerically modelled the facets using different
shapes. By simulating the optics of the different shapes, we
investigated the reflectivity of parabolas, cones and pillars.
Simulations were performed by solving Maxwell’s equations
in three dimensions using a finite difference time domain
(FDTD) algorithm. Perfectly matched layer (PML) boundary
conditions were set in the direction of the propagation of light.
Periodic boundary conditions were assumed in the other two
boundary directions. In other words, we assumed a periodic
nipple array in the x- and y-directions. A sketch of the
hexagonal simulation grid and isometric projections of the
different nipple array shapes are shown in figure 3.

The refractive index of the nipples was set to nn =
1.52, which is similar to that of most insect corneae [18–20].
The diameter of the nipples was kept fixed at dn = 2rn =
200 nm, while the height of the nipples, h0, was varying from
0 to 250 nm. The nipple arrays were positioned in a hexagonal
grid where ri and ro represent the inner and outer radius of a
hexagonal cell, respectively. In the case of maximal packing,
the nipple radius rn is equal to the inner radius of the hexagonal
grid. In this case 90% of surface is covered by nipples. For
the pillar-shaped arrays, the radius of the pillar was taken such
that the proportion of the pillars covers 50% of the area of the
unit cell.

3. Results

3.1. Reflectivity of corneal nipple arrays

The anti-reflection properties of the nipple arrays were
investigated by varying the shape of the protuberances on
the moth eye facet. The reflectivity from such surfaces as
a function of the incident wavelength is shown in figure 4.
Reflectivity plots for the pillar, conical and paraboloids are

shown in figures 4(a)–(c). The reflectivity plot for nipple
arrays modelled as circular pillars is shown in figure 4(a).
The dashed curve is shown as a reference for reflectivity of
a flat substrate. The reflectivity was calculated assuming
perpendicular incidence of light, R = [(nn − 1)/(nn + 1)]2.
The reflectivity from circular pillar arrays exhibits strong
modulations with changing heights of the pillar. 50% of the
hexagonal unit cell base area is not covered with the pillars;
as a result the interference of reflections from top and base of
the pillars causes the maxima and minima of the curves. For
a specific height of the pillar, we observe that the reflectivity
is reduced to almost zero, albeit only for a very small band
of the incident wavelengths. Therefore, circular pillar arrays
will not be ideal for applications where a low reflectivity for a
broader band is needed (e.g. optical sensors, solar cells). The
reflectivity from cone-shaped arrays is shown in figure 4(b).
The modulation of reflectivity as seen for arrays with pillars
is not seen for cone-shaped arrays. Moreover, the reflectivity
steadily decreases as the height of the cone array is increased.
For array heights higher than 200 nm, reflectivity is almost
zero for wavelengths up to 500 nm. By changing the shape to
parabolic arrays, the reflectivity can be minimized for a much
broader spectral range. The reflectivity curves in figures 4(c)
for parabolic shapes of arrays are almost zero for array heights
larger than 200 nm. By adjusting the height of the parabola
the reflectivity of the broadband anti-reflection layer can be
tuned.

The height of the nipples on the surface of the moth eye
was approximately 70 nm. In such a case the reflectivity is
mainly reduced for short wavelength down to 300 nm. All
investigated moths so far show a spectral sensitivity of around
300–600 nm with peaks in the UV (345–360 nm), in the blue
(440–460 nm) and the green (515–530 nm) [21, 22]. A limited
number of moths possess an additional fourth peak, positioned
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Figure 3. Hexagonal simulation grid for the simulations is shown. Isometric projections of the three shapes used for the study, pillars, cones
and parabolas, are also depicted.

properties we numerically modelled the facets using different
shapes. By simulating the optics of the different shapes, we
investigated the reflectivity of parabolas, cones and pillars.
Simulations were performed by solving Maxwell’s equations
in three dimensions using a finite difference time domain
(FDTD) algorithm. Perfectly matched layer (PML) boundary
conditions were set in the direction of the propagation of light.
Periodic boundary conditions were assumed in the other two
boundary directions. In other words, we assumed a periodic
nipple array in the x- and y-directions. A sketch of the
hexagonal simulation grid and isometric projections of the
different nipple array shapes are shown in figure 3.

The refractive index of the nipples was set to nn =
1.52, which is similar to that of most insect corneae [18–20].
The diameter of the nipples was kept fixed at dn = 2rn =
200 nm, while the height of the nipples, h0, was varying from
0 to 250 nm. The nipple arrays were positioned in a hexagonal
grid where ri and ro represent the inner and outer radius of a
hexagonal cell, respectively. In the case of maximal packing,
the nipple radius rn is equal to the inner radius of the hexagonal
grid. In this case 90% of surface is covered by nipples. For
the pillar-shaped arrays, the radius of the pillar was taken such
that the proportion of the pillars covers 50% of the area of the
unit cell.

3. Results

3.1. Reflectivity of corneal nipple arrays

The anti-reflection properties of the nipple arrays were
investigated by varying the shape of the protuberances on
the moth eye facet. The reflectivity from such surfaces as
a function of the incident wavelength is shown in figure 4.
Reflectivity plots for the pillar, conical and paraboloids are

shown in figures 4(a)–(c). The reflectivity plot for nipple
arrays modelled as circular pillars is shown in figure 4(a).
The dashed curve is shown as a reference for reflectivity of
a flat substrate. The reflectivity was calculated assuming
perpendicular incidence of light, R = [(nn − 1)/(nn + 1)]2.
The reflectivity from circular pillar arrays exhibits strong
modulations with changing heights of the pillar. 50% of the
hexagonal unit cell base area is not covered with the pillars;
as a result the interference of reflections from top and base of
the pillars causes the maxima and minima of the curves. For
a specific height of the pillar, we observe that the reflectivity
is reduced to almost zero, albeit only for a very small band
of the incident wavelengths. Therefore, circular pillar arrays
will not be ideal for applications where a low reflectivity for a
broader band is needed (e.g. optical sensors, solar cells). The
reflectivity from cone-shaped arrays is shown in figure 4(b).
The modulation of reflectivity as seen for arrays with pillars
is not seen for cone-shaped arrays. Moreover, the reflectivity
steadily decreases as the height of the cone array is increased.
For array heights higher than 200 nm, reflectivity is almost
zero for wavelengths up to 500 nm. By changing the shape to
parabolic arrays, the reflectivity can be minimized for a much
broader spectral range. The reflectivity curves in figures 4(c)
for parabolic shapes of arrays are almost zero for array heights
larger than 200 nm. By adjusting the height of the parabola
the reflectivity of the broadband anti-reflection layer can be
tuned.

The height of the nipples on the surface of the moth eye
was approximately 70 nm. In such a case the reflectivity is
mainly reduced for short wavelength down to 300 nm. All
investigated moths so far show a spectral sensitivity of around
300–600 nm with peaks in the UV (345–360 nm), in the blue
(440–460 nm) and the green (515–530 nm) [21, 22]. A limited
number of moths possess an additional fourth peak, positioned
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semiconductors are notoriously defective,75,76 and amorphous
silicon is no exception in this regard.77 Therefore, virtually all
solar cell designs with metallic back reectors integrate a thin
buffer layer at the interface,78,79 and reectors with much
reduced loss on the basis of fully dielectric Bragg reectors have
been suggested.80,81

A simple yet powerful model for assessing the light path
enhancement was proposed by Deckman et al.;5,82 assuming full
randomization and a simple ray-tracing approach; they describe
the path enhancement upon each passage through the lm by
an innite sum that converges to a simple analytic formula. The
approach includes parasitic absorption in supporting layers
and applies not only to weak, but also to strong absorption.
Moreover, it can be generalized for different degrees of
randomization during the rst scattering event which is the
most important one.57 The intuitive power of the ray-tracing
approach inspired the development of more detailed models
that treat coherent and incoherent propagation of light and take
into account the scattering processes at each individual inter-
face.83–85 Among the most important results that can be drawn
from these detailed models is the insight that the optical system
with random interface scattering is already very advanced and
that absorption in the doped layers and in the electric contacts
represents a dominant parasitic loss whose reduction calls for
continued research efforts.57,86–88

Light scattering surface textures

Deckman et al. did not only present a powerful theoretical
treatment for absorption enhancement in thin lm solar cells,5

they also presented several pioneering experimental results:
! They manufactured textured interfaces by spin-coating

monolayers of self-organized spheres consisting of materials
such as alumina or polystyrene and sizes between 300 and 800
nm; subsequently, they either deposited through the openings
between the spheres, or applied reactive ion etching.89 In today's

parlance the process is called nano-sphere lithography and it
developed into a very versatile procedure of micro- and
nanofabrication.90–92

! They found an optimum period for amorphous solar cells
in the range from 400 to 600 nm.93 Modelling work of amor-
phous solar cells with 2D periodicity conrmed this range of
periods.80,94,95

! They reported on the benecial effect of either inserting a
buffer layer between silicon and the metal, or even detaching
the reector from the solar cell altogether.82 All modern cell
designs with metallic back reectors use a buffer layer, typically
made from ZnO.58,96,97 The presence of a buffer layer with a low
refractive index was found to suppress the excitation of the SPP
resonance at the interface between silicon and silver.98 Whereas
suggested to be benecial for absorption enhancement in terms
of their modal density,73,99 the electromagnetic eld of SPP
resonances peaks at the interface. In conventional cell designs,
the resulting absorption enhancement extends thus over one of
the doped layers which do not contribute to the photo-current
(Fig. 2).

! Even though they used an n-illuminated structure, they
were able to note the importance of a good back reector like
silver and the advantage of keeping the silver layer at.5 Since
silver is one of the best reector materials, it is desirable to
reduce parasitic absorption of its SPP resonance by using either
at interfaces where their excitation is prevented by simulta-
neous conservation of energy and momentum, or by using
buffer layers of adequate thickness.96,100

! Finally, they also noted that the natural texture of trans-
parent conducting oxide (TCO) surfaces like F-doped SnO2 can
already provide a certain degree of enhancement.5

Textured front TCOs for superstrate cells

For large area manufacturing, the latter aspect, i.e. formation of
natural textures, developed into the most successful and most
widely usedmechanism for absorption enhancement. Typically,
texture is introduced into the contact layer that precedes the
growth of the absorber. In the p–i–n conguration, oen called
the superstrate-conguration, because illumination occurs
through the glass which is thus “above” the active layers, the
surface of the TCO is textured. The development of a pyramid-
shaped surface texture is well documented for SnO2 deposited
by the CVD method (AP-CVD) from precursors of SnCl4 and
H2O.101,102 Fig. 4 shows the texture of “Asahi-U”, the type of

Fig. 3 Light path enhancement F of different crystalline silicon solar
cells,62,63 estimated as the ratio between the EQE and ad, the
absorption of a single light pass. This estimate holds only in the very
weakly absorbing region as illustrated by the full symbols. The dashed
line illustrates that the 4n2 limit of c-Si is close to 50.64

Fig. 4 Surface morphologies of Asahi-U SnO2 : F (left) and 2 mm thick
ZnO : B (right). Scale bar: 1 mm.

This journal is © The Royal Society of Chemistry 2015 Energy Environ. Sci.
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Photopolymerization enables numerous developments in nanostructured device 
technologies
- fast, simple, room temperature process
- various fabrication techniques adapted to applications / materials
- potential for 3D structures

Integrative synthesis of hybrid composites and functionally graded composites
- combination of improved process stability and thermomechanical endurance
- unique cost-performance ratio

Still, many challenges!
- optimization of filling and demolding processes
- stability of hybrid suspensions
- shape fidelity vs. process conditions
- mass production tools & materials (e.g., injection molding)

Summary
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