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“We are star stuff harvesting sunlight.”

“One of the reasons for its success is that science has a built-in, error-correcting
machinery at its very heart. Some may consider this an overbroad characterization, but
to me every time we exercise self-criticism, every time we test our ideas against the
outside world, we are doing science. When we are self-indulgent and uncritical, when we

confuse hopes and facts, we slide into pseudoscience and superstition.”

- Carl Sagan (1934-1996)






Abstract

Concentrator Photovoltaic (CPV) systems are a pialetandidate to achieve low
cost solar energy because in these systems the alaefficiency increases with
concentration and the amount of semiconductor nahteequired is lower. CPV
systems use Fresnel lenses to focus the lighthotoogenizers, which uniformizes the
flux distribution incident to the subjacent sol@&ll@nd does other optical corrections.
A disadvantage of these optical elements is thet tneate three optical interfaces that
reflect the incident light and together account &out 12% of losses. To achieve
higher efficiency in CPV systems, these losses rteele reduced. These optical
interfaces can be curved or corrugated, which érttie applicability of conventional
antireflection methods. In addition, the antireflen effect should be broadband
because the solar cell placed below the homogealm®arbs most of the solar spectrum.
In order to be suitable for production lines, thabrfcation methods need to be
applicable in large areas and to be cost effectifeor these reasons, maskless plasma
etching processes were selected to texture the PMMsnel lens) and glass
(homogenizer) interfaces. An additional problem @PV systems is the dew
condensation on the front and back side of therfetldenses. To solve this problem, a
hydrophobic coating on an antireflection nanostriedd surface was evaluated on the
back side of a Fresnel lens.

In chapter 1, the basics of solar energy, CPV systeand the motivation and
outlines are introduced. In chapter 2, the apgres@mployed to study and improve
CPV systems are described. Also in this chagter(PV system studied is introduced
along with numerical calculations of optimum arfteetion nanostructures. Chapter 3
is focused on the fabrication methods employedatwi¢ate broadband antireflection
nanostructures on glass and on PMMA. The comjpposii the studied homogenizer
is close to the composition of Schott B270 gladsictv was the main material studied.
Employing Schott B270 glass substrates, a £plasma etching process achieving the
fabrication of high aspect ratio nanostructures deaseloped.



O, plasma etching and water rinsing were appliedesning processes afterwards.
Broadband high transmittance was achieved on S&810 glass substrates, reaching
nearly 96% and over 99% on samples with one and treated sides, respectively.
This improvement resulted from the formation ofth@spect ratio nanostructures and
graded material distributions created by the seleatemoval of Si@ during CHR
plasma etching, resulting in low SiQlensity at the tips of the nanostructures and
increasing density towards the bulk substrate. d$pmect ratio of the nanostructures
increased with increasing the CHIplasma etching process time. In B270, the
formation of high aspect ratio nanostructures wasesed without lithography or the
assistance of any deposited mask, making it a rfabeication method and suitable for
curved and large surfaces. The surface of variypes of glasses and quartz
substrates were treated using the same procesdedid large or moderate
transmittance enhancements, or scattering properti€he transmittance enhancement
depended on the size and aspect ratio of the rmractses. Scattering appeared when
fabrication of large structures on the surface wltsined. Surface and cross section
composition measurements revealed that the glaspasition plays a critical role to
obtain antireflection or scattering structures. TEDand RCWA simulations were
carried out to study the morphology and graded amsiipn effects. The
controllability of the wettability properties on mastructured B270 using
self-assembled molecular monolayer is also predente

At the Fraunhofer IOF (Jena, Germany) two typegroicesses were applied on
PMMA substrates and LPI's Fresnel lenses. The &ire (S1) uses a self-generated
mask formed during £and Ar plasma etching. The second type (S2) asés), thin
layer prior to the same process as in S1. Depgnainthe fabrication process, two
types of antireflection structures were generatetiapplied on one-side and both-sides
of PMMA substrates and Fresnel lenses.

In chapter 4, the optical and field tests evaluatiof Fresnel lenses and
homogenizers with nanostructured surfaces are exte Module assembly and field
tests were carried out at LPI-CeDint facilities @vid, Spain). The Current-\Voltage
curves were measured for each sample and the egifieis were calculated.
Spectrolab Concentrator Cell Assemblies (CCAs)ausiiple junction solar cell GalnP
(1.88 eV) / GalnAs (1.41 eV) / Ge (0.67 eV) wereapsulated below the treated
homogenizers and a reference Fresnel lens wastosadluate the effect of the glass
nanostructuring process, which achieved maximur?.and 2.75% . and efficiency
relative gains, respectively. To evaluate theatfté the nanostructures on the Fresnel
lenses, the same bare secondary optical elemerg@aatrolab CCAs were employed.
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On the Fresnel lens with S2 on both sides, maxinbus% and 3.82% s and
efficiency relative gains were obtained, respetyive Finally, the CPV module
assembled using the Fresnel lens with S2 on batlessiand the best treated
homogenizer showed 7.99% and 5.06%@and efficiency relative gains, respectively.

The efficiency relative gains were lower than dgeones because the Fill Factor
(FF) was degraded on the textured samples. Tlyinoof the FF decrease is under
consideration, but it was found that the bottom deles not become limiting when
employing the antireflection nanostructures. Oeathof the cell by increased current
or the modifications of the spectral or irradiamoenogeneity on the sub-cells are other
plausible causes.V, remained unchangedl; was normalized at Direct Normal
Irradiation 900 W/rh and the efficiency at 25°C. The hydrophobic cmptivas
applied on S2 on the back side of a Fresnel ledsitamas tested using University of
Tokyo's CPV system. The hydrophobic coating causedlight decrease in the
transmittance at short wavelengths, but a 7.703%elative gain was obtained. The
uncoated Fresnel lens with S2 on the back side sti@\2.87%Jg; relative gain. The
additional enhancement could be the result of alfpoint modification by the coating.
Further study of this additional gain is under ¢desation.

In chapter 5, applications to flat PV of nanostauetl glass and PMMA surfaces
are introduced employing InAs Quantum-Dot solalscel Also, the applications to
space cover glasses and aspheric lenses were dembehs Finally, in chapter 6, the
conclusions and outlines of this thesis are presknt
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Chapter 1

1. Introduction



1.1. Introduction to solar cells

Solar cells can convert solar energy into eledyrifl]. The first example is
single junction solar cells, which efficiency limitepends on the band-gap of the
material it is made of as shown in Fig. 1.1. Fegur.l also shows that with
concentration, for example 1000 suns, the effigielnoit can be increased. This is
due because the short circuit currel) (increases linearly with concentration, whereas
the open circuit voltage/) increases logarithmically by tldg increase.
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Fig. 1.1. Detailed balance efficiency limit fongle junction solar cells under 1
sun and 1000 suns incident light. Figure is froef. 2]

Worldwide a great number of universities and redeacenters have been
researching over a great variety of materials avldrscells architectures in order to
achieve high efficiency and low cost. Figure 1h®ws the progress of each type of
solar cell over the past 40 years.

There are several approaches that have been prbposeder to further increase
the efficiency of solar cells such as multi-junatisolar cells [3], intermediate band
solar cells [4], hot carriers solar cells [5], updaown-conversion [6, 7], and multiple
exciton generation [8]. In this thesis, for thergmse of presenting the solar cells
currently used in CPV systems, only triple junctismlar cell is introduced in more
detail as shown in Fig. 1.3.
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Fig. 1.2. Research cell efficiency records as afudry 20th 2014, National
Renewable Energy Laboratory, US. Figure is from Fo3f

Figure 1.3 shows a series connected type tripletipm solar cell (3JSC) grown on
Ge substrate. Each sub-cell (Top, Middle, and dwoj}t absorbs a portion of the
incident solar spectrum as represented in Fig.(rigBt). In this 3JSC, the sub-cells
are connected in series via a tunnel junction. rédfloee, theV, of this 3JSC is the sum
of theV, of each sub-cell and tldg is the lowest among the three sub-cells.

o= P‘I:p+ Vas® P
T =min (F Lo s fm: 204 ——  AMOD (E-490), 1366 Wim® ]
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r i
S00 1000 1500 2000 2500
Contact Wavelength (nm)

Fig. 1.3. Example of triple junction solar celldarepresentation of the portion of
the AM 1.5 spectrum that each cell absorbs. Figuf®m Ref. [10].



1.2. Introduction to Concentrator Photovoltaic systems

In the same manner as in single junction solasctike efficiency of multi-junction
solar cells increases with concentration. Figuré ghows the detailed balance
efficiency of solar cells depending on their numbérjunctions under one sun and
under maximum concentration. In practice, solis @annot operate under maximum
concentration because the high current densitytlamderies resistance of the cell result
in overheating, which reduces the solar cell pentorce.

100 = | | I | -I'
< Maximum Concentration ‘ —_— ; _
> 80 - "“‘“\\. ‘. [Concentration limit ‘ Marti & Araujo
; e 1996 Solar Energy
g 60 . ol e | Materials and Solar
L b P One sun limit Cells 43 p. 203
= e X _
E 40 G_‘_,- Q\
:
= 20 = —
@
a

Q= I | | | =

Number of junctions or absorption processes

Fig. 1.4. Detailed balance efficiency limit for hiwjunction solar cells under one
sun or concentration dependence. Figure is from[RH.

Multi-junction solar cells are the main type of @otells used in CPV systems,
typically two or three junction solar cells, buttime future four or more junction solar
cells could also be implemented. Figure 1.5 sheavious types of CPV technologies
compared to flat panel. One particular charadiered CPV systems is that they need
to track the sun, typically using double-axis tersk because only the direct part of the
solar irradiation can be precisely focused on thlarscells. In order to concentrate
light into a solar cell a Fresnel lens or a miwan be used as show in Fig. 1.5 (b, ¢) and
Fig. 1.5 (d, e), respectively. The Fresnel lengh& mirror represents the primary
optical element (POE) of the CPV system. In addito the POE, some CPV systems
have a homogenizer or secondary optical elemenE}3© shown in Fig. 1.5 (c, e).



The purpose of the SOE is to uniformize the flustrdution incident to the
subjacent solar cell and other optical correction&.non-uniform spectral or irradiance
level distribution reduces the Fill Factor in CPyst&ms employing multiple junction
solar cells [12]. In addition, the use of a SOBwa$ larger acceptance angle, which
partially alleviates the constrain on costly anghiy precise tracking systems [13].

Fresnellens

T s r.48
PVcell
encapsulant
homogenizer R, iiwiod homogenizer
glass T, R,
encapsulant encapsulant encapsulant encapsulant
PVcell PVeell PVcell PVeell mirror

1
(a) flat panel (b) refractive (c) compound refractive (d) reflective (e) compound reflective

solarflux Fresnellens

Fig. 1.5. Schematic comparison of flat panel anfler@nt concentrator
photovoltaic systems. Figure is from Ref. [14].

1.3. Motivation and outlines

Currently, the highest efficiency solar cells argséd on IlI-V semiconductor
materials. When combined with CPV systems, thigieffcy is further increased and
the required amount of semiconductor material isrefsed, which makes CPV a
potential candidate to achieve low cost solar gngr§]. The motivation of this thesis
is to reduce the reflectance at the Air/Opticakedats interfaces in transmission CPV
systems. For this purpose simulation and faboocabf nanostructured surfaces are
performed. As shown in Fig. 1.6, in order to aghi¢his purpose the nanostructures
need to be successfully applied on two materiaMMR and glass) and on surfaces
with different sizes and shapes. In addition,dhape of the nanostructures has to be
smaller than the wavelength in order to avoid scetd, which could affect the spectral
or the irradiance distribution on the solar cells.



Transmission Reduce the reflectance
CPV system at the surfaces of the

optical elements

Fresnel lens W
(POE) ;

¥ woe) Homogenizer

*Made of PMMA (SOE)

eLarge area

*Flat front-side
*Corrugated back-
side (SOE)

*Made of glass
*Curved surface

Solar cell

Fig. 1.6. Characteristics of the optical elemantgransmission CPV system
considered to design the approach to reduce #féectance. Figure in the middle
if from Ref. [13].



Chapter 2

2. Improving transmission-type
Concentrator Photovoltaic system



2.1. Light Prescriptions Innovators’ Ventana CPV system

In this thesis, the Ventana CPV system manufacturgdLight Prescription
Innovators (LPI), has been implemented to demoiesthee effect of the nanostructured
Air/Optical-elements’ interfaces. Ventana CPV ewstis a type of transmission CPV
system that employs broken rotational symmetry l&ébler integration design of the
POE and SOE achieving high concentration and higletance angle [16]. Fig. 2.1
shows the reflections that occur at the Air/Optigl@iments’ interfaces in a
transmission-type CPV system: At first there are teflections at the Air/Fresnel-lens
and Fresnel-lens/Air interfaces (R1), and then ethés the reflection at the
AirfHomogenizer interface (R2).

:l W b 3 Rl’J‘d"' b2 VVentana™ Optical Train
l‘.‘\\\";cﬁ'”“r” V v OEv

Fresnel
lens (POE)

d

~\Msoe Reflections at Air/Optical-

Free form lens (SOE)

s 4 elements interfaces
Al cuym refcact-once o R1: Air/POE/Air ~8%

*', Holdown R2 (normal incidence)

\ features

5!&|Pﬂt

0 R2: Air/SOE ~4%

(top angular distribution)

Encapsulant cell
Fig. 2.1. 3D and 2D views of LPI's four-fold Fresiohler concentrator system.
Yellow arrows indicate the reflections at the Aipt@al elements interfaces.

Figure is from Ref. [13].

The light reaching the top of the homogenizer hasagular distribution which
depends on th&number of the Fresnel lens employed. In the cdséentana CPV
system, it is equal to 1.43 and the angular distidin at the top of the SOE is * 20°.



A disadvantage of the homogenizer is that it ineesathe incident angle
distribution, which reduces the amount of lightuested by the solar cell because the
reflectance increases as the incident angle ineseasThe effect on the angular
distribution reaching the solar cell depends ontyipe of homogenizer employed [17].
The optical efficiency and the irradiance distribotalso depend on the type of SOE
employed [18]. In the case of Ventana CPV systeith ideal perfect tracking the
angular distribution on the cell is around + 30%daround * 40° for a tracking error of
1° [13]. In the case of Ventana CPV system, thesirel lens is made of Poly (methyl
methacrylate) (PMMA) and the homogenizer is mad&laks. The refractive index of
both materials is around 1.5, which means thataal incidence each of these
interfaces reflects around 4% of the incident lighttotal accounting for around 12% of
loses. Due to the angular distribution reaching tomogenizer, the losses at this
interface are greater than 4%.

2.2. Approach to reduce the reflectance at the

optical-elements interfaces

The surface of the front-side of the POE is flag back side has the imprinted
corrugations of the Fresnel lens, and the surfdcéhedo SOE is curved. Figure 2.2
shows the approach that was implemented in ordeanostructure these three surfaces.
In the case of Ventana CPV system, the size ofRIDE is 16 x 16 cfand the size of
one large module containing 36 Fresnel lensesdsnar 1 M. For this reason, a
considerably scalable technique is required in rotdebe suitable to apply it on the
front-and-back side of the POE. As for the SOBEV@mtana CPV system, it has a
curved front surface, a diameter of 24 mm and hegdh22 mm. Figure 2.2 also
shows in more detail the SOE’s curved surface. alljina low cost fabrication method
is preferable so that the three interfaces candmostructured in a mass production
level and have an impact in the CPV industry.

In order to fulfill all the fabrication requirementplasma etching method was
selected. As for PMMA (POE’s material), a collaftion was initiated with
Fraunhofer Institute for Applied Optics and Premisi Engineering (IOF). At
Fraunhofer IOF, Prof. Schulet al., have employed plasma etching to achieve
antireflection nanostructures on flat PMMA sheég,{21].
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Fig. 2.2. Requirements and research flow in otaleeduce the reflectance at the
three interfaces of the optical elements in tragsian-type CPV systems.

The purpose and novelty of this collaboration wasapply the antireflection
nanostructures on the front-and-back sides of s&eseaf POEs and evaluate their
performance by transmittance measurements andtéstd. Since the back side of the
POE has the corrugations of the Fresnel lens, dstratimg the applicability of the
PMMA antireflection nanostructures for CPV systemagresented a particular interest
in this collaboration. As for glass (SOE’s mathria novel fabrication method was
developed using maskless plasma etching. Thisicktion method was initially
applied on flat substrates and then on the curé2.S

Finally, Field tests were carried out in MadridL&I-CeDint facilities in which
reference bare POE and SOE were measured at the tsae with nanostructured
POEs and SOEs and thg and efficiency gains were evaluated.

2.3. RCWA simulations of desirable structures morphology

Simulations of antireflective structures with weakgular dependence on the
incident angle intended for the POE’s and SOE'Jases were carried out using
Rigorous Coupled Wave Analysis (RCWA) [22].
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Simulated nanostructures

Wide-angle antireflection effects can be achievedubwavelength structures [23].
The initial approach to reduce the reflectance@EB and SOE’s surfaces was to use
nanoimprint of Poly (dimethylsiloxane) (PDMS) natrastures. For this reason,
PDMS periodic Moth-eye structures were simulatedngusRCWA to study the
reflectance spectra of flat and structured Air/PDivit8rfaces. Finally, direct texturing
by plasma etching was found to be better suitedHerCPV industry, to have better
durability, and to be more cost effective. Theutssobtained for PDMS are analogous
for the cases of PMMA and glass textures becauseadfractive index of PDMS is
approximately 1.41, which is very close to the aefive index of PMMA and glass,
approximately 1.5.

Rsoft’s DiffractMOD package was used to carry o@VRA simulations to study
the reflectance spectra of flat and nanostruct@ie@®DMS interfaces, which was used
to calculate thel of each structure. In these simulations a 300 thitk single
junction GaAs solar cell was considered and thecefhf textured PDMS was analyzed.
The flat and nanostructured PDMS are shown in Ei§. The aspect ratio for the
periodic structured interfaces is equal to Heightibtl. The period of the triangular
PDMS structure was varied from 50 nm to 1.5 um thiedaspect ratio from 0.5 to 3 as
shown in Fig. 2.4.

Lo | e

n=1.41 Period

Fig. 2.3. Flat (left) and periodically texturedgfit) PDMS interfaces simulated
using RCWA.
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First of all, the reflectance of the flat Air/PDMfaterface was simulated to
calculate itsl and to use it as a reference to normalize thdtsesuithe nanostructured
case. Also, angular dependence simulations weredaut to assess the performance
of each structure regarding the angular distrilbutoming from the POE.

Jsc
3 Ratio
1.025
245
2
T
o F-1.02
o]
ge]
=
a
S - 11.015
(]
I [
15
1.01
1
1.005
05 T \ \ - \
50 100 200 300 500 1000 1500
Period (nm)

Fig. 2.4. J¢ improvement of structured PDMS compared to flatMED at
normal incidence.

The maximum improvement at normal incidence of cdtmed PDMS over flat
PDMS is 3%. Low diffraction at the Air/optical-etents in R1 and R2 is desirable to
avoid scattering. Therefore, a small period igggrede.g. 100 nm, which reaches the
maximum improvement with an aspect ratio equal.to Such structure could be used
on the surfaces of the POE and SOE to reduce tifectence and maximize the
transmitted power. The angle dependence of thectahce was simulated between 0
and 70° and the dependence of flat PDMS was usewrmalize the dependence of
structured PDMS of Period equal to 100 nm and @aspect ratio from 1 to 3 as shown
in Fig. 2.5. As the aspect ratio increases, theravement of the structured PDMS
increases compared to the flat case; hence a lowdpand high aspect ratio is the
desirable structure for the Air/optical-element®ifaces.
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Fig. 2.5. J¢ angle dependence improvement of structured PDM8AE® = 100
nm) compared to flat PDMS.

In CPV systems the incident angle distribution h® tSOE depends on the
f-number of the Fresnel lens or mirror employed. e Geometry of the SOE can also
affect the angle of incidence. THdg improvement shown in Fig. 2.5 corresponds to
the case where all light is normally incident (U8t the real improvement is greater
due to the incident angle distribution. To evatutiie improvement on each type of
CPV system, the percentage of light incident aheagle need to be normalized by the
angle of incidence dependence shown in Fig. 2.5.

2.4. Reducing the dew condensation on POE’s back side

2.4.1.Dew condensation on POE’s back side

Dew condensation on the POE occurs typically afteainy day or in the morning
depending on the humidity of each location. Dewdamsation can occur on the front
and/or back side of the POE. Daido Steel emplaogathing holes in order to avoid
dew condensation on POE’s back side.
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Despite the breathing holes, dew accumulation gtsrsis shown in Fig. 2.6. In
an installation at Toyohashi, Japan, the annual ER&fgy generated decreased 1.21%
in 2004-2005 period and 2% in 2005-2006 period.guf@ also shows that as the
module is dried up the module output increases. [24]

Direct solar rradiance 1 900

Module output [W]

Direct solar irradiance [W/m ]

5 -6 7 '8 91031213 14 1516 A7 18 19

Time
Fig. 2.6. Dew accumulation on the inner-side oidd&Steel’s POE (left) and its
effect on the module output throughout the dayhfdig Figures are from Ref. [24].

2.4.2.Dew condensation on POE'’s front side

In the case of Soitec, despite employing air blowight in large scale CPV plants,
to avoid dew condensation on POE’s back side, w stwrning rise in the power
generated was observed, which corresponded to dewmalation on the POE’s front
side as shown on Fig. 2.7.

T T
100
_i 8o
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E
o 60+
—
o
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2 491
o
a. {.-
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20—t
16:30 —¢ i 08:30
o] > 'l.—.—: T T ¥ T Y
o 200 400 6oo 800 1000

direct normal irradiation [W/m?]
Fig. 2.7. Power plant output effect of dew accuatioh on the outer-side of
Soitec’s POE. Figure is from Ref. [25].
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Air blow prevents dew condensation on the POE'kIside, but it may represent a
significant effect in cost and maintenance anddine condensation on POE’s front side
is still unsolved by neither breathing holes nordow inside the modules.

2.4.3.Hydrophobic functionalization of nanostructured surface

In order to solve the dew accumulation on the bamle of the POE, the
application of a hydrophobic coating on the baoksid POE was proposed and its
realization made part of the collaboration with daofer IOF.  The purpose set was
to apply a hydrophobic coating on the antireflettioanostructured surfaces thus
achieving higher power generation by increasedstraitance and preventing dew
accumulation on POE’s back side. In order to atersithe applicability of this
hydrophobic coating to prevent the dew accumulation POE’s front side, the
durability of the coating to the outer environmalgo needs to be evaluated but it is out
of the scope of this present study.
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Chapter 3

3. Fabrication methods on glass and
PMMA substrates
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3.1. Previous researches on antireflection methods forldt

glass surfaces

Glass is a widespreadly used material in opticahmanents for applications
ranging from ultraviolet to near-infrared waveldmgt Applications in optics or
optoelectronics such as sensors, displays, coessegs, solar cells, or lenses can be
beneficiated by antireflection. In order to redube reflectance, several techniques
have been developed such as thin film coatings, [@&hoimprint [27], oblique angle
deposition [28], and periodic patterning or motle-¢89-31]. Simpler methods using
sacrificial thin metallic or organic layers, or gpbes as mask combined with plasma
etching has also been demonstrated on borosiligiss, fused silica, and quartz
[32-39]. The use of a sacrificial mask or thinmfd with precise thickness, limit the
applicability of these techniques to curved surfasech as lenses, LPI's FK secondary
[13] or REhnu’s ball lens [40] in concentrator phwltaic systems.

Substrate holder

m,; ) Thermocouple 9
i 11 |

uncoated substrates 1.750

i - TT o T ey
550 600 650 700
Wavelength (nm)

Fig. 3.1. Schema of deposition system (left) agitectance spectra with and
without universal visible AR on various glasseglft). Figures are from Ref.
[26].

Figure 3.1 shows the fabrication method and redoabif reflectance by applying
thin film antireflection coatings on glasses wiiffetent refractive indexes. Thin-film
antireflection coatings are effective for narrowesypal ranges and the reflectance
rapidly increases outside the optimized range, Wwiimit their applicability for CPV
systems because for highest efficiency, broadbaticefiection effect is required.
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Fig. 3.2. Effective refractive index dependenct)land porosity dependence
(right) on the deposition angle. Figures are fidef. [28].

Oblique angle deposition relies on angle contrditgbin order to achieve the
desired effective refractive index as shown in Big. The deposition methods of thin
film coatings and oblique angle deposition requirecise control of the thickness and
deposition angle, respectively, which limits thapplicability to the curved surface of
SOEs in CPV systems.
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Fig. 3.3.  Nanoimprint process flow and SEM imagéthe mold and imprinted

surface (left) and measured and simulated traremaiét spectra (right). Figures
are from Ref. [27].
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Lithography or nanoimprint techniques can achiematrollable, high density, and
periodic structures as shown in Fig 3.3 and 3gpeetively. Nanoimprint relies on a
polymer material that is cured by a thermal of UMqess. For this reason, small
nanostructures with high aspect ratio are modecdiff to achieve than by using
lithography as the ones shown in Fig. 3.4 (F).

A B c
SEraaiine
Cured HSQ

Cured HSC.
L eewswen ]

Fused Silica Waler

Fused Silica Wafer

GRLLLLLILG  A7HEEIARAN,

¥ - e e e
Fused Silica Wafer Fused Silica Wafer Fused Slilea Wafar

LRI

Fig. 3.4. Fabrication process steps of periodigetad high aspect ratio
nanostructures on fused silica using lithography plasma etching. The white
bars represent 200 nm and the figure is from R&f. [
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Fig. 3.5. Averaged TE and TM transmittance speetralifferent angles of
incidence on both-sides patterned fused silicaguréiis from Ref. [29].
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The high aspect ratio nanostructures fabricatedithgpgraphy on fused silica
achieved broadband antireflection effect as shownrFig. 3.5. Nanoimprint and
lithography are promising techniques, but theirl@gpility is limited to small surfaces
and are constrained by the cost, and time reqfirettheir fabrication.

Lithography-free fabrication methods have also h@@posed employing metallic
or organic self-generated masks. Fig. 3.6 (Id¢foves the fabrication of self-generated
metallic mask on the glass surface. At first, a dxganother metallic thin film is
deposited; then by thermal dewetting the thin fdetf-assembles into Ag nanoparticles
masks. Finally, these nanopatrticles serve as moapkotect the subjacent glass to the
plasma etching process resulting in a nanostruttsmeface. The size and distribution
of the Ag nanoparticles, and the obtained nanostres strongly depend on the
thickness of the deposited metallic layer as shiowkig. 3.6 (right).

Ag thin film

Glass substrate
— AgglPs
L)
.98
LT E EX ®) g
DI:}' g T’[".;’i (sindeside) ...l
chin _ 1t
MO%I eye su\rface "g S o]
A(Q(\h'{'ﬁ 4 g %
=
C i —Ag10
E & ; ﬁgzom
86- —Ag30nm :
300 600 900 1200 1500 1800 2100 2400
Wavelength (nm)

Fig. 3.6. Fabrication of antireflection nanostruesion borosilicate glass metallic
layer deposition, thermal dewetting, and plasmaietr(left) and dependence of
the morphology and transmittance spectra on thekrless of the deposited
metallic layer (right). All figures are from Re#(].
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The surface nanostructuration employing an orgaelégenerated mask on the
surface of quartz is shown in Fig. 3.7. In thiogass, at first a PMMA layer is
deposited on the surface; then under plasma etdPMNiIA creates a self-generated
mask and protects the subjacent glass or quattzetplasma etching process resulting
in a nanostructured surface. The sizes of theirwdananostructures depend on the
thickness of the deposited metallic layer as shawhkig. 3.6 (right). The expected
thicknesses of A2, A8, and A1l are 50, 500, andr800

The difference between the thickness dependentieeahetallic [40] and organic
[35] layers deposited in these two studies mightHeeresults of various fabrication
parameters as well as the fact that borosilicaiesgivas employed below metallic mask
and quartz below organic mask.

Compared to lithography, lithography-free methongpkeying metallic or organic
self-generated masks can be applied on surfacéslavger area and at lower cost, but
due to the need of a deposited layer and the thgsklependence of such layer; their
applicability to the curved surface of SOEs in C)gtems is limited.
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Fig. 3.7. Nanopillars on quartz substrates obthbyeusing three types of PMMA
layers and subsequent self-generated mask formatidplasma etching (left) and
transmittance spectra of each nanostructured su(faght). All figures are from
Ref. [35].
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Scattering surfaces are attractive for applicationkghting engineering and can
also enhance the performance of solar cells [4],, @t20LEDs [43-45] because they
randomize the incidenkt-vector of the light leading to a light trappingfest [46].
Additionally, they have a variety of other applioats including architecture and design.
Scattering surfaces on glass can be achieved byeteking-, heat-, or laser-assisted
methods with drawbacks in defects generation, cepnibility, or scalability [42, 47,
48]. Maskless plasma etching fabrication of scaesurfaces has been reported only
on borosilicate glass [42, 49]. Employing a ma&tabhr organic assistance-mask,
scattering surfaces were also obtained on borawliglass, fused silica, and soda-lime
glass [50-52].

3.2. Maskless plasma etching on glass.

Fig. 3.8 summarizes the antireflection or scattgrproperties that have been
reported by using maskless or assistance mask alasthing on various glasses and
quartz. When employing an assistance mask priptasma etching.e. deposition of
a metallic or an organic layer, antireflection effédas been reported on borosilicate
glass, on fused silica, and on quartz [32-39]. alsimilar process, after depositing a
metallic or an organic layer on borosilicate glassl fused silica, scattering effect has
been observed [50-52]. Maskless plasma etching dvdg been reported on
borosilicate glass resulting in scattering surf@@ 49].

For the purpose of applicability to the curved aoef of SOEs in CPV systems, a
novel fabrication process consisting in masklessimph etching to obtain broadband
antireflection effect is needed and it is one @f thain directions of the research carried
out during this thesis. The absence of depositaskmallows the fabrication on curved
surface and the plasma etching process itselfwsdost, scalable to large areas, and
suitable to current production lines.
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Fig. 3.8. Summary of the literature review on glasso-microstructuration by
maskless or assistance mask plasma etching olgaaniireflection or scattering
on various types of glasses.

To our knowledge, fabrication of broadband anteetilbn structures using plasma
etching without lithography or the assistance of predeposited mask, as presented in
this thesis, has not been reported. One of the eféorts has been to develop a low
cost masklessi.e. lithography-free and assistance-mask-free, fabaoamethod of
broadband antireflection structures directly on theface of glass, which can be
cost-effectively applied in large areas and poédigtiin curved optical elements.
Moreover, structures directly patterned on the glasrface have better thermal and
mechanical performance than thin film coatings [38]

Schott B270 glass, also called superwhite, is b grgde glass material for optical
components and its composition is very close tactimaposition employed in SOEs for
CPV systems. For this reason, Schott B270 has theemodel and the material most
studied in this research. Fabrication of broadbantreflection nanostructures by
maskless plasma etching was achieved on Schott 8#¥rates.
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The same process was applied to other type ofegaasd quartz. In soda-lime
substrates the transmittance was also improvedlesatthan in B270, in borosilicate
substrates rough scattering surfaces were fabdicate quartz substrates structures
formation was not observed. A customized glasspamition, NaO-free B270 was
studied showing as good performance as in commd@giéd. Finally, very broadband
antireflection effect was also obtained in Gedbped cover glasses, which are the
glasses employed to protect the solar cells inespac

3.2.1.Background of plasma etching

To texture the surface a mask is required. Thisknr@an be pre-deposited or
self-generated. Typically, the pre-deposited masklone through a lithography
process [29]. Other pre-deposited masks includ¢aliite or organic layers that
through dewetting or plasma etching become randodigyributed masks [35, 39].
The purpose of the mask is to protect the matbakdw the mask from the physical and
chemical interactions induced during the plasmaietcprocess. In plasma etching,
both physical and chemical interactions can be rotad, which allows very high
selectivity.

s
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Fig. 3.9. Schema of the processes in plasma efa@nd the role of the mask.

Figure is from Ref. [53].
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The physical etching is carried out by high engrgsticles bombarding the surface
of the sample. To protect the material below theskn the mask has to be much
stronger than the substrate against this partiomdardment. In this way, by the
difference of the strength against the physicahiatr between the mask and the
substrate, the substrate is physically etched ioge#thte desired shape. The chemical
etching is carried out by reactive chemical spethes chemically attack the substrate
and removes it from the surface. In this caserdleeof the mask is to be inert against
the chemical attack. The mask being inert to thendcal attack, protect the material
below the mask and other areas of the substratetamically etched creating the
desired shape. These interactions are summanzeid.i 3.9.

CHFs in Reactive lon Etching (RIE, Anelva DEA 507L) wasployed to directly
fabricate broadband antireflective structures o@®B&urfaces without the assistance of
any predeposited mask. The optimized etching peteis were 40 min, 800 W RF
power, 75 sccm, and 2 Pa of pressure. The sancegzavas applied to various types
of glasses and quartz. After the CGH¥focess, 10 min £plasma etching was applied
for cleaning the residual fluorocarbon polymer frtra surface of the samples.

3.2.2.Composition of B270 glass and other employed glasse

In the present work, B270, D263 (Schott AG), andastime (Asahi Glass Co.)
glasses with typical dimensions of 76 x 26 x 1.1t’nwere employed. As a high
purity bulk SiGQ sample, quartz substrates with dimensions of 18 x 0.5t mm, were
also treated. LIBA 2000 glass substrates provigedPI, which is the same material
as the SOE in the Ventana CPV system, were alstuaed. A customized glass
composition, NgO-free B270, and Celoped cover glasses provided by Qioptiq were
also evaluated. The glass composition providedhe Material Safety Data Sheet
(MSDS) of some of the glasses employed in thisysisldummarized in Tablel.

All substrates were cleaned in a 1% ContaminontisoiuWako Pure Chemical
Industries, Ltd.) ultrasonic bath for 30 min, thensed in an ultrasonic bath with
Milli-Q (Millipore Co.) deionized water for 30 mirand finally dried at 80°C for 10
hours. After the CHfand Q plasma etching processes, a final cleaning praoess
ultrasonic bath with deionized water for 5 min airging was performed. In some
cases, SPM process (Piranha solution) was alsoogetplas cleaning processes after
fabrication of the nanostructured surfaces.
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Table 1. MSDS composition data (%)
Chemical
formula B270 D263 Soda-Lime
SiO, >51 50-60 70-74
Al,O3 1-10 0-3
CaO 1-10 <1 6-12
Na,O 1-10 1-10 12-16
K,O 1-10 1-10
BaO 1-10
ZnO 1-10 1-10
MgO 1-10 0-6
Sulfur <1
B,O; 1-10
Sb,0; <1
TiO, <1 1-10

Table 1. MSDS composition data of B270, D263, sodil-lime glasses.

3.2.3.0Optical properties
Optical setup

In order to characterize the transmittance of thesggyand PMMA substrates,
Fresnel lenses, and aspheric lenses, an optiagd sets built to achieve a collimated
beam to scan the surface of the samples and ctiiedight into an integrating sphere
as shown in Fig 3.10. In the case of Fresnel keogéical characterization, the highly
collimated beam was necessary to emulate the ¢ondif sun tracking. The sun has
a divergence of 0.266° and the divergence of thel@yed collimated beam was below
0.2°. The collimated beam was also particularlgfuiswhen evaluating the angle of
incidence dependence on bare and nanostructuresl glistrates.

The light intensity fluctuation in measurement tim&as below 0.2%. The
transmittance of the glass substrates was measu@d400 nm to 1000 nm using a 1
cm diameter collimated beam at three different sabes positions to evaluate the
homogeneity of the fabrication process.
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For the transmittance measurements, the samples pleced 2 mm distant from
the front port with the untreated side facing thé&egrating sphere. For the same
spectral region, diffuse reflectance measuremesi® warried out placing the treated
side of the substrates in contact with the back pad ensuring that the specular
reflectance was outside the integrating sphere.

Pin

Plano-convex

lenses hole Iris

Xe lamp

Fig. 3.10. Optical setup built to obtaining a oolted beam to evaluate the
optical properties of nanostructured glass and PMiBstrates and lenses.
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Transmittance at normal incidence

The transmittance of bare B270 is around 92% inrieasured spectra as shown in
Fig. 3.11 (black). After optimizing the CHIplasma etching parameters, an increase
in the transmittance was observed in one-side tedtB270 substrates compared to the
bare ones. However, the transmittance decreasddecreasing the wavelength in
the whole measured spectra as shown in Fig. 34d).(r In addition, after CHF
plasma etching, the substrates were slightly yeowwhich may correspond to
fluorocarbon films that polymerize during plasmah@tg processes as has also been
observed [54-57].

100 T T T T T T T T T T
99 —8— B270 bare
—&— After CHF,

98 - After CHF,, O, 7

r —e— After CHF,, O,, H,O i Removal of
97 | —e— After CHF,, 0,, H.,0, SPM 7 scattering

L After CHF, O,, H,O (both sides) NaF crystals

2o <

96 - After CHF,, O,, H,0, SPM Sbot? sidEsE : E : ﬁ

Low transmittance -
at short wavelength
and yellowish color

Transmittance (%)
&
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Fig. 3.11. Transmittance spectra after GKFO min) and @ (10 min) plasma
etching, deionized water rinsing, and SPM processesne and both sides of
B270 glass.

Subsequently, ©plasma etching was performed as a cleaning prdoessmove
the yellowish deposited material and the transparevas recovered as shown in Fig.
3.11 (green). Sodium fluoride (NaF) crystals o050m to 1.5 pum in size were
observed by SEM-EDX on the surface of B270 aftefF€plasma etching as shown in
section 3.2.5. These crystals were removed, disgplthem by immersing the
substrates in an ultrasonic bath with deionizecewiir 5 min.
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The transmittance was further improved after remgwhem reaching almost 96%
as shown in Fig. 3.11 (blue). A final SPM cleanprgcess was applied resulting in
almost no effect or a very slight increase of tteagmittance at short wavelengths as
shown in Fig. 3.11 (magenta). These processes amked on both sides of B270
substrates achieving over 99% transmittance iroadrange of the measured spectrum
as shown in Fig. 3.11 (cyan). On the B270 suledratith both nanostructured sides,
the SPM cleaning process had an additional broatibemease in the transmittance as
shown in Fig. 3.11 (orange). The achieved angaogibn performance on the double
side treated sample was larger, especially at svenrelengths, than recent sophisticated
lithography methods [29].

Transmittance angle of incidence dependence

The transmittance angle of incidence dependenceewasated on bare, one-side
treated, and both-sides treated samples by pldemg 2 cm in front of the integrating
sphere and rotating them from 0° to 60° by step§°of The transmittance angle of
incidence dependences on bare, one-side treatddpah-sides treated are shown in
Fig. 3.12, Fig. 3.13, and Fig. 3.14, respectivellyor the purpose of visualizing the
improvement the same scale of the vertical-axke[s in the three figures.
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Fig. 3.12. Transmittance angle of incidence depead spectra from°Qo 60
on bare B270 substrate.
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Fig. 3.13. Transmittance angle of incidence depead spectra from°Qo 60
on B270 substrate after CEH40 min) and @ (10 min) plasma etching, and
deionized water rinsing on one side.
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Fig. 3.14. Transmittance angle of incidence depead spectra from°Qo 60
on B270 substrate after CEHF40 min) and @ (10 min) plasma etching, and
deionized water rinsing on both sides.
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In summary, Fig. 3.12, Fig. 3.13, and Fig. 3.14vsliwat by texturing one side, the
obtained broadband transmittance remains all dvermeasured angle of incidence
range and that the reduction of the transmittancenbreasing the incident angle is

lower than the bare case as shown in Table 2.
transmittance enhancement increases.

@&yuting both sides the

In additoyn,texturing both sides the

reduction of the transmittance by increasing theedient angle is significantly reduced

as shown in Table 2.

AOI T. Bare | T. One side| T. Both sides
0° 91.68% 95.2% 99.23%
60° 84.1%| 88.5% 95.46%
Diff. 0°-60°| 7.58% 6.7% 3.77%

Table 2. Summarized transmittance difference’ar@ 60 at 600 nm on Bare
B270 substrate, and after CH®O0 min) and @ (10 min) plasma etching, and
deionized water rinsing processes on one and lul.s
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60

Fig. 3.15. Transmittance angle of incidence depeod spectra at 600 nm from
0° to 60 on bare B270 substrate, and after GHI® min) and @(10 min) plasma
etching, and deionized water rinsing on one ant bigkes.
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The transmittance angle of incidence dependencbaoe, one-side treated, and
both-sides treated from 0° to 60° for an incideatvelength of 600 nm is summarized
in Fig 3.15 showing the transmittance increase #ral lower angle of incident
dependence by texturing one and both sides of BAB6trates.

3.2.4.Surface morphology by AFM

Surface morphologies were evaluated using Scartfieciron Microscope (SEM)
and Atomic Force Microscope (AFM, Nanonavi Statiisiveep, SIl Nanotechnology).
Figure 3.16 shows AFM images of the bare glassasarmorphology and after 40 min
CHF; plasma etching, and after 10 min SPM process. ur€i@.16 revealed the
subwavelength nature of the structures formed iAiBRat originated the antireflection
effect and that the SPM process did not inducesagnjificant morphology modification
within the AFM resolution. Fig. 3.16 does not resothe whole height of the
structures due to the short separation betweenichdil “pillars”.

Fig. 3.16. AFM images of bare B270 substrate)(lefter CHFE (40 min) and @
(10 min) plasma etching processes (right), andr aftdbsequent 10 min SPM
process. The white bar represents 1um.

After 10 min Q plasma etching there was a broadband transmittamtancement.
The surface morphology after 1 and 10 misn glasma etching was evaluated, but it
shows that within AFM resolution the,@leaning process did not have an effect on the
morphology as shown in Fig.3.17.
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Fig. 3.17. AFM images of the nanostructured serfafter 40 min CHEplasma
etching (left) and after subsequent 1 min (middiedl 10 min (right) @plasma
etching.

3.2.5.Surface morphology and composition by XPS and SEM{EX

X-ray photoelectron spectroscopy (XPS) using AlKX-rays was employed to
characterize the composition of the surface ofgllass substrates before and after both
plasma etching processes on each type of glas®mmplartz. Surface composition
measurements were also carried out by means of &BbBrgy Dispersive X-ray
spectroscopy (SEM-EDX) using Hitachi FESEM S-4700.

On B270 glass, the XPS spectra was measured dmtkesurface and after CEIF
plasma etching, Oplasma etching, deionized water rinsing, and SPddgss. On the
bare surface, the SpZ103.5 eV), Si 8(155 eV), and O04(533 eV) peaks were clearly
observed as shown in Fig. 3.18 (red). Also, s@all2 (348 eV), Ca 2 (440 eV),
Auger Na KLL (493 eV, 532 eV, 561 eV) peaks andanals broad contamination related
C 1s (287 eV) peak were observed. This result on e Isurface is in agreement
with the MSDS data summarized in Tablel.

After the CHE plasma etching process, the $i 3i X, and O % peaks vanished
almost completely and it was very hard to obsenyedearly defined peak as shown in
Fig. 3.18 (green). After the plasma etching process, Ca £a 3, Auger Na KLL,
and F 5 (688 eV), peaks became dominant, but the i &, and O % peaks
remained very small as shown in Fig. 3.18 (bluédt this point a very important
surface composition modification was observed.
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The significance of this surface modification isttthe oxides (CaO and p@)
contained in B270, under CHIplasma etching reacted forming fluoride compounds
(Ca, F) and (Na, F) that remained on the surfadde decrease of the Sp,2Si &, and
O 1s peaks results from the selective removal of SCbi; plasma etching and the low
boiling point of Sig and OR, which is below 0°C. These results show that the
observed nanostructured surfaces by AFM have ardiit surface composition that the
initial bare B270. Also, surface nanostructuratiamd transmittance enhancement
occurred after the CHFplasma etching process suggesting that the foomatf the
fluorides on the surface played a key role on #ii€ation of the nanostructures.

After deionized water rinsing process, the @aQa 3, Auger Na KLL, and F4
(688 eV), peaks were still visible, but decreaseflso, the Si §, Si X%, and O %
peaks slightly increased as shown in Fig. 3.18 énta).

Finally, after SPM process, C@,2Ca &, Auger Na KLL, and F 4 peaks further
decreased and the Sp,2Si &, and O % peaks were clearly visible again as shown in
Fig. 3.18 (orange). After the SPM process a surtaceposition somehow similar to the
composition on the bare substrate was reached.

Mg KLL Na KLL
Mg KLL Na KLL
Mg KLL Na KLL F 1s
T 1T Li| T IT T T r I | T | T

—— B270 bare
1 After CHF | N
| —— After CHF _, O
H 3 2 —

—— After CHF , O,, H,0 A _
| After CHF " 02, HZO, SPM

Ca 2s
‘ H CJZp

Intensity (Arb. unit)

Ol}—ﬁl A%

100 200 300 400 500 600 700
Binding energy (eV)

Fig. 3.18. XPS spectra carried out on bare B2b8tsates and after the CEii@0
min) and Q (10 min) plasma etching, deionized water rinsargd SPM processes.
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The transmittance measurements on one side trBafa glass shown in Fig. 3.11
show that the transmittance enhancement obseried @éionized water rinsing is
accompanied by a surface composition modificatioRig. 3.19 supports that the
dissolution of scattering NaF crystals on the swgfariginated this gain, which also
explains the decrease of the Na KLL and §pgaks shown in Fig 3.18 (Magenta).
Perhaps, (Ca, F) compound on the surface was @&solded by water rinsing. The
fact that the composition was returned to the hudknposition without affecting the
morphology or reducing the transmittance enhancénseiggests that the key role that
the fluorides play in the fabrication of the namostures is localized only on the top
surface of the nanostructures. Otherwise, the stamdgures would have been
dissolved and the transmittance deteriorated.

Cubic crystals with random distribution and diffierelensities were observed on
the surface of B270. The diameter of the XPS besnapproximately 500 pum;
therefore, the NaF crystals observed in B270 aravaidably included in the
measurements. In B270, the textured surface amic arrystals composition was
evaluated using SEM-EDX showing a high Na and Rerunin the crystals compared
to the textured surface as shown in Fig. 3.19. i#althlly, the crystal structure of NaF
is cubic form suggesting that they might be NaFstig.

I \aF crystal
I Textured surface

Si

Intensity (Arb. unit)

00 05 10 15 20 25 30 35 40 45 50
X-ray energy (KeV)

Fig. 3.19. SEM-EDX spectra on the textured surfd@tack) and focused on the
NaF cubic crystal (red). The inset shows a SEMyenaf the textured surface and
the NaF cubic crystal.
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The size of the crystals was between 500 nm tquin5and they act as scatterers
on the surface. For this reason, the transmittarasefurther enhanced after removing
them by dissolving them in water as shown in Figl13(blue). NaF crystals
distributed on the surface of B270 after 25 anar3® CHF; plasma etching process are
shown in Fig. 3.20. Randomly distributed crystatsthe surface are shown after both
25 and 80 min meaning that the NaF crystals aeadir formed within 25 min of CHF
plasma etching and that they remain on the sudéee 80 min.

Fig. 3.20. SEM image of B270 glass after 25 (leftd 80 (right) min CHf
plasma etching showing the presence and permarenbi&aF crystals on the
surface.

The effect of the @plasma etching process on the NaF crystals wasaalalyzed
by looking at oblique view of the cross sectionshewn in Fig. 3.21. Since the NaF
crystals were not removed, it seems that thgl@sma etching process does not have
any effect on the NaF crystals and there is onhdifiaation after deionized water
rinsing.

[40 min CHF; plasma etching] [+ 10 min O, plasma etching]

Fig. 3.21.
subsequent 10 min Qright) plasma etching.
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3.2.6.Cross section morphology and composition by STEM-ER

In order to further analyze the cross section @f a@imtireflection nanostructures
fabricated on B270 and their composition, Scanflirapsmission Electron Microscope
(STEM) (STEM-EDX) measurements were performed usliigchi High-Technologies
HD-2700 and EDAX Genesis.
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Fig. 3.22. STEM cross-section image of B270 adtemin CHE plasma etching
(top) and STEM-EDX spectra on two areas and poaitghe cross-section
(bottom).

38



The first cross section morphology and composiaoalysis by STEM-EDX is
shown in Fig. 3.22. Regarding the morphology, Big2 shows that dense pillars with
around 100 nm in size and over 300 nm in heightewabricated on the surface of
B270 glass after 40 min CHlplasma etching.

The high aspect ratio and the small size of theostactures explain the
broadband antireflection effect shown in Fig. 3.1The AFM images shown in Fig.
3.16 could not resolve the whole aspect ratio efrtnostructures because of their high
density and the small gap of tens of nanometersdmet them. In Fig. 3.2, the
STEM-EDX spectra show the composition of the csEssion at two large areas (Area
1 and Area 2 corresponding to the top part of thieostructured surface and the bulk
B270 glass, respectively) and it is also measutetiva points (Point 1 and Point 2
corresponding to the tip of one nanostructure and &wer position than Point 1
towards half-height, respectively).

The cross section composition observed in Area 2Znisgreement with the
expected results compared to the MSDS data showable 1. In Area 1, an F peak
appears and the Ca peaks also increase in intesitpared to the maximum intensity
of Si and O. The observed STEM-EDX results areagneement with the XPS
measurements shown in Fig. 3.18 in which F andpgpeaed to be accumulated at the
surface. More detailed inspection of the pillampmsition was carried out by
evaluating the composition at the tip (Point 1) aodards half-height of one pillar
(Point 2) as shown in Fig. 3.22. The STEM-EDX speat point 1 shows that F and
Ca peaks have larger intensity than Si and O owontipeir concentration as observed
by XPS. The concentration of F and Ca is lowergdyafrom the tip as shown by the
STEM-EDX spectra at Point 2.

These results suggest that the (Ca, F) accumulatoars only at the tip of the
nanostructures. This is also in agreement withctimelusion that the key role that the
fluorides play in the fabrication of the nanostures is localized only on the top surface
of the nanostructures in section 3.2.5.

In order to understand in detail the cross secttomposition of the pillars
STEM-EDX mapping was carried out on the nanostmastand composition obtained
on B270 glass just after 40 min Ciflasma etching as shown in Fig. 3.23. The cross
section compositions of O, F, Ca, Si and Na by STHMK mapping are shown in Fig.
3.23. Figure 3.23 shows that there is a highea@hF concentration at the tips of the
nanostructures compared to the bulk, Si and O tersslow at the tips and gradually
increase from the tips of the nanostructures tosvahe bulk, and there is not any
particular concentration of Na in the pillars.
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Fig. 3.23. STEM cross section image of B270 aftemin CHE plasma etching
a). Elements distribution images of O b), F c)d%iCa e), and Na f) obtained by
STEM-EDX on the a). The white bar represents 500 n

The observed elements distribution supports thedtion of a CaF self-generated
mask at the tips of the nanostructures in agreemihtthe XPS results shown in Fig.
3.18. CaO contained in B270, under GHifasma etching reacted forming (Ca, F)
compound that self-generated into a mask at tisedfiphe nanostructures.

40



This (Ca, F) self-generated mask has the two ctersiics of a mask that can
sustain both physical and chemical plasma etchesgribed in section 3.2.1. As for
physical plasma etching, Cals a very strong material with boiling point of 25C.

As for chemical plasma etching, (Ca, F) self-geteetanask, being a fluoride, reacts
little or almost nothing with the CHFplasma etching. The accumulation of (Ca, F) at
the tips of the nanostructures and its resistagegnat physical and chemical plasma
etching resulted in the protection of the glasewehe (Ca, F) self-generated mask and
therefore formation of high aspect ratio nanostreg under sustained Cklplasma
etching. More analysis of the self-generated masktroduced in section 3.4.
Figure 3.23 shows that there is not any particatarcentration of Na in the pillars,
which supports that the Na KLL peaks in the XPScspecorrespond only to the NaF
crystals on the surface as shown in Fig. 3.19. urei®.18 showed a decrease of the Si
2p, Si &, and O % peaks in the XPS spectra and Fig. 3.23 showsbat than just a
decrease of Si and O on the surface, their dersstgtually gradient from low density
at the tips of the nanostructures and increasimgaitds the bulk reaching the same
density as the bulk at the bottom of the nanostrest Si and O are selectively
removed by CHE plasma etching and they do not accumulate on &m@siructures,
they evaporate owing to the low boiling point oF&Sand OF, which is below 0°C.  In
addition, as the plasma etching process time itasesl; further Si and O selective
removal occurs towards the top of the nanostrustbexause they are more accessible
to the CHRz plasma, creating a graded density. After SPMgssthe SiR Si &, and

O 1s peaks in the XPS spectra were clearly visible ragaiggesting that after SPM
process the (Ca, F) self-generated mask is remamdahe tips of the nanostructures
are exposed. Since after SPM process the morpphodogl the transmittance
enhancement were not modified, the exposed tipsnandstructures would still have
the graded SiO2 density. It has been reported “Math-eye” like nanostructures
generate a graded refractive index transition thaparticular achieves significant
antireflection effect when the height of the nanastures is 40% or higher compared to
the wavelength [30, 31]. The lateral size of ttractures is also critical and needs to
be of subwavelength nature to avoid scattering.r éxample, to effectively suppress
the reflection in the ultraviolet and visible regid has to be smaller than 200 nm [36,
58]. The outstanding broadband transmittance irgr@nt shown in Fig 3.11 by the
fabricated nanostructures shown in Fig. 3.22 can be#er understood by the
combination of a geometrical “Moth-eye” effect aandjraded material density of SIO
in the nanostructures. Furthermore the observedora nature of the fabricated
structures cause no diffraction patterns comparéle periodic ones [32].
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3.2.7.Aspect ratio tunability and fabrication process
Etching ratio in B270 and quartz

In order to evaluate the etching ratio on B270 angrtz, a 300-nm-thick
aluminum pattern was deposited on the glass sutfaoeigh a stencil mask. Then,
CHF; plasma etching was applied at different duratiomes between 1 to 80 min.
Typically, RF power equal to 800 W was employedhe TRF power dependence is
introduced at the end of this section. Finallg gluminum mask was removed using
tetramethyl ammonium hydroxide (Tokyo Ohka Kogya)Gmd the profile of the hills
and valleys was measured using Dektak XT (Brukefhe depth of the valleys
represents the etching depth shown in Fig. 3.24.

T T T T T T T T T T T T T T
[ =—@— Quartz
2250 —e— B270 RF 800W
2000 L—®— B270 RF 1000W

1750 |-
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Etching depth (nm)

0 ] 1 L 1 L 1 L 1 L 1 L 1 L 1 L
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CHF, plasma etching time (min)

Fig. 3.24. Etching depth on B270 and quartz aftéo 80 min CHE plasma
etching using a protective 300-nm-thick Aluminumskand measured by DekTak
after removing it.

Under RF equal to 800 W, Fig. 3.24 shows that ttohieg ratio on quartz is
approximately 30 nm per min, while it is approxielgtll nm per min, on B270 glass,
on which it tends to saturate after 80 min. FigBuZ2 shows that nanostructures with
a height over 300 nm were fabricated after 40 mitF{plasma etching. Figure 3.24
shows that for the same plasma etching time, &ribigs of 445 nm was removed from
the surface of bare B270 glass. Figure 3.23 shdhaidthere is a self-generated (Ca,
F) mask that remained at the tip of the nanostrastand allowed their formation.
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This (Ca, F) self-generated mask was formed froenGRO contained in B270 and
the reaction with CHfplasma etching. The amount of Ca required fdrgaherating
the mask that allowed the formation of the nanastimes shown in Fig. 3.22 came from
the 445 nm that were removed from the B270 surfadéiis observation indicates that
there is a certain amount of CaO reacting with €ilasma etching needed for
self-generating the (Ca, F) mask and begin fabooaif the nanostructures. The loss
of the almost linear tendency and tendency to atduwafter 80 min of sustained CHF
plasma etching may be originated by the formatioa thicker (Ca, F) etch-stop layer.

Optical properties

The transmittance of the B270 substrates treatdd @ F; plasma etching applied
at different duration times between 1 to 80 min wasasured just after CHplasma
etching, after subsequent, @lasma etching, and after subsequent deionize@rwat
rinsing as shown in Fig 3.25, Fig 3.26, and Fig.73respectively. Figure 3.25 shows
that only after 20 min of CHfplasma etching transmittance enhancement wasebitai
Even after @ plasma etching and deionized water rinsing, there@o significant
transmittance enhancement for the applied plasotangt times below 20 min.  Figure
3.24 shows that between a to 20 min the etchinghdegreases linearly with CHF
plasma etching time, which indicates that betweéntd 20 min enough (Ca, F)
self-generated mask was reached and surface nactosation began.

—e— B270 bare
—&— After 1 min CHF,
After 5 min CHF,
—&— After 10 min CHF,
) After 20 min CHF,
—&— After 30 min CHF,
After 40 min CHF,
1| —®— After 60 min CHF,
—&— After 80 min CHF,

Transmittance (%)

91 : : : :
400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 3.25. Transmittance spectra dependence ogfkfe plasma etching time
from 1 to 80 min.
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Fig. 3.36. Transmittance spectra dependence ogfkfe plasma etching time

from 1 to 80 min. Subsequent 10 min @asma etching was applied on all
samples.

—e— B270 bare
—&— After 1 min CHF, O,, H,O
After 5 min CHF, O,, H,O

—e— After 10 min CHF,, O,, H,0
) After 20 min CHF, O,, H,0
—— After 30 min CHF,_, O_, H.O

3 2
;\6\ 3 2
~ 94 B 3 T2 g
8 After 40 min CHF,, O,, H,0
% —— After 60 min CHF,, O,, H,0
£ o3l —e— After 80 min CHF_, O,, H,0
£
(%]
c
IS
o
|_

[{e}
N
1

91 : :
400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 3.27. Transmittance spectra dependence ogfkfe plasma etching time

from 1 to 80 min. Subsequent 10 min @asma etching and deionized water
rinsing were applied on all samples.

Just after CHEplasma etching there was low transmittance entma@ceat short
wavelengths accompanied by slight yellowish colorabf the samples. The intensity
of this coloration increased with increasing timeaming that with longer time, more
fluorocarbon polymer is deposited. After subsequén plasma etching, the
transmittance at short wavelengths was recoverddtiar subsequent deionized water
rinsing the transmittance further increased owothe removal of NaF crystals.
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Cross sections by SEM
In order to evaluate the morphology dependenceeftructures on CHRplasma

etching time, SEM images of the cross sectionsaonpses treated from 20 to 80 min
were obtained as shown in Fig. 3.28.

RSV 8

|
1.00um

Fig. 3.28. SEM images of the nano-pillars aspetid dependence on the CHF
plasma etching time from 20 to 80 min.
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Nanostructured surface after CHplasma etching was observed from an etching
time of 20 min. Samples treated from 1 to 10 m¢hrobt show nanostructured surface.
This result is in agreement with the transmittaecdancement shown in Fig 3.27
where only after 20 min transmittance enhancemeat observed. This result also
supports that between 10 to 20 min enough (Cagl)gsnerated mask was reached
and surface nanostructuration began. As showngn327, the optical properties of
the nanostructured surface can be tuned by contydihe plasma etching time, which
controls the aspect ratio of the nanostructurese Size of the nanostructures appeared
approximately constant around 100 nm, while thesetspatio increased with increasing
CHF; plasma etching time as shown in Fig. 3.29.
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Fig. 3.29. Approximated pillar height measuredtba SEM images of B270
substrates after CHplasma etching from 20 to 80 min.

Figure 3.29 shows that at the beginning the aspma of the nanostructures
rapidly increases with time, but that the speedhef pillar height increase with time
decreases as the Cklplasma etching time increases because as the tnarioses
aspect ratio becomes larger and due to their hagtsity and small inter-distance, it
becomes harder for the ions to selectively removarfsl O at the bottom of the
nanostructures. This is also evidenced by theomamg of the gap between the bottom
of the pillars.
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Fabrication process

Based on the XPS, STEM-EDX, Dektak, and SEM resaltmodel describing the
fabrication process of random high density nanestines with controllable aspect ratio
using maskless CHplasma etching on bare B270 glass is proposed)irB8E30.

CHF; plasma
etching
Al-mask Al-mask

| Etching depth F

Self-generated
CaF mask

Al-mask Al-mask

CaO is contained in B270 glass

B270 glass substrate

B270 glass substrate
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Al-mask p Al-mask

|
removal
Nanopillar
fabrication

B270 glass substrate

CHF; plasma
etching
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Self-generated
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B270 glass substrate

CHF; plasma
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Al-mask f Al-mask

Si selective
removal

Increased
aspect ratio
Re-self-generated
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B270 glass substrate

Fig. 3.30. Model of the surface nanostructuratiwacess using CHMplasma
etching on B270 glass, based on the XPS, STEM-HD¥Ektak, and SEM results.
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The model proposed in Fig. 3.30 shows that from libginning of the CH¥f
plasma etching process, the whole surface of théOBflass decreases creating the
etching depth shown in Fig. 3.24. As the etchiegtld increases, from the available
CaO in B270 glass, the (Ca, F) self-generated nm$tirmed and once it reaches a
certain size or thickness, fabrication of the namatures can begin. The threshold
from which enough (Ca, F) self-assembled mask ftonaand nanostructures
formation began is between 10 to 20 min as supgdhe transmittance enhancement
and SEM images shown in Fig. 3.27 and Fig. 3.28peetively. Finally, with
increasing CHE plasma etching time, the aspect ratio of the rtamcisires increases as
summarized in Fig. 3.29. One additional observai® that as the nanostructures
aspect ratio increased with Cglplasma etching time, the etching depth also irsaéa
meaning that the whole front of (Ca, F) self-getestamask is going downwards with
increasing CHEplasma etching time. The (Ca, F) accumulatioly ablthe tips of the
nanostructures and the increasing etching depth taite suggests that the (Ca, F)
self-generated mask at the tips of the nanostrestobserved after 20 min Cglplasma
etching is not the same as the one on the tiphehanostructures observed after 80
min, which indicates that there is decompositiod esself-generation of the (Ca, F) at
the tips of the nanostructures under sustained;@H#sma etching. More analysis of
the self-generated masks is introduced in sectibn 3

Pillar and Tapered nanostructures shapes

96

S e

©
a1
]

o
&

'—®— B270 bare
—&— After CHF, O, "Tapered"
|—&— After CHF, O,, H,0 "Tapered"
—®— After CHF,, O, "Pillar"

>— After CHF,, O,, H,0 "Pillar"

?--

©
w

Transmittance (%)

%9070 0000 S0gesten

o
N

91 1 1 1 1 1
400 500 600 700 800 900

Wavelength (nm)

Fig. 3.31. Transmittance spectra and cross-sedtrges of “Tapered” and
“Pillar” nanostructures obtained after CHR40 min) plasma etching.
Subsequent 10 minplasma etching and deionized water rinsing wepdieghon
both samples.
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The SEM cross section images of B270 glass substedter CHE plasma etching
show that pillar as well as tapered morphologies lwa obtained as shown in Fig 3.31
and Fig. 3.32 for 40 and 80 min plasma etching tiregpectively. The tapered shapes
have sharper tips and the width of the nanostrastimcreases towards the bottom.
The tapered geometry is in accordance with the Hvte” principle to obtain
antireflection effect in which a graded effectivefractive index is obtained by the
tapered shape [30, 31].

Pillar shapes are expected to have lower trangm#t@&nhancement than tapered
shapes because the pillar geometry creates a tadgemnt effective refractive index
compared to the tapered shape. Unintuitively, ffe@formance of the pillar
nanostructures is about the same or even sliglgiielbat short wavelengths than the
tapered shape obtained after 40 min giglasma etching. Figure 3.23 showed that
the nanostructures have graded Si@nsity from low density at the tips and incregsin
towards the bottom of the nanostructures, whiclaroés the antireflection effect of the
nanostructured surface. The graded,Si#@nsity and the transmittance enhancement
shown in Fig. 3.31 suggest that independently efdhape, the graded Si@ensity
plays the main role that achieves broadband tratesme enhancement. In some
cases, the tapered shape outperforms the pillgresha shown in Fig. 3.32, but both
characteristics the shape and the compositioneoh#imostructures should be evaluated
to consider the influence of each to the transmittaenhancement.

96

95

0900000000000/ Pe %04
94 | e
—— B270 bare

—&— After 80 min CHF,, O, "Tapered"
93 —o— After 80 min CHF, O, "Pillar”

Transmittance (%)

92

91 1 1 1 1 1
400 500 600 700 800 900

Wavelength (nm)

Fig. 3.32. Transmittance spectra and cross-sedtrages of “Tapered” and
“Pillar” nanostructures obtained after CHR80 min) plasma etching.
Subsequent 10 min®lasma etching was applied on both samples.

49



RF power dependence and threshold

Typically, RF power equal to 800 W has been emmoyeRF equal to 1000 W
(the maximum RF power of the Anelva DEA 507L maehiwas also tested applying
CHF; plasma etching during 40 and 80 min to see ifrimygasing the RF power the
fabrication process could be accelerated, but #meesetching depth was obtained as
shown in Fig. 3.24 (blue).

The reproducibility of the fabrication process otoaer RF power RIE machine
(SAMCO, RIE-10NR) was also evaluated. In this machine, the maxirRirpower is
300 W. RF power equal to 125 and 200 W was tempgdlying CHE plasma etching
during 20 min. Figure 3.33 shows that only whempkaying RF power equal to 200
W a significant transmittance enhancement was ioédiaiwhich indicates that there is a
certain RF power threshold from which surface namoturing process can take place.
On the same machine, subsequent 10 minpl@sma etching was also applied as
cleaning process and increase of the transmittaaseobtained as shown in Fig. 3.33.
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Fig. 3.33. Transmittance spectra and cross-secimages of bare B270
substrates and after CEIE40 min) and @ (10 min) plasma etching using a
different RIE machine and at two lower RF powerditans.
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3.3. Maskless plasma etching on various glasses

3.3.1.LIBA 2000 glass
Optical properties

LIBA 2000 glass is the same material as the SOEhénVentana CPV system.
Since the composition of LIBA 2000 is close to ttee of B270, the developed
maskless CHF plasma etching surface nanostructuration procesd potential
applicability on LIBA 2000 as well. CHFplasma etching process was also tested
during 40 min on LIBA 200 glass substrates providgd_Pl. Subsequent 10 min,O
plasma etching and deionized water rinsing cleapiogesses were also applied.
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Fig. 3.34. Transmittance spectra after GKFO min) and @ (10 min) plasma
etching, and deionized water rinsing processesersale of LIBA 2000 glass.

Figure 3.34 shows that on LIBA 2000 glass a trattamie enhancement
comparable to the one obtained in B270 glass, showig 3.11, was obtained. As in
B270, subsequent 10 min,Mlasma etching and deionized water rinsing cleanin
processes recovered the transmittance at shortleveyths and further increased it,
respectively.
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Surface morphology by AFM

Figure 3.35 shows the surface morphology on baBAL2000 and after 40 min
CHF; plasma etching. The randomness and size of thestoface nanostructures
obtained on LIBA 2000 after 40 min CEklfplasma etching are comparable to the
surface morphology obtained on B270 glass shovign3.16.

E—— B
0 (nm) 587 0 (nm) 153.97

Fig. 3.35. AFM images of bare LIBA 2000 substrgteft) and after CHE (40
min) and Q (10 min) plasma etching processes (right). Thienabar represents
Ipm.

The transmittance enhancement and the surface wiogyhobtained on LIBA
2000 after 40 min CHfplasma etching supports the applicability of thiscess to
glasses with similar composition to B270 glass.

The applicability of the maskless Cglplasma etching surface nanostructuration
process on LIBA 2000 shows that this process is glstentially applicable to the
curved surface of LPI's SOE or curved optical eletaavith compositions close to the
composition of B270 glass.
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3.3.2.Na,O-free B270 glass

A customized glass composition, iafree B270, was prepared and GHifasma
etching was applied during 40 and 80 min. The X&silts showed strong Ca,Xa
2s, Auger Na KLL, and F 4 peaks on the surface of B270 glass after 40 mifsCH
plasma etching. Figure 3.19 showed that there Watfe crystals distributed on the
surface and Fig. 3.23 showed that there was notpartycular accumulation of Na in
the nanostructures.

There were two purposes to prepare thgONfree B270 sample. The first one
was to elucidate whether assistance ofQNhad any particular effect on the CaF mask
formation or on the surface nanostructuring proce§&econdly, the N®-free B270
sample would help understand better the transnoigtaanhancement obtained after
deionized water cleaning, shown in Fig. 3.11 (bludat was attributed to the
dissolution of the NaF crystals observed on théaser

In the NaO-free B270 sample NaF crystals are not expectedetoformed,
therefore no deionized water cleaning effect anaimam transmittance after the,O
plasma etching cleaning process.

Fig. 3.36. Picture of the 200NaO-free B270 sample just after fabrication
and before cutting and polishing it for testing thke of CaO alone.
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Figure 3.36 shows the 200 g Mafree B270 sample. The absence ofMla
modified the melting temperature, which resultedsmall bubbles in the sample.
NaO-free B270 substrates were cut from the regioi Vaw bubble density and they
were polished below 1 mm to reduce the effect & bHubbles. In addition, the
transmittance was measured at the same point ofuhstrates before and after the

plasma etching processes and deionized water ngatep to limit the effect of the
bubbles distribution on the optical measurements.

Optical properties

Broadband transmittance enhancement was obtainebagD-free B270 glass
substrates after CHRnd subsequent;®@lasma etching as shown is Fig. 3.37. Figure
3.37 also shows no significant transmittance peatfilodification after deionized water
rinsing.

These results supports that the origin of the trattance enhancement after
deionized water rinsing observed in Fig 3.11 (biwe¥ de dissolution of NaF crystals
and that despite the decrease of the aCa & peaks in the XPS spectra after
deionized water rinsing, the plausible partial (Epself-generated mask removal from
the tips of the nanostructures has no significéfieteon the transmittance profile.
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Fig. 3.37. Transmittance spectra after GK#0O-80 min) and ©(10 min) plasma

etching, and deionized water rinsing processes ran side of NgO-free B70
substrates.
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Surface morphology by AFM

The transmittance enhancement obtained after 40isngomparable to the one
obtained in B270 glass shown in Fig. 3.11, but eaféer the @ plasma etching process
the transmittance enhancement is still low at shvantelengths after 80 min treatment.
This decrease could be explained by the largectstres observed on Fig. 3.38 (right).
Figure 3.38 also shows that after 40 min @Hbasma etching treatment the
morphology is comparable to the one obtained inB2¥hich indicates that after
sustained CHf-plasma etching there is a structure size incrdastewas not observed
in B270.
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Fig. 3.38. AFM images of bare Mafree B70 substrates (left), after CHBO
min) and Q (10 min) (middle), and after CHE80 min) and @ (10 min) (right)
plasma etching processes. The white bar repre$gnts

In conclusion, broadband transmittance enhancemead also obtained on
NaO-free B270 glass, which means that CaO alone twmttan the glass, under CElIF
plasma etching forms the (Ca, F) self-generatekraad allows the fabrication of high
aspect ratio nanostructures. On treatedCONfaee B270 substrates, the absence of
transmittance profile modification after deionizadhter rinsing confirmed that the
transmittance gain observed in B270 resulted froendissolution of NaF crystals and
that dissolution of (Ca, F) does not affect thengraittance. Finally, the absence of
NaO may accelerate or modify the fabrication ovensii CHF; plasma etching where
larger structures appeared.
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3.3.3.Quartz
Surface morphology by AFM

To evaluate the CHfplasma etching process on high purity bulk Ss@amples,
quartz substrates were also tested. Fig. 3.39 shioat the surface of quartz was not
textured after the CHfplasma etching process, only very small sparsaly dppeared.

[ Bare ][After 40 min CHF3]

7

0 (nm) 432 0 (nm) 3.30

Fig. 3.39. AFM images of bare quartz substratef$)(and after CHE(40 min)
and Q (10 min) plasma etching processes (right). Thienar represents 1um.

Surface composition by XPS
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Fig. 3.40. XPS spectra carried out on quartz satest before and after the CHF
(40 min) and @(10 min) plasma etching processes.
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Figure 3.40 shows the XPS results on quartz befodeafter CHEand Q plasma
etching plasma etching processes. In bare qualttraites, the Sip(103.5 eV), Si 8
(155 eV), and O 4 (533 eV) peaks were clearly observed. Also, ataiomation
related C % (287 eV) peak was observed. After GH&d Q plasma etching
processes, Sif? Si X, and O % peaks are reduced, but remained dominant. On
treated quartz, the observed small @a@a 2, Auger Na KLL, and F 4 peaks may
correspond to the small dots observed in Fig. §1@0arised from Ca and Na impurities
on the quartz substrates or from volatized spdoi@s neighbor samples.

3.3.4.Soda Lime glass
Optical properties

According to the MSDS data shown in Table 1, thanndifference between
soda-lime and B270 compositions is the MgO contettich is absent in B270.

Typical soda-lime glasses used for windows contaier 5% of MgO, which reduces
the melting point and reduces the fabrication costs
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Fig. 3.41. Transmittance spectra after GKFO min) and @ (10 min) plasma
etching on one side of soda lime glass.
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After applying CHER and Q plasma etching processes on soda-lime glass, Fig.
3.41 shows that the transmittance enhancemenkiarésl soda-lime was lower than in
textured B270. Since the sole composition diffeeeshetween B270 and soda-lime is
the MgO content, this result means that MgO congemt its (Mg, F) self-generated
mask under CHEplasma etching had a negative effect on the sairfi@aoostructuration
process. More analysis of the self-generated mask&roduced in section 3.4.

Surface morphology by AFM and SEM

The subwavelength nature of the structures formesbda-lime that originated the
small antireflection effect is shown in Fig. 3.42hich appears to be like high density
aggregation of small dots. From the AFM image ahé low transmittance
enhancement, the formation of high aspect raticostanctures on treated soda-lime,
seems unlikely.

Figure 3.43 shows an SEM image of the surface dadione after 40 min CHf
plasma etching where NaF crystals and untextureslsazan be observed.

[ Bare ][After 40 min CHF3]

0 (nm) 271 O (nm) 49.35

Fig. 3.42. AFM images of bare Soda Lime substréedy and after CHE (40
min) and Q (10 min) plasma etching processes (right). Thienbar represents
Ipm.
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Fig. 3.43. SEM image of the surface of Soda Lirfterad0 min CHFE plasma
etching.

Surface composition by XPS

Figure 3.44 shows the XPS results on soda-limetsatbsbefore and after CHF
and Q plasma etching plasma etching processes. In @mgrewith the MSDS data
summarized in Tablel, on bare soda-lime, small Abldg KLL (301 eV, 347 eV, 381
eV), Ca P, Ca 3, and Auger Na KLL peaks were observed. After gldRd Q
plasma etching processes, Auger Mg KLL, Ga €a %, Auger Na KLL, and F 4
peaks became dominant, but $j 3i X, and O % peaks were still visible.

SEM-EDX surface analysis on soda-lime, determineat the crystals on the
surface were NaF as in B270 and that on the souadieated surface the untextured
areas had similar composition compared to the butich explains the presence of
these peaks after the plasma etching processe® difimeter of the XPS beam is
approximately 500 um; therefore the untextured sai@asoda-lime are unavoidably
included in the measurements. In B270 glass, th@_Ca 3, Auger Na KLL, and F
1s peaks were observed after GHind Q plasma etching processes, but in soda-lime
in addition to those peaks, the Auger Mg KLL peaks also observed, which means
that, in some form, the surface composition of teedasoda-lime also contains the
self-generated (Mg, F) mask.
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Fig. 3.44. XPS spectra carried out on Soda Linestsates before and after the
CHF; (40 min) and @(10 min) plasma etching processes.

3.3.5.D263 glass

D263 (Schott AG) glass is a type of borosilicatasgl According to the MSDS
data shown in Table 1, the main difference betwi2263 and B270 compositions is the
absence of CaO content in D263, which is presemOB2B270 glass contains CaO
and NaO. Section 3.3.2 described the effect of the atxseh NaO in B270 that was
studied by the preparation of aJ®afree B270 glass sample.

Detailed composition of D263 showed very low MgQhemt, but it is not shown
here due to intellectual property reasons.

Within some approximation, D263 glass represents @aO-free B270 glass
composition, which allows to study the effect oé bsence of CaO in B270 and also
the behavior of the (Na, F) self-generated maskealo
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Optical properties

Figure 3.45 shows the transmittance and the diffeectance measured on D263
textured surfaces, which is consistent with the rep®rted using Giplasma etching in
[50]. After applying CHE and Q plasma etching processes on D263 glass, the
transmittance decreased owing to the light scatjethat resulted from large structures
on the treated surface shown in Fig. 3.46. In, feettured D263 substrates showed
white surface after the CHlprocess. In the case of treaded D263 glass, iita®ma
etching process appears to be wavelength dependboygh no significant
morphological change was observed before and @ftpftasma etching.
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Fig. 3.45. Transmittance and diffuse reflectarpeesa after CHE(40 min) and
O, (10 min) plasma etching on one side of D263 glass.

Surface morphology by AFM and SEM

Figure 3.47 shows an enlarged SEM image of the laize structures on the treated
D263 surface after 40 min ChlBlasma etching that originated the scatteringceffelt
has been reported that the scattering propertiesbeatuned by adjusting the plasma
etching parameters or the assistance mask chasticeeto achieve desired scattering
properties that can be applied to improve soldsc€LEDs, or other applications [44,
49].
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[ Bare ][After 40 min CHF3]

0 (nm) 225 0 (nm) 899.08

Fig. 3.46. AFM images of bare D263 substrates)(@hd after CHE (40 min)
and Q (10 min) plasma etching processes (right). Thienbar represents 1um.

Fig. 3.47. SEM image of the surface of D263 ad@min CHE plasma etching.
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Surface composition by XPS

Figure 3.48 shows the XPS results on D263 glassrbéeind after CHfFand Q
plasma etching processes. In agreement with thB34&ata summarized in Table 1,
on bare D263, small Auger Na KLL peaks were obskrveAfter CHFE; and Q plasma
etching processes, Auger Na KLL, and$pkaks became dominant indicating that the
surface is mostly covered by the self-generated BElanask. On B270 and soda-lime,
the Auger Na KLL peaks corresponded to NaF crystald NaF crystals were not
observed on the surface of treated D263 as shovigin3.47. D263 samples were
also immersed in ultrasonic bath of deionized walett the transparency was not
recovered, which indicates the large structuresvahia Fig. 3.47 are not made of (Na,
F), but that the (Na, F) self-generated mask induteir fabrication and (Na, F)
remained on their surface. Scattering surface 8630has also been reported using
CF, maskless plasma etching [49]. More analysis of $k#-generated masks is
introduced in section 3.4. Compared to the XPStspebtained on soda-lime after
CHF; and Q plasma etching processes, on the surface of trdB63 there is no
strong (Mg, F) content, which supports the low Mgihtent in D263.
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Fig. 3.48. XPS spectra carried out on D263 sutestlbefore and after the CHF
(40 min) and @(10 min) plasma etching processes.
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3.3.6.Qioptiq space coverglasses

The CHR maskless plasma etching surface nanostructurmgeps was also tested
on the three types cover glasses(CMG, CMX, and CNd@yvided by Qioptiq that used
to protect the solar cells in space. Due to iatdllal property reasons, the detailed
composition the three cover glasses employed ttegrrohe solar cells in space is not
disclosed. Although, it is known that in orderpmwtect the solar cells in space the
cover glasses are doped with a certain amount @f, ®ecause it stands strong UV,
electron, and proton irradiation condition in commio space.

Optical properties

The transmittance enhancement on CMG, CMX, and Ciftér applying CHE
during 40 min and subsequent 10 migpgasma etching and deionized water cleaning
processes are shown in Fig. 3.49, Fig. 3.50, agd &b1, respectively. Also, the
transmittance spectra of the bare glasses and tra@smittance spectra when coated
with typical AR coating are also shown in Fig. 3.88. 3.50, and Fig. 3.51.
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Fig. 3.49. Transmittance spectra of bare CMG satestCMG substrates using
typical AR coating, and after CHFE40 min), Q (10 min) plasma etching, and
deionized water rinsing processes on one side.

64



96

95 |-

94

93

92

91 .
L — CMX: CHF,, O,, H,O0

90 = CMX: bare

—— CMX: AR coating

Transmittance (%)

9 s s
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

Wavelength (nm)

Fig. 3.50. Transmittance spectra of bare CMX sabst CMX substrates using
typical AR coating, and after CHE40 min), Q (10 min) plasma etching, and
deionized water rinsing processes on one side.
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Fig. 3.51. Transmittance spectra of bare CMO satestCMO substrates using
typical AR coating, and after CHFE40 min), Q (10 min) plasma etching, and
deionized water rinsing processes on one side.
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The transmittance enhancement obtained by applyivg developed CHF
maskless plasma etching surface nanostructuringepsooutperformed the performance
of typical AR coatings on the three space covesgga as shown in Fig. 3.49, Fig. 3.50,
and Fig. 3.51. In particular very broadband trattamce enhancement was obtained
on CMG.

Surface morphology by AFM and SEM

The subwavelength nature of the structures thgir@ied the antireflection effect
on CMG, CMX, and CMO after 40 min CHplasma etching is shown in Fig. 3.52, Fig.
3.53, and Fig. 3.54, respectively. The bare sedfamn the three types of space cover
glasses appear flat, but covered by high densibp+uts. This surface finishing is
the one obtained after fabrication without furthgolishing. The size of the
nanostructures formed on the surface of the thpaeescover glasses is smaller than the
one of the obtained in B270 glass after 40 min €iRasma etching. Also, the
formation of some aggregates, especially on thetgdesurface of CMX and CMO, is
shown in Fig. 3.52, Fig. 3.53, and Fig. 3.54, retigely.

[ Bare ][After 40 min CHF3]

o Lo ) 2 B—
0 (nm) 2.67 0 (nm) 103.85
Fig. 3.52. AFM images of bare CMG substrates)(leftd after CHE (40 min),

O, (10 min) plasma etching and deionized water ropgnocesses (right). The
white bar represents 1um.
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| Bare || After 40 min CHF ]

0  (nm) 385 0 (nm) 112.66

Fig. 3.53. AFM images of bare CMX substrates Ylafid after CHE (40 min),
O, (10 min) plasma etching and deionized water ropgnocesses (right). The
white bar represents 1um.

[ Bare ][After 40 min CHF3]

B I
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Fig. 3.54. AFM images of bare CMO substrates)(leftd after CHE (40 min),
O, (10 min) plasma etching and deionized water ropgnocesses (right). The
white bar represents 1um.
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Surface composition by XPS

On CMG, CMX, and CMO space cover glasses, the Xi#8tem was measured on
the bare surface and after CH&nd Q plasma etching and deionized water rinsing
processes. On the bare surfaces, thep}L@3.5 eV), Si & (155 eV), and O 4(533
eV) peaks were clearly observed as shown in Figh,3ig. 3.56, and Fig. 3.57. Due
to intellectual property reasons, the detailed cositpn is not disclosed, but CMG
contains NgO, but does not contain CaO or MgO. CMX contairsQy CaO, and
MgO. CMO does not contain Na, CaO, or MgO. Finally, the three of them
contain CeQ After CHR and Q plasma etching and deionized water rinsing
processes, in agreement with the details on theposition, small peaks of each
element are observed on the XPS spectra of eaelofygpace cover glasses. Also, on
the treated surfaces of the three space covereglassall F & (688 eV), Auger F KLL
(832 eV), Ce 852 (884 eV) and Ced; (902 eV) peaks are shown in the XPS spectra.
In addition to these peaks, particularly in CMO, £a(91 eV), Ba 85, (781 eV), and
Ba 33, (796 eV) peaks were observed. On B270, afteingnthe Ca, Na, and F
peaks decreased. The results on space covergksss that mainly (Ce, F), but also
(Ba, F) self-generated masks are still present hen tanostructured surfaces after
deionized water rinsing, indicating that the (Cg¢,aRd (Ba, F) self-generated masks
originated the nanostructured surface. The surfecestructuration by (Ce, F) and
(Ba, F) self-generated masks is in particular cargd in CMG and CMO because they
do not contain CaO.
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Fig. 3.55. XPS spectra carried out on bare CMGstsates and after CHKF40
min), G, (10 min) plasma etching, and deionized water mggrocesses.
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Fig. 3.56. XPS spectra carried out on bare CMXssakes and after CHK40
min), G, (10 min) plasma etching, and deionized water mggrocesses.
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Fig. 3.57. XPS spectra carried out on bare CMGtsates and after CHKF40
min), G, (10 min) plasma etching, and deionized water mggrocesses.
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3.4. Self-generated masks under maskless plasma etching

The bare surface of all the glasses that wereeduuthd high surface flatness and it
was comparable for all samples. However, sombéebbtained surface morphologies
were considerably different after undergoing thmesad0 min CHE plasma etching
process. The difference between each glass itgosition and it was shown that
there is a strong relation between the glass coitiposand the obtained surface
morphology. Only in the case of quartz there wasurface nanostructuration owing
to its high SiQ purity. Also in quartz there was not significatrface composition
modification after the plasma etching processes.

On all tested glasses it was shown that the sunf@ac®-microstructuration was
accompanied by the surface composition modificageitlenced by the decrease of Si
and O. The other elements were in the originasgga as oxides, but always found
together with F indicating the fluoride formationit is plausible that the sustained
CHF3 plasma etching resulted in the fluoride conmabiormation on the surface of the
nano-microstructures.

The boiling point is one of the characteristicsttdatermine the volatility of
reaction products during plasma etching [59]. &cample, Sirand BF are highly
volatile species [60] with low boiling points -86°@nd -100.3°C, respectively. For
this reason, Si peaks in the XPS measurementsadecteafter plasma etching and B
peaks were barely observed.

Thin metallic layers are used as assistance masht&on scattering surface. CuF
is generated as a reactive product when thin Gsfdre exposed to ¢plasma etching.
Despite its high boiling point of 1100°C, this maskemoved after several minutes of
plasma etching [51, 52]. After CHIplasma etching, strong fluoride species with high
boiling points could be formed as follows, G&553°C, Cek 2300°C, Bak 2260°C,
MgF, 2260°C, and NaF 1704°C. All these fluorides haighér boiling points than
CuF. The lattice energies of the fluoride spediest could be formed by the
interaction of the oxides in the glass and the €plesma etching are as follows: GeF
4915 kJmot, MgF, 2913 kdmot, CaR 2609 kdmot, BaF, 2341 kImot, and NaF 910
kdmol* [61, 62]. Their ionic radius is as follows Bd.35 A, C&" 1.15 A, C4" 1.00
A, Na'* 0.99 A, and M§" 0.57 A [63].

Based on the characteristic of the reactive pradaotl the optical, morphological,
and surface composition measurements, a possiplaretion of the role of the glass
composition is proposed as follows.
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Depending on the specific oxides contained in dgpk of glass, after sustained
CHF; plasma etching, different surface morphologies ¢en obtained. In the
fabrication process, from the CHE plasma combines with the ionic species present in
each type of glasse. Si**, B¥, 0?*, c&"*, Ce”, B&", Mg®*, and Nd&. Through their
combination, owing to their low boiling point, sorapecies are evaporated resulting in
selective removal such as QiBF; and, OF. Other species self-generate masks
(Cak, Cek, Bak, MgF,, and NaF) that are formed and deposited on tHacsir

The high temperature induced by ion bombardmentcactivate surface diffusion
of the ions and assist their migration to form $leéf-generated fluoride masks, as has
been reported in Ga atoms that migrate and formeagdes on the surface of GaN films
under Ar an N plasma etching [64]. The temperature assistedcidiffusion of the
ions could also explain the formation of the Nalsstals on the surface of B270 and
soda-lime glasses, where gradual ms migration resulted in NaF crystals growth on
these treated surfaces. The absence of NaF aystathe surface of D263 glass
suggests that depending on the combination of iep&ries migrating on the surface,
different crystal or amorphous structures can biaiobd. In the presence of Car
Ccd* and Md* species, NaF crystals where obtained, but in thbsence (Na, F)
self-generated mask was formed in amorphous phaslso, this amorphous phase is at
the origin of the large scattering surfaces obsknorethe surface of treated D263.

The combination of ionic species dependence, calghl explain the reason why in
the presence of Mg ions, the formation of high aspect ratio nanostmes by the
self-generated CaO mask was inhibited in soda-gjlass.

Under sustained CHF plasma etching, the self-generated masks undergo
continuous physical and chemical etching. Since #elf-generated masks are
fluorides, the chemical etching is low or abseritherefore, they are mainly subjected
to physical etching, which decompose them in déffiérproportions depending on their
volatility, which depends on their boiling point9p Also, the lattice energy is a key
parameter because the etching rate decreasegfolaltice energy materials [65, 66].

In terms of boiling point and lattice energy, amdhg self-generated masks, (Na,
F) is the weakest one, which means that it is thekmwvith the highest possibility to be
decomposed under sustained physical etching. Regesgeration of the (Na, F) mask
is plausible because ions from the decomposed magkremain on the surface and the
glass itself contains N@ that can provide more ions to re-self-generage (Ma, F)
mask. Sustained CHFplasma etching on D263 glass surface and the itigpet
decomposition and re-self-generation processesNef ) mask may explain the
fabrication process to obtain the large scattesingctures shown in Fig. 3. 47.
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Re-self-generation of the (Ca, F) mask was intreduin section 3.2.7 where it
was admitted that in order to 1) the etching déptimcrease with CHfplasma etching
time, 2) the pillar aspect ratio to increase withFg plasma etching time, and 3) the (Ca,
F) self-generated mask to be only accumulatedeatiphof the nanostructures, (Ca, F)
had to be decomposed and re-self-generated unskaireed CHE plasma etching while
the aspect ratio of the pillars increased.

The same principle of repetitive decomposition aedelf-generation processes
occur to the (Ca, F) and (Na, F) self-generatedkmmasider sustained CHfplasma
etching, but, very different morphologies and aidlaction and scattering effects were
obtained, indicating that the nature of the masélftdetermines the morphologies and
therefore the corresponding optical propertiesiobth  The ion sizes of €aand N4
are about the same therefore, the lower boilingntpand lower lattice energy of NaF
compared to Cafcould explain that higher etching ratio of (Na, f€pults in the
formation of a scattering surface made of largacstires. Other parameters of the
plasma etching process could also influence themgétes obtained, but they are
outside the scope of this study.

In B270 and NgO-free B270, broadband antireflection enhancemerst @btained
despite the fact that B270 contained both CaO aagDNbut NaO-free B270 only
contained CaO. This result suggests that perhdmsvgeveral self-generated mask
coexist, the effect of the strongest one prevailBhe case of B270 and soda-lime is
particularly interesting because in these two c#éisegpresence of (Ca, F) and (Mg, F)
resulted in the gradual growth of NaF crystals loa treated surfaces. The specific
case of soda-lime is of particular importance beseaanly in this case despite the high
boiling points and high lattices energies of gaknd Mgk, the transmittance
enhancement was degraded by the inhibition of #ieidation of high aspect ratio
nanostructures. The small ionic radius of“Mgompared to the ionic radius of Ca
could explain this result because the ionic radiLMg?* is about half the ionic radius
of C&*. Through the repetitive decomposition and re-gelieration processes of the
(Ca, F) and (Mg, F) self-generated masks, the riagraf a significantly smaller Mg
ion may disrupt the fabrication of a strong maskt ttan sustain the physical etching to
fabricate high aspect ratio nanostructures. Intatduncovered areas where observed
on the surface of soda-lime after the GHRd Q plasma etching processes, which may
indicate that the Mg may have also affected the covering of the sada-lsurface
making very difficult the fabrication of high aspeaatio nanostructures. This result
suggests that in addition to high boiling point dngh lattice energy, ionic size larger
than the one of Mg is required to fabricate high aspect ratio nanosares.
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In particular, the very broadband transmittanceaeokment obtained on CMG
was extended up to 2.4 um. Graded refractive iesleachieve significant
antireflection effect when the height of the nanastures is 40% or higher compared to
the wavelength [30, 31].

From the transmittance enhancement in CMG and @8é rule, it is possible to
infer that the thickness of the nanostructuredagm@fon CMG is about 1 um. This
thickness is more than twice the thickness obtaaftat treating B270 glass during 40
min with CHF; plasma etching as shown in Fig. 3.29. Figure 288 showed that
the sum of the pillar height and the etching degtl40 min CHE plasma etching is
closeto 1 um. Very low etching depth and highehiag ratio in CMG could explain
such high thickness after 40 min CHplasma etching. Figure 3.24 showed that in
B270 after 80 min of sustained CEplasma etching, the (Ca, F) self-generated created
an etch-stop layer. If the generation of an etop-tayer happened much faster in the
case of (Ce, F), the thick graded layer could h@agmed. This hypothesis is plausible
considering that CeFhas the highest lattice energy among the selfrgéed masks and
that C&" ionic radius is larger than the €aonic radius. Finally, other details of the
space cover glasses compositions and the (Ba,lfFyeseerated mask may have also
played a key role on the transmittance enhancerbahgbsence of composition details,
especially regarding BaO, on each glass impedéseiuanalysis.
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3.5. Optical properties simulations using FDTD and RCWA

FullWAVE and DiffractMOD, and CAD are part of thes®¥t simulation package.
The 3D structures were designed using the CAD faxter the Finite-difference
time-domain (FDTD) simulations were performed usidlWAVE and the (Rigorous
Coupled Wave Analysis) RCWA simulations using RtMOD.  FullWAVE
calculates an electromagnetic field in the striectas a function of time and space in
response to a given excitation. FullWAVE is basedthe FDTD method and on the
Yee’s mesh [67]. The Yee mesh is made of Yee udilsre the electromagnetic field is
calculated. In RCWA the structures are divided iseveral layers in the vertical
direction; then the electromagnetic modes in easferl are calculated and they are
analytically solved as they propagate through dlyers [22].

3.5.1. FDTD and RCWA shape dependence simulations

Figure 3.58 shows the CAD images of the pillar @apered 2D simulations
structures that were simulated. Their shape, simd, aspect ratio was based on the
nanostructures observed on the SEM images shoseciion 3.2.6.

[ Pillar ] (Tapered “80%”

Fig. 3.58. Geometry of the Pillar and Tapered s&mectures simulated using
FDTS and RCWA.
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In FDTD simulations, a mesh size of 1 hmas employed. As for RCWA, the
structures were discretized in layers of 1 nm ahdh@monics were used. At first the
FDTD and RCWA simulations were compared to compiduwe accuracy of both
simulation methods.

Periodic nanostructures of 100 nm in size, separbyel0 nm and with a height
from 100 to 500 nm were simulated. The refractivdex available in the B270
MSDS data was employed.

The size of the tips of the tapered structures 8@ the size of the base. 80
nm. Finally, in order to further approximate thermphologies observed in the SEM
images, the tips of the nanostructures was routgeplacing a circle with the same
diameter as the tip size. This circle increasedri40 nm the height of the pillar and
tapered nanostructures, respectively.

Very good agreement between the FDTD and RCWA sitiaul results is shown in
Fig. 3.59. Since the FDTD calculations are mamreetconsuming the wavelength step
was 10 nm compared to 1 nm in the case of RCWAIsitons.

. FDTD | | RCWA |
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Transmittance (%)
2)
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Transmittance (%)
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Fig. 3.59. FDTD and RCWA simulation results of |&il and Tapered
nanostructures with height from 100 to 500 nm.
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The oscillations observed on the simulated trartamge spectra correspond to
interferences originated by intermediate layerhvetfective refractive indexes and a
non-perfect graded refractive index variation [27].

Figure 3.59 shows that there is a significant iaseein the transmittance for the
tapered shape compared to pillar shape, but tohrease is lower than the broadband
transmittance enhancement shown in Fig. 3.27. ,Atke cross section of the
nanostructures that achieved it shown in Fig. 8e38mbles more to the pillar shape.

3.5.2.Graded refractive index simulations

After CHF; plasma etching process, a graded,Sl€nsity in the pillars was shown
in Fig. 3.23. In order to emulate such graded idgm®mposition, pillar and tapered
shapes with graded refractive index where simulatég RCWA as shown in Fig. 3.60.
Using 100 layers, the refractive index was varidtech 1.2 at the tips up to 1.5 at the
bottom of the nanostructures for the whole spectmgibn.

[1_00_Iayers_] B [n from 1.2 to 1.3 0.8 1.0

0.6

0.4 -

0.2

0.0

Ny

Z (um)
: | ! |
"HElE B N

-0.2

Fig. 3.60. Graded refractive index profile fror2 10 1.5 using 100 layers.
Figure 3.61 shows that with graded refractive indemposition, even the pillar shape

can achieve a similar transmittance enhancemenpamad to the one observed in Fig.
3.11.
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Figure 3.61 also shows that for a graded refragtidex composition, the effect of
the pillar or tapered shape is much smaller thanstape dependence shown in Fig.
3.59. This simulated result is also in agreemeith whe similar transmittance
enhancement observed for pillar and tapered shagased after 40 min CHfplasma
etching shown in Fig. 3.31. On the pillars wittaded refractive index composition,
the amplitude of the interferences was reduced @wra more gradual refractive index
compared to the structures with constant refragtidex.
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Fig. 3.61. RCWA simulation results of Pillar andp€red nanostructures with
constant and graded refractive index and heigin f£t60 to 500 nm.
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3.5.3.Comparison between experimental and simulation rests

The measured transmittance spectra obtained octwtes fabricated after 20 and
40 min CHR plasma etching was compared to simulations adgigtie height of the
tapered shapes to 100 and 450 nm, respectivelgurd-i3.62 shows that despite the
approximations, somehow comparable results can diained. The experimental
results do not show interferences owing to the oamtkss of the fabricated
nanostructures. On the bare surface, especiadliyat wavelengths, there is about 1%
difference between the simulated and experimergallts. With more accurate
refractive index data on B270 and better gradedacgfe index approximation,
improved match between the simulated and experahesdults is expected.

—@— B270 bare "Experimental”
—@— After 20 min CHFS, 0, HZO (100 nm)
After 40 min CHFS, 0, HZO (450 nm)
—@— B270 bare "Simulated"
—@— Tapered 450 nm, Graded index "Simulated"
Tapered 100 nm, Graded index "Simulated"
96 T T T T T T T T T T

95}

©
&

Transmittance (%)
(e}
w

[(e]
N

91 L | L | L | L | L | L
400 500 600 700 800 900 1000
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Fig. 3.62. Comparison between experimental and RGWulation results of
Tapered nanostructures with 100 and 450 nm in heigh
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3.6. Controllable wettability of nanostructured B270 glass

surface

The high aspect ration nanostructures on the ssfa¢ fused silica and quartz
show hydrophilic behavior as-fabricated, but afterlecular functionalization by vapor
deposition of 1H, 1H, 2H, 2H-Perfluorodecyltrichdsilane (FDTS) superhydrophobic
surface wettability can be achieved as shown in Bi§3 and Fig 3.64, respectively.
Superhydrophobic surface can have self-cleaniraptffog properties [29, 35].

o ® B

MIT MIT

Fig. 3.63. Top (left) and oblique (right) image$ water droplets on

nanostructured fused silica with as-fabricated bgtilic and functionalized
hydrophobic wettability properties. Figure is fréaf. [29].

158.09

|
b

Fig. 3.64. Contact angle measurements of the tanest quartz surface.

a c

Prepared using (a) on nanostructures on quartacéaed using PMMA with
different thicknesses and plasma etching. Figufeom Ref. [35].

Fused silica and quartz are both examples of pu@ $aterials, which is
advantageous when functionalizing with self-asseshipholecular monolayers, such as
FDTS. Inthe case of B270, it is not pure S&0d in particular the composition of the
nanostructured surface as fabricated is quite cexnps shown in Fig. 3.23, where
especially CaF at the tips of the nanostructuresatserved.
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The deionized water contact angle was comparableaom B270 glass and on the
nanostructured surface obtained after 80 min £plesma etching and 10 min, O
plasma etching. (Ca, F) is soluble inS@,, therefore by carrying out the SPM
process; the (Ca, F) can be totally removed, whiak confirmed by the XPS spectra
shown in Fig. 3.22.

The SPM process in addition to removing (Ca, F)idiaes the SiQ surface
creating hydroxyl endings, which in the case ofbglass, it makes it superhydrophilic
as shown in Fig. 3.65. The SPM process turnechdim@structured surface even more
hydrophilic than the bare surface, confirming t6a,(F) removal and oxidization of the
SiO, surface of the nanostructures. An additionalotfté the SPM process is that the
hydroxyl surface is advantageous for the FDTS fonelization. Vapor FDTS
deposition was carried out on the bare and narmeted surfaces under vacuum, at
room temperature, and during 16 hours reachinghtacbangle of 106.6° and 144.3° on
bare and nanostructured surfaces, respectively.

The standard of superhydrophobic contact angleves @50°. After longer or
higher temperature vapor FDTS deposition over 1d€idnized water contact angle
could be possible on the B270 nanostructured sewrfac

(Referencé [ After SPM | [After SPM+FDTS)
~ — E

| Bare |

([Nanostructured|

Fig. 3.65. Deionized water contact angle on bard manostructured B270
substrates on three conditions: Reference, SPMS&hd + FDTS.
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3.7. Previous researches on antireflection methods forldt

PMMA surfaces

PMMA is the main material to fabricate Fresnel Esisuch as LPI's FK primary
[13]. In order to achieve high performance, afitition at the Fresnel lenses
interfaces are also required. To reduce the ieiee on PMMA surface, several
techniques have been developed such as co-poly®&r $ol-gel [69] and plasma
etching [19-21]. Fresnel lenses have large sethis reason a scalable and low-cost
fabrication technique such as plasma etching wéectee to apply antireflection
structures on the front and back side of Fresmaslds.

In addition, scattering by these structures shda@dninimized to avoid reducing
the optical efficiency of the system and the afletion effect should be broadband
because the multi junction solar cells placed belmvhomogenizers absorb most of the
solar spectrune.g. from 300 to 1900 nm in the case of GalnP (1.88/e@alnAs (1.41
eV) / Ge (0.67 eV) triple junction solar cell.

Fig. 3.66. SEM top and cross-section images oby®rfilms achieved by

copolymer films and removal of the PMMA domains ingvdifferent weight
percentages and achieving different effective otifva indexes. White bar
represents 200 nm and figure is from Ref. [68].

Figure 3.66 shows the porous structure with anelctffe refractive index that can

be obtained by co-polymer process and Fig. 3.6Wslibe transmittance enhancements
than can be obtained by employing thin sputteresbbgel antireflection layers.
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Fig. 3.67. Reflectance spectra of one-side afgcibn treatment polycarbonate
and PMMA using solgel, ion-assisted deposition, sjpattering. Figure is from
Ref. [69].

3.8. Maskless and TiQ-assisted plasma etching on PMMA

substrates

PMMA substrates and Fresnel lenses were texturedidnyg a self-organized
etching process (structure S1) [20] as well as @-dtep process, whereas a
self-organized etching mask is deposit before tichimg process (structure S2) [19].
The pre-coating and etching process was carriethart APS 904 vacuum evaporation
plant from Leybold Optics, equipped with the Advedd”lasma Source. Argon and
oxygen were used as plasma gases. A thin film i@k Tas deposit as masking
material for S2. Depending on the fabrication pss; two types of antireflection
structures were generated and applied on one-sdédath-sides of PMMA substrates
and Fresnel lenses. Typical SEM images of the aetisurfaces are shown in Fig. 3.69.
Figure 3.69 also shows the potential transmittaeobancement achievable by of
optimizing the fabrication of S1 and S2 nanostrtegion PMMA.
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Fig. 3.68. Schema of the equipment used at Frdanhi®F to fabricate
antireflection nanostructured surfaces on PMMA kgshkiess and TiQassisted
plasma etching processes. Figure is from Ref. [21]
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Fig. 3.69. SEM images of structure 1 and struckuva PMMA surface (left) and
their transmittance and reflectance spectra (rigtitjgure is from Ref. [19].
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Optical properties

The transmittance spectra of bare and textured PMMastrates were measured in
the 400-1650 nm spectral region as shown in Fig0.3. For the substrates with only
one side textured, the transmittance was improyeablout 2-3% for S1 and up to more
than 3% for S2. Both antireflection structures avapplied on flat PMMA substrates
and Fresnel lenses at the same time in order tgznthe effect in both, the flat and the
textured sides of the Fresnel lenses. For referémeg were noted front-side (sidel),
back-side (side2), and both-sides.

Both structures increased the transmittance inntieasured spectral region but
they show different wavelength dependence. Thestnitance peaks of S1 are at
lower wavelengths than those of S2. This peak shitlated to the geometry and size
of the nanostructures, particularly observed ingan$2-sidel, in which the red-shift
was largest and blue light scattering was observédultiplying the increase of the
transmittance for one-side samples using S1 an@&2in good agreement with the
measurement of the samples having both sides &kturTherefore, the processing of
the second side does not affect the textures dirdteone.

100777777
L ]| e—S1 sidel

— S side2
S2 sidel

| e—S2 side2

S1 both sides

]| == S2 both sides

Bare

Transmittance (%)

65— .
400 525 650 775 900 1025 1150 1275 1400 1525 1650

Wavelength (nm)

Fig. 3.70. Transmittance spectra of bare and oMRMubstrates treated with S1
or S2 on one or both sides.
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Figure 3.69 and Fig. 3.70 show that the transna#taanhancement obtained in the
tested samples using S1 is considerably lower ti@optimized condition. As for S2,
it is close to the optimized condition except tabshort wavelengths the transmittance
is slightly lower. For better visualization of tlinsmittance enhancement, Fig. 3.71
shows the transmittance ratio between the bare PMivIA each of the textured
samples.

1.07
3 | e—S1 sidel
1.06 — S side2
L . S2 sidel
1.05 — G2 side2

| S1 both sides
e S2 both sides

1.04 Bare

1.03

1.02

Transmittance ratio

1.01

1.00

0.99 L— . . .
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Fig. 3.71. Transmittance ratio of bare and on PM&dAstrates treated with S1
or S2 on one or both sides.
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Chapter 4

4. Nanostructuring surfaces of the
POE and SOE
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4.1. Texturing the flat and corrugated surfaces of LPI's

PMMA POE

The nanostructures on PMMA substrates were alsbeappn the front and back
sides of the latest generation Fresnel lenses [IBjansmittance improvement was
measured on the textured Fresnel lenses. Finiadlg tests were carried out and
enhancements df; and efficiency were demonstrated.

4.1.1.Optical properties

LPI's FK primary Fresnel lenses were used to evaluthe effect of the
antireflection structures on PMMA. LPI's FK prinyais a Fresnel lens with four-fold
symmetry [13]. Each of the four sections measBfes 80 mm. A collimated beam
of 5 mm in diameter was used to scan one line fileercenter of the concentric textures
of one of the four sections to the edge, by stdpgd.® mm. Therefore, the scanned
area was 5 x 80 nfas shown in Fig. 4.1. The light was collectedhinintegrating
sphere placed at the focal point of the Fresnalden

'y

Collimated beam

L 25 mm

" Step: 2.5 mm

16 cm
Y_

Fig. 4.1. Schema of the Fresnel lenses charaatieniz in which a 5 mm
collimated beam scanned a rectangular section erobtine 4-fold parts.
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Figure 4.2 shows the transmittance spectra of taared areas for bare and
textured Fresnel lenses. The transmittance spentthe Fresnel lenses appears to be
position dependent. Especially there is a dip betw20-30 mm and two peaks around
10 and 40 mm. In addition there is a decreasehm transmittance of short
wavelengths compared to the flat substrates, whigdht correspond to scattering by
the concentric structures of the Fresnel lenses.

As shown in Fig. 4.2, there is an overall increimsthe transmittance reaching up
to 99%. In most of the evaluated area the tranangé enhancement by applying S2
on both sides of the Fresnel lens followed a sintilend as the one shown in Fig. 3.71,
reaching transmittance enhancements larger than 6%.

Scanned area: 5 x 80 mf) Collimated beamz 5 mm, Step: 2.5 mm
Bare L 82 back side
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Fig. 4.2. Transmittance spectra of a 5 x 80°mettion of bare Fresnel lens and
the ones having structure S1 on one side, and $2®and both sides.
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4.1.2.Field tests

Field tests were carried out in Madrid at LPI-CeDfacilities. The same
secondary optical element and Spectrolab C3MJ CGdrater Cell Assembly (CCA)
were used to characterize the bare and each déxtred Fresnel lenses as shown in
Fig. 4.3. The Current-Voltage curve was measured dach sample and the
efficiencies were calculated.

— " PMMA Fresnel lens

Same SOE and
2 Spectrolab C3MJ+
B solar cell were used

Fig. 4.3. Image of LPI's Ventana CPV system depicthe characterization of S1
and S2 nanostructuring methods applied on one atid $ides of the PMMA
Fresnel lenses.

Figure 4.4 shows the Current-\oltage curves obthfoethe bare Fresnel lens and
the one having S2 on both sides. Figure 4.4 slo®$6%Js relative gain by using
S2 on both sides compared to the bare dgeremained unchanged and there was a
decrease in the Fill Factor (FF). These charatiesi resulted in a 3.82% efficiency
relative gain. J¢ was normalized at DNI 900 W/rand the efficiency at 25°C.
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Fig. 4.4. Field tests Current-Voltage curves oi#diusing a bare Fresnel lens
(blue), and the one having S2 on both sides (red).

Figure 4.5 summarizes tldg and efficiency relative gains obtained using eaich
the Fresnel lenses having S1 or S2 on the froet biaick side, or both sides. In almost
all the cases, théy relative gains were larger than the efficiencysoneThis resulted
from the lower FF obtained using the treated sasplé&urther evaluation of the FF
degradation is presented in section 4.5.

Figure 4.5 shows that the front side texturing hadrger improvement than the
back side. Figure 3.71 showed the various tratngngé enhancements on the tested
one side PMMA substrates. Also, the effect of titted surfaces may have affected
the optimum fabrication of the nanostructures camegbeto the flat surface. In all
conditions a better improvement was obtained uSBgand the largest relative gains
were obtained when applying S2 on both sides. uintests, S2 appeared better than
S1 in agreement with the transmittance spectra unedson the treated PMMA
substrates as shown in Fig. 3.71. The performaf&l and S2 could be optimized
with further tests as shown in Fig. 3.69.
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Fig. 4.5. Js and efficiency relative gains obtained on Fre$medes with S1 and
S2 on one or both sides.
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4.2. Texturing the curved surface of LPI's glass SOE

4.2.1.LPI's curved secondary optical element

LPI's secondary optical element (SOE) is made &A_.R0O00 glass and it has a
curved surface. At the bottom of the SOE, thera tavity that is filled with PDMS
where the Spectrolab C3MJ CCA is bonded as showkign4.6. In order to reduce
the reflectance at the Air/SOE interface and enbahe CPV module efficiency, the
CHF; maskless plasma etching surface nanostructuratiocess was applied directly
on the SOE inside the Anelva DEA 507L RIE chambeince the process was
successfully applied on the surface of LIBA 200<ttates, there was potential
applicability on the curved surface and thicker gln

Spectrolab C3MJ+
cells encapsulated belo
The treated SOEs  J

Fig. 4.6. Image of the textured SOEs with SpeatrolC3MJ+ solar cells
encapsulated below them before field tests.

93



4.2.2. Field tests

The same primary optical element was used to cteriae the bare and each of the
textured SOEs as shown in Fig. 4.7. The Currefitge curve was measured for
each sample and the efficiencies were calculated.

Fig. 4.7. Image of LPI's Ventana CPV system dépicthe characterization of

the nanostructuring process on the SOEs.

Figure 4.8 summarizes thi. and efficiency relative gains obtained using two
different SOEs at different RF power. SOE1 wasitee using the maximum RF
power, whereas SOE2 was treated using the typi@@l\@ RF power. Both SOEs
were measured twice at different times on the saate. Figure 4.8 shows that SOE2
achieved maximum 3.78% and 2.79%and efficiency relative gains, respectively.

The remarkable 3.78% maximurdy. relative gain confirms the successful
fabrication of nanostructures on the curved surtddePI's SOE and can be understood
by the broadband transmittance enhancement observB270 and LIBA 2000 glasses.
The Ji: and efficiency relative gains were larger on SQfeh in SOEL and in all the
cases, thdy relative gains were larger than the efficiencysoneThis largeds. gains
resulted from the lower FF obtained on the trea@mudples. Further evaluation of the
FF degradation is presented in section 4.5.
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I J__ relative gain
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SOE1 15:23 SOE1 17:04 SOEZ2 15:47 SOE2 16:57

Fig. 4.8. J¢ and efficiency relative gains measured at twced#ht times on SOEs
treated during 80 min with CHRplasma etching using RF power 1000W (SOE1)
and 800W (SOE2).
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4.3. CPV module with all textured interfaces

4.3.1.Field tests

An all textured interfaces CPV module was assembs$#alg the Fresnel lens with S2 on
both sides and the best treated homogenizer apeértsrmance was compared to an all
bare interfaces CPV module. In Madrid, on OctoB®r2013, the Current-Voltage
curve was measured from 11:38 to 12:45 every 5-itDboth modules and th&. and
efficiency relative gains were calculated as shawfig. 4.9. The 10 measurements
averagedl. and efficiency relative gains obtained on thetektured interfaces CPV
module were 7.47% and 4.58%, respectively. Theimmamx J5; and efficiency relative
gains were 7.99% and 5.06%, respectively. The B wlso degraded on the all
textured interfaces module as it happened for éRtuted individual optical elements,
but still reproducible module relative efficienayr@ncement of about 5% was achieved.
Further evaluation of the FF degradation is preskmt section 4.5.

[
o

T T T T T T T T T T T T T T T T T T T
[ I J__relative gain
- I Eff. relative gain

Relative gain (%)

O P N W b O O N 00 ©

Fig. 4.9. Jy and efficiency relative gains measured every Baif®from 11:38 to
12:45 on October"7in Madrid, Spain using Fresnel lens with S2 orhtsides and
SOE2.
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4.4. Hydrophobic coating

4.4.1. PMMA substrates

As an alternative solution to solve the dew accatnh on the back-side of the
POE that occurs in CPV systems after rainy days 5}, the applicability of a
hydrophobic coating was studied. As part of thiéaboration with the Fraunhofer IOF,
a hydrophobic coating was applied on the back-efde Fresnel lens after fabricating
S2 on the same back-side. the hydrophobic coating was applied after the aaiaf
nanostructuration increasing the deionized watettaztt angle as shown in Fig. 4.10.
In this manner both effects, antireflection and ldew condensation, could be achieved.

S2 +Hydrophobic
coating

R i e il

Fig. 4.10. Oblique images of water droplets oneb@op), S2 (middle), and
hydrophobic functionalized S2 (bottom) PMMA surface

Optical properties on PMMA substrates
The transmittance spectra of bare, S2, and S2 +opkdbic coating PMMA
substrates were measured in the 400-1650 nm spesgian as shown in Fig. 4.11.

For better visualization of the transmittance ewmeament, Fig. 4.12 shows the
transmittance ratio between the bare PMMA and bretited PMMA substrates.
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Figure 4.12 also shows that S2 was successfullyicited on both PMMA
substrates, but the hydrophobic coating causedlat slecrease of the transmittance at
short wavelengths, which could be the result ofrbgtobic coating absorption or
modification of the effective refractive index dfet nanostructured surface. To clarify
the origin of this transmittance decrease moreil@etavaluation is needed.

10— T T T 1

™

85

e 52 i
S2 + Hydrophobic coating 1
80 | — Bare _

70 -

Transmittance (%)

450 600 750 900 1050 1200 1350 1500 1650
Wavelength (nm)

Fig. 4.11. Transmittance spectra on bare, S2hgdphobic functionalized S2
on PMMA substrates.
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1.03 -

1.02 -

—S2
S2 + Hydrophobic coating
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Transmittance ratio
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Fig. 4.12. Transmittance ratio of bare, S2, amdrtyhobic functionalized S2 on
PMMA substrates.

98



4.4.2.Primary optical element of UT CPV system
Optical properties on Fresnel lenses

To evaluate the applicability of a hydrophobic daogita Fresnel lens of 10 x 10
cnm’was employed. A collimated beam of 10 mm in di@netas used to scan one
line from the center of the Fresnel lens to theeedhy steps of 5 mm. Therefore, the
scanned area was 10 x 50 fmFigure 4.13 shows the transmittance spectraef t
scanned areas for bare and treated Fresnel lemg@sh shows transmittance
enhancement for both treated Fresnel lenses aedraate of the transmittance at short
wavelengths on when applying the hydrophobic cgates observed in the treated
PMMA substrates.

Scanned area: 10 x 50 mAy
Collimated beam2 10 mm, Step: 5 mm

1000 1

900

T
c 0.95
~ 800
L
-~
Bare S 700
K]
[F]
5 80 0.85
= 500
4000 0.5 1 15 2 25 3 35 4 45 08

Center beam position (cm)
1000 1
900

700 0.9

600

Wavelength (nm)

500

% o5 1 15 2 25 3 35 4 45 08
Center beam position (cm)
1000 1

900

800

S2 + Hydrophobic
coating

700 0.9

600

Wavelength (nm)

500

4000 0.5 25 3 35 4 45 o8

Coriter beam position (cm)

Fig. 4.13. Transmittance spectra of a 10 x 50°m@ction of bare (top) Fresnel
lens and the ones having S2 (middle), and hydraphobctionalized S2 (bottom)
on the back-side.
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Field tests

To evaluate the applicability of a hydrophobic @ogt field tests were carried out
at the University of Tokyo employing the in-hous&-OPV system and dual-axis
tracker shown in Fig. 4.14. The same homogeniadratice matched LM3JC InGaP
/ (In)GaAs / Ge solar cell was used. UT-CPV sys&nploys a homogenizer made of
PMMA in the truncated inverted pyramid configuratifl2]. The Current-Voltage
curve was measured for each sample, by exchandiagFtesnel lenses and the
performance was evaluated as shown in Fig. 4.15.

PMMA Fresnel lens

Same SOE and
Spectrolab C3MJ+
solar cell were used

Fig. 4.14. Image of UTCPV system depicting therabterization of S2 and
hydrophobic functionalized S2 bask side of PMMAdgf@& lenses.

Figure 4.15 shows the Current-\oltage curves obthifor the bare Fresnel lens,
the Fresnel lens with S2 on the back side, andrthsnel lens with S2 + hydrophobic
coating on the back side. Figure 4.15 shows a%2 8¢ relative gain by using S2 on
the back side. This enhancement is similar, bgh#y larger than thds relative gain
obtained by applying S2 on the back side of LPGEP Unexpectedly, thé. relative
gain was much larger on Fresnel lens with S2 + dplaobic coating on the back side
reaching 7.73% as shown in Fig. 4.15. Despitetthesmittance decrease at short
wavelengths, about 5% additiordg] relative gain was obtained.
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A possible explanation of the additional gain cookda focal distance modification
by the hydrophobic coating. In house tests shotlatlthe UT-CPV system is quite
sensitive to focal distance variations.

In S2 and S2 + hydrophobic coating Fresnel lendes,gain inJs was also
accompanied by a decrease in the FF as observt dield tests using LPI's Ventana
CPV system. The FF when using the bare FresneMers 74.39%, but it decreased to
74.02% and 71.93% for 2 and S2 + hydrophobic cgdtiresnel lenses, respectively.
Despite the gain i, the FF decrease caused a decrease of the UT-GRRMlen
efficiency when using the treated Fresnel lens@he efficiency when using the bare
Fresnel lens was 24.66% and it increased to 25.34625.69% for S2 and S2 +
hydrophobic coating Fresnel lenses, respectively. conclusion, theV,. remained
unchanged and thls. enhancement was accompanied with a FF decreasgsh livhited
the efficiency enhancement. DNI during measurimgetwas 760 W/ Further
evaluation of the FF degradation is presenteddtise4.5.

Olg L) 1 L ] T ] T I T l T l T | 2'4
i 4 2.2
0.8 [ = Bare PMMA .
- == S2 back side 42.0
0.7 |- $2 back side + Hydrophobic coating ] 18
0.6 41.6
< os5) 'it4g€
b — - 41.2
c ] —
o 04r 11.0 g
5 [ ' 6)
O 0.3 — . 0.8 o
0.2 | 106
- 4 0.4
0.1 - : lo2
0.0 . L : L : L : L ‘ L . L 0.0
0.0 0.5 1.0 15 2.0 25 3.0 3.5

Voltage (V)

Fig. 4.15. Field tests Current-Voltage curves iolgtch using a bare Fresnel lens
(blue), and the ones having S2 (red), and hydraptahctionalized S2 (green) on
the back-side.
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4.5. Nanostructured surfaces’ effect on the Fill Factor

Nanostructuring the three Air/Optical-elements rifatees in CPV modules and
achieving J enhancement was accompanied with a FF decreasspit® the FF
decrease, efficiency enhancement was achieved.

4.5.1.EQE measurement of 3JSC below bare and textured satrates

The Current-Voltage curve of the Ge bottom cell hadegraded FF due to shunt
resistance in the Ge bottom cell. If below baretreated PMMA substrates, the
bottom cell became current-limiting cell; it coldd possible to explain the degraded FF
observed in the field tests. To evaluate this bypsis, the EQE of the three sub-cells
was measured without and below bare and all trd@k®lA flat substrates as shown in
Fig. 4.16. On each condition, from the EQE result® J of each sub-cell was
calculated and compared to determine the curremtitig cell as shown in Table 3 and
Table 4.

lOO T T T T T T T T T T T T T T
90 B 1| —=—T, without PMMA
L i M, without PMMA
80 | —e— B, without PMMA
F T, bare PMMA
70 —e— M, bare PMMA
60 L —e— B, bare PMMA
’\:-; —— T, PMMA S2-both sides
2 50+ —e— M, PMMA S2-both sides
L —e— B, PMMA S2-both sides
O 40F
LIJ L
30
20
oy
0 A

300 500 700 900 1100 1300 1500 1700 1900
Wavelength (nm)

Fig. 4.16. EQE of each sub-cell without PMMA suét, below bare PMMA
substrate, and below PMMA substrate with S2 on bitbs.
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Figure 4.16 shows the EQE of each sub-cell witlRMMMA substrate, below bare
PMMA substrate, and below the PMMA substrate withdd both-sides. Figure 4.16
shows the significant EQE decrease caused by thkl#RBubstrate refractive index
creating around 8% or reduction, but also causedhbyPMMA UV absorption and
various absorption peaks in the near-IR regiongufé 4.16 also shows that after
applying S2 on both-sides of the PMMA substrateBQe= is partially recovered.

Figure 4.17 compares the transmittance and the Ef@&s obtained by dividing
the transmittance and EQE obtained using the PMNI#sisate with S2 on both-sides
by the transmittance and EQE obtained using the BMMA substrate. Very similar
EQE and transmittance ratios are shown in Fig. 4ridicating good agreement
between both measurements. Table 3 and Table #fatige the calculated; using
the measured EQE without and below bare and aditdade PMMA flat substrates.
Table 3 and Table 4 show the bottom-cell did natobge current-limiting cell under
any of the bare or treated PMMA substrates. Tablend Table 4 also show that
without PMMA substrate the middle-cell is the cuntrémiting cell.

1.08

1.07 -
1.06 -
1.05 -
1.04 -

1.03 |-l

—— EQE Top, PMMA S2-both sides 1
1.01 - —— EQE Middle, PMMA S2-both sides .
—e— EQE Bottom, PMMA S2-both sides -

1.00 R N IR NN NI NS RS R

Transmittance & EQE ratio

400 525 650 775 900 1025 1150 1275 1400 1525 1650
Wavelength (nm)

Fig. 4.17. EQE and Transmittance ratio comparibetween bare PMMA
substrate and PMMA substrate with S2 on both sides.
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After placing the PMMA substrate, the top-cell bmeathe current-limiting cell in
all cases except when using S1 on both-sides dPgIA substrate. The middle-cell
became current-limiting cell because the PMMA stttstwith S1 on both-sides mainly
enhances the transmittance around the spectranregithe top-cell as shown in Fig.
3.71. This result suggests that the antireflecétiact of S1 and S2 can be tuned to
mainly enhance the top-cell or the middle-cell.

Top-cell Middle-cell Bottom-cell
Jsc (MA/cm?) Jsc (MA/cm?) Jsc (MA/cm?)
Without PMMA 15.139 15.027 17.238
Bare PMMA 13.745 13.88 14.865
S1 front 13.981 14.035 14.963
S1 back 14.046 14.103 14.99
S1 both 14.162 14.136 15.002
S2 front 14.111 14.333 15.21
S2 back 14.19 14.282 15.126
S2 both 14.5 14.687 15.394

Table 3. Summarized. in mA/cnfof each sub-cell without PMMA substrate
and placed below bare and textured PMMA substrat@fie limiting Js is
indicated in red.

Top -cell Middle-cell Bottom-cell
Jsc (MA/em?) | Jsc (MA/em?) | Jse (MA/Cm?)
Without PMMA 15.139 15.027 17.238
Bare PMMA 13.709 13.912 14.902
S2 back 14.075 14.349 15.205
S2 back + hydrophobic 14.005 14.352 15.208

Table 4. Summarized. in mA/cnfof each sub-cell without PMMA substrate
and placed below bare and textured PMMA substrat@fie limiting Js is
indicated in red.
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4.5.2.Irradiance and spectral homogeneity effect

The irradiance spectral and intensity homogenaitgach of the sub-cells, as well
as the tracking precision can also severely atfextCurrent-\Voltage curves depending
on the type of CPV system as shown in Fig. 4.18 ligd 4.19. FF decrease was
observed in both UT-CPV (RTP type) and LPI's Veat&PV (FK type), despite large
difference on their dependence on irradiance aedtsgd homogeneity shown in Fig.

4.18 and Fig. 4.19.
SILO XTP RTP FK

AT NORMAL INCIDENCE AT 0.6° OFF-AXIS

SILO XTP RTP FK
ii ﬁ - i . Cisuns) Sy rgcaws®

Fig. 4.18. Irradiance distribution on each sub-éa different types of CPV
systems at normal incidence and at 0.6° OFF-AXISgures are from Ref. [12].
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Fig. 4.19. Current-\Voltage curves calculations edason the irradiance
distributions on each sub-cell for different types CPV systems at normal
incidence and at 0.6° OFF-AXIS. Figures are froef. RL2].

The FF decrease was not the results of a bottohberlg current-limiting and it
does not seem to be originated from irradiancepactsal inhomogeneity. In both
UT-CPV and LPI's CPV system, lower concentratiostdeneed to be carried out to
confirm whether the FF decrease was actually dtretuaell overheating caused by the
additional current generated by the enhanced tritiesIre.
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Chapter 5

5. Applications of this research in
other fields
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5.1. Flat PV

In order to evaluate the applicability to flat Pdnaltaics (PV) of the obtained
nanostructured surfaces on glass and PMMA, Exte@uentum Efficiency (EQE)
measurements using an InGaAs / GaAsSb Quantum @at sell (QDSC) placed
below the bare and textured glass and PMMA sulestraere carried out. The QDSC
are also useful to evaluate the potential soldrecglancement up to about 1um.

5.1.1.Quantum-Dot solar cells below glass substrates

The measurement setup employed to evaluate the Q@B InGaAs / GaAsSb
QDSC placed 4 cm below the bare and treated gldsstrates is shown in Fig. 5.1.

Fig. 5.1. Image of the treated glass substra@sepl4 cm above the InGaAs /
GaAsSb QDSC during EQE measurements.

The transmittance spectra of the bare and treaegbles just after 20, 40, and 60
min CHF; plasma etching is shown in Fig. 5.2 (left). Timereased transmittance
enhancement after 10 min, @lasma etching cleaning process is shown in Fig. 5
(right). In the case of substrates etched durigg@ min, broadband transmittance
enhancement of 3-4%, which is close to the ides¢ caas obtained.
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The sample treated during 40 min showed slightghér transmittance at short
wavelengths than the one treated during 60 min.is itay correspond to scattering of
short wavelengths by slightly larger nanostructuwiesined after 60 min CHplasma
etching.
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Fig. 5.2. Transmittance spectra of the bare glabstrates and after Ckiffeft)
and subsequent,@right) plasma etching processes.

The measured EQE of an InGaAs / GaAsSb QDSC plkaaed below the textured
and bare substrates is shown in Fig. 5.3. ThegadaEQE region in Fig. 5.3 shows
clearly the EQE enhancement obtained for the chselstrates having one side etched
during 40 and 60 min. The increase obtained &ftenin etching is much lower.
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Fig. 5.3. EQE measurements of an InGaAs / GaAd38@placed 4 cm below
the bare and textured substrates.
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The calculatedls; from the EQE measurements is summarized in TableThe
current increased for all texturing conditions ahé largest increase, 3.40%, was
obtained for the texture obtained after 40 min iegh

Table 5

Relative | Absolute
Sample |Jg (MA/CMd)| (%) |(mA/cm?)

Bare 17.93 Ref. Ref.
T 20 min 17.97 0.22 0.04
T 40 min 18.54 3.40 0.61
T 60 min 18.51 3.23 0.58

Table 5. Summarized relative and absoldde gains of the textured glass
substrates compared to the bare one.

The EQE obtained placing the InGaAs / GaAsSb QD&Dwb the bare glass
substrate was used as reference to normalize the &fained when placing the
textured substrates as shown in Fig. 5.4.
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Fig. 5.4. Ratio between the EQE of the InGaAs Asgb QDSC placed below
the textured substrates and the bare glass.
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Figure 5.4 shows that the EQE enhancement is ldogehe 40 min etching case
than the 60 min one, especially at short wavelengtihis explains the highek;
shown in Table 5. The higher transmittance at tehowavelengths of 40 min is
consistent with the higher EQE in this spectralarg

In all cases the EQE enhancement was slightly lothan the transmittance
enhancement. The transmittance measurements aredcout using and integrating
sphere and the substrates were placed in conttcthva integrating sphere’s port. On
the other hand for the EQE measurements, the gldsdrates were placed 4 cm above
the InGaAs / GaAsSb QDSC. The small disagreemegstivden these two
enhancements may correspond to scattering or samfpbenogeneity. Nevertheless,
3-3.5% EQE improvement was observed between 400-hf0and maximum increase
of J¢ reaching 3.40% was achieved, which demonstrates pbtential of the
applicability of the developed maskless plasmaietchanostructuration process to flat
PV. Also, this process is suitable for currentusitial fabrication lines. Since the
open-circuit voltage and the fill factor are not dified, the conversion efficiency
enhancement is expected to be the same as thef dge oThe mechanical durability
should also be evaluated for a complete assesshdre applicability to flat PV.

5.1.2.Quantum-Dot solar cells below PMMA substrates

The EQE of an InGaAs / GaAsSb QDSC placed 6 cmvbéthe bare and treated
PMMA substrates described in section 3.8 is showrig. 5.5.
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Fig. 5.5. EQE measurements of an InGaAs / GaAd38@placed 6 cm below
the bare and textured substrates.
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The enlarged EQE region in Fig. 5.5 shows cledrey EQE enhancement in the
500-800 nm spectral region, in which the effecieath texture can be differentiated.
The calculateds. from the EQE measurements is summarized in Tablel@e current
increased for all texturing conditions and the éstgncrease, 5.36%, was obtained for
the texture S2-both-sides

Table 6

Relative | Absolute

Sample |Jg (MA/CMd) | (%) |(mA/cm?)
Bare 17.52 Ref. Ref.
S1 sidel 17.77 1.43 0.25
S1 side2 17.93 2.34 0.41
S2 sidel 17.99 2.68 0.47
S2 side2 18.01 2.80 0.49
S1 both sides 18.17 3.71 0.65
S2 both sides 18.46 5.36 0.94

Table 6. Summarized relative and absolijegains of the textured PMMA
substrates compared to the bare one.

The transmittance obtained for the bare PMMA sabstwas used to normalize
the one of all textured substrates. In a similaywhe EQE obtained when placing the
INnGaAs / GaAsSb QDSC below the bare PMMA substvzdis used as reference to
normalize the EQE obtained when placing the textuseibstrates. Figure 5.6
summarizes the transmittance and EQE enhancemehts. sample Sl-side2 and
S2-sidel, both enhancements were very close. |Fothar samples the transmittance
enhancement was higher than the EQE enhancemeheé EQE measurements were
carried out placing the PMMA substrates 6 cm alitveeQDSC. On the other hand,
the transmittance measurements were carried odihgléhe substrates 2 mm from the
integrating sphere. When increasing the distarama the integrating sphere up to 20
cm the transmittance was decreased depending osathple. The lowest decrease
was 0.3% for sample S2-sidel and largest, 1.3%sdmple S1-both-sides. In addition,
the sample inhomogeneity was evaluated. It wasplamependent and maximum,
0.4%, for Sl1-sidel. The differences between tlensmnittance and the EQE
enhancement are mainly due to a combination otthes factors.
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Fig. 5.6. Transmittance and EQE enhancementsxtiresl PMMA substrates
compared to bare one.

5.2. Cover glasses for solar cells in space

Qioptiq is the sole manufacturer of Ceria dopedec@lasses that protect the solar
cells in space against UV, electron, and protcediation. Reducing the reflectance at
the Space/Glass interface would increase the efiigi of the solar cells, which can
have effects on the cost of the mission reduciregniiimber of cells required and their
corresponding weight considering that launchingyXdkspace cost around 25,000 USD.
If the same number of cells is kept, the improvidiency of the cells can help power
additional antennas or devices. In section 3.8\@as explained in detail the tests
carried out and the broadband transmittance enh@reobtained on the three types
cover glasses (CMG, CMX, and CMO). These resuwdtaahstrate the applicability of
the maskless plasma etching process for space giagses from an optical point of
view. Additional tests such as mechanical anddiaiace durability are required in
order to fully validate their applicability and sability for the space environment.

5.3. Aspheric lenses

The AGL-30-23.5 aspheric condenser lenses madod Blass shown in Fig. 5.7
were provided by Sigma Koki and the maskless plasetahing surface
nanostructuration process was tested on their dwsudace.
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Front surface: Uncoated Rear surface: Uncoated

\:ocal point

Shape : Plano or convex

Material: B270-Superwhite

Fig. 5.7. Sigma Koki's Aspheric Condenser Len&ggure is from Ref. [70].

A collimated beam of 5 mm in diameter was employed evaluate the
transmittance of the treated aspheric condensseseat the center, 5 mm to the left, and
5 mm to the right as shown in Fig. 5.8. Figure St®ws that a transmittance
enhancement within 2-2.5% was achieved on AGL-38-28pheric condenser lenses
by applying CHE plasma etching during 120 min and subsequent X0@niplasma
etching and deionized water cleaning processesis fransmittance enhancement
supports the results obtained on the curved surfaéicdPI's SOE, and further
improvement would depend on further optimizing @téF; plasma etching parameters.
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Fig. 5.8. Transmittance spectra of bare (leftgra@HF; (40 min) and @(10 min)

plasma etching (middle), and after water rinsingh) processes on the curved
side of Sigma Koki's AGL-30-23.5P lenses.

114



Chapter 6

6. Summary and outlook
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In this thesis, the reduction of the reflectancehat three Air/Optical-elements
interfaces in transmission-type CPV system was aggtred by nanostructuring the
surfaces of the optical elements employing maskdessma etching processes. As for
the Fresnel lens surfaces, in collaboration wite #raunhofer IOF, two types of
antireflection structures where applied on PMMAddites and on Fresnel lenses at the
same time. As for the surface of the homogeniaemegw fabrication method using
maskless CHplasma etching was developed on B270 glass amdapplied on the
homogenizers. Also the application on hydrophauwating as an alternative solution
to the dew accumulation on the back-side of Frelemskes was evaluated.

In chapter 3, the developed maskless surface mractstation CHE plasma
etching process was presented. This process wasoged using B270 glass because
of its composition resemblance to the compositibrthe homogenizer in LPI's CPV
system. The whole fabrication process can be oetegblwithin one hour and it has
been applied on over a hundred of samples with geprbducibility and no significant
dependence on the chamber history, which makest#ttde and cost effective for large
scale applications compared to processes dependitihography or assistance-masks.
Based on XPS, STEM-EDX, Dektak, and SEM resultsmadel describing the
fabrication process that occurred on B270 was mego Based on STEM-EDX cross
section compositions mapping and the pillar shapg aspect ratio dependence on
CHF; plasma etching time, together with FDTD and RCWAuwations it was found
that the graded SiQensity in the nanostructures played a key rolerdter to reach the
obtained broadband transmittance enhancement. saimee fabrication process was
evaluated in various glasses including a customamdposition, space cover glasses,
and quartz. Based on the characteristics of thetike products generated from the
glass and the CHplasma etching, the optical, morphological, andes@ composition
measurements, a possible explanation of the rolthefglass composition was also
proposed. BafFand Cek are both materials with very high durability agaielectron
and proton radiation. Whether the accumulatioriBaf, F) and (Ce, F) at the tips of
the nanostructures enhances the radiation dusaliéeds to be evaluated. It was
found that under the evaluated fabrication condgjo(Ca, F) and (Ce, F), and very
good self-generated masks that under sustained @t#sBha etching achieve almost
ideal broadband transmittance enhancement owirlgetdabrication of small and high
aspect ratio nanostructures with graded,Siénsity. It is not clear whether (Ba, F)
played a role in the fabrication of the nanostrtedusurface of space cover glasses.
Further study of the role of (Ba, F) as well aseotbelf-generated masks is suggested as
part of future work.
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In order to further understand the fabrication pss®s, nanostructures shapes,
etching depth, and STEM-EDX cross section mappimg auggested on the
nanostructured surfaces obtained on each typeastgl Finally, evaluation of more
compositions and the influence of the fabricatiangmeters are also suggested.

In chapter 4 the CPV field tests carried out ineord evaluate the performance of
each treated optical interface were described. 'sliRtated POEs at Fraunhofer IOF,
together with the treated SOEs with the newly dgwed fabrication process, were
assembled and tested at LPI-CeDint facilities (MhdiSpain). The maximum
improvement on the POEs was obtained when appl$2gn both sides, reaching
6.56% and 3.82%s. and efficiency relative gains, respectively. As the SOEs,
maximum 3.78% and 2.75%y; and efficiency relative gains were obtained,
respectively.

Finally, the CPV module assembled using the Frelams with S2 on both sides
and the best treated homogenizer showed maximudde/add 5.06%s. and efficiency
relative gains, respectively. The efficiency refatgains were lower than tlig. ones
because the FF was degraded on the textured samptesrder to clarify the origin of
the FF decrease, it was found that the bottom dmdls not become current limiting
when employing the antireflection nanostructureshe evaluation of the hydrophobic
coating was carried out using University of Toky&€®V system. Despite the slight
decrease in the transmittance at short wavelerafiberved after hydrophobic coating,
7.73%J< relative gain was obtained, which exceeds in abétitthe expected relative
gain compared to the uncoated Fresnel lens witlorgfhe back side that showed a
2.87% Js. relative gain. Regarding the field tests, there o key points that are
suggested as part of future work 1) evaluatiorhefantireflection nanostructures under
lower concentration to clarify if the origin of theF decrease was caused by cell
overheat originated by the increased current, gndvaluation of the focal position
dependence on the Fresnel lenses with and withgditophobic coating in order to
clarify whether the additional 5% gain resultedfatal point variation in UT-CPV
system.

In chapter 5, EQE enhancement of InGaAs / GaAsSBQpPlaced below textured
glass and PMMA substrates was obtained showingptitential application of the
nanostructured surfaced for flat PV. The broadbarhsmittance enhancement
obtained on the three types of space cover glaksesnstrated the applicability of the
CHF; maskless plasma etching process to improve ti@esfty of solar cells in space.
Part of future work in this direction includes tiealuation of the mechanical durability
of the nanostructures as well as the high eneggptrein and proton radiation durability.
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