LIGHT TRAPPING MICRO AND NANOSTRUCTURES
FABRICATED BY TOP DOWN APPROACHES
FOR SOLAR CELLAPPLICATIONS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

HAYRKYE SERRA ALTI NOLUK

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OFDOCTOR OF PHILOSOPHY
IN
MICRO AND NANOTECHNOLOGY

DECEMBER2016






Approval of theThesis:

LIGHT TRAPPING MICRO AND NANOSTRUCTURES FABRICATED BY
TOP DOWN APPROACHES FOR SOLAR CELL APPLICATIONS

submitted byHAYRKYE SERRA A lnTpafmaD kilikent of the
requirements for the degree@dctor of Philosophy inMicro and Nanotechndogy
Department, Middle East Technical Universityby,

Prof. Dr.Guilbin Dural Unver
Dean, Graduate School Nftural and Applied Sciences

Assoc Prof. Dr. Burcu Akata Kurg
Head of DepartmenMicro and NanotechnologyDep., METU

Prof. DrRa ki t Tur an
SupervisorPhysics Dep. METU

Prof. DrTayf un Akén
Co-SupervisorElectrical and ElectronicsEng. Dep., METU
Examining Committee Members

Assoc. Prof. DrEmrah Unalan
Metallurgical and Materials Eng. DepMETU

Prof. DrrRa Kk i t Tur an
PhysicsDept, METU

Assoc.Prof. Dr.Alpan Bek
Physics Dept., METU

Asst.Prof. Dr.LEmreT a K ¢ é
PhysicsEngineeringDept, HacettepdJniversity

Asst Prof. Dr.Tunay Tansel
Institute of Nuclear SciengélacettepdJniversity

Date: 28.12.2016




| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethicabnduct. | also declare
that, as required by these rules and conduct, | have fully cited and referenced all

material and results that are not original to this work.

Name, Lastnamdiayriye Serra ALTINOLUK

Signature



ABSTRACT

LIGHT TRAPPING MICRO AND NANOSTRUCTURES
FABRICATED BY TOP DOWN APPROACHES
FOR SOLAR CELL APPLICATIONS

Al t é rHayriye Berra
Ph.D.,Department oMicro and Nanotechnology
Swoervisor :Prof.DrrRaki t Tur an

Co-Supervisor: Prof. DT ay f un Ak Eén

September 201853 pages

For an ultimate victory of solar energy over polluting fossil fuels, we need to
decrease the cost of elecitycgenerated frm the sun. The technology based on
photovoltaic (PV) solar cell is offering the most promising alternative in this energy
conversion. However, this can be possible only if we can reduce the cost of solar cell
fabrication and/or increase the conversion cedficy. In order to increase the
performance/cost ratio of solar cells, new approaches reducing optical and electrical
losses are necessary during the absorption of the light and collection of charge carriers.
In this work we focused on the fabricationhamues and the application of various
nanostructures on Si surface towards a better light management of the cell $hdace.
efficiency of a solar cell strongly depends on the properties of the interaction between
the incoming light beam and the surfamfethe device. In order to maximize the
absorption and the efficiency of the cell, various light trapping schemes have been
proposedWe have applied various lithography techniques suoptsal lithography,
nanoimprint lithography (NIL), hole mask caitial lithography (HCL)to generate
various nano structures including nano holes pattekfter these pattern transfer

process steps, either dry plasma etching or wet chemical etiddhgiques were

Vv



applied. For metal assisted chemical etcldifigrent metals like silver, gold, titanium
were useds the catalyst of the etchinghe effect of metal, metal layer thickness,
process time and orientation of the wafer wettedied Structural properties of the
features like holdiameter, pitclsize depthwere varied andptimized. Withavariety

of texturing and etching process types, at the end of the study, periodic and+andom
introducedperiodic patterns were successfully implementedsadar cell fabrication

step. The performances of the sotalls were investigated both optically and

electrically.
Keywords: surface texturing with micro and nano holes, periodic patterning, reactive

ion etching, metal assisted etching, nanoimprint litholgya hole colloidal

lithography.
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G¢nexk imnpngeurgkii s 1 il 1 Jine sebep ol an fosi
zaferi I -in g¢nekten ¢retil en Foeovokalkt ri J i r
géneck h ¢temelealaetreiknnio |l oj i b u enerji d°ng¢ K¢
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I -1 n Si y.mkrgvema@o- gapel arén ¢retim tekn
uzerinde durulduBi r g¢nek g°zesinin verimlili7Ji,
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akendeér ma (RI E) kirmyasama k @ h d éy anaekaigdig E )
uygul aMA&EK tiekrl.emi nde y¢zeye g¢manetalleral t eén

buhar !l akt ér anltmerkltedrri.neMe tyagd zZleeyrd e k i kal enl
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maruz kaldéjé iklem tipine, paruhéasomudiark
incel eMas keade .t anémlanmék ol ark dejiexillerd ap,

g°re, tanémbeonamatiikd eim ibmasayrak| ar & opti mi ze ¢
-ap ve periyotlardaki yé¢zey kKekilleri pek
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Deji ki k derinlik ve dajéléemlardaki y¢zey Kek
cretil mi ktir. 'retilen g°zelerin verimlildi ikl
Anahtar kelimeler: mikro ve nano deliklerle yizex eki | | endi r me, per i\
Kekill endir me, reaktif iyon akéndeéer ma, met al

kolloidal delik maske litografi
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CHAPTER 1

INTRODUCTION

One of the most important issues of our times is the energy demand to support
our lives which are becoming mossphisticated and demanding with time. The
amount of energy needed to maintain angrove the quality of our lives increasing
drastically. This energy is mostly provided by burning fossil fuels like coal, natural
gas, and liquid oils that are not sus&ble from several point of views. The
environmental threat due to the increased €@ission resulting from fossil fuels to
the atmosphere is increasing to a dangerous level for the future of next generations.
Moreover, the uneven distributioof these esources creates a lot of social and
economic problems, which causes conflicts and even wars between different nations.

We can overcome this problem by reducing the use of fossil fuels in the energy supply.

Global Energy Potential

Solar 23,000 TW

Tidal 0.3 TW

World Energy

Consumption
(power demand of 16 TW)

Q@ Wave 0.2-2 TW
900 TW-yr

@ Geothermal 0.3-2 TW

-

° Biomass 2-6 TW Q
2

Wind

25-70 TW 40 TW-yr
) 215 TW-yr
L annually  total reserves

Figure 1.1 Finite (total recoverable) and renewable (yearly potential) energy reserves (in Terawatt

Q@ Hydro3-4TW

90-300 TW-yr

years)[1]



The energy resources alternative to the fossil fuels can be wind, hydro,
chemical, geothermal and solar energy. Among these, solar energy represent an
ultimate and most promising solution to the energybfam of the hunma being.

Figure 11 compares the known energy sources on our pldjeWe see that sun
provides us with the energy whose amount is higher than the sum of all other energy
types, and is much higher thanat we need to support our lives

Solar energy composing of individual photons can be cortverte electrical
energy by two methods: Solar Thermal Electricity (STE) which is based on steam
generation by concentrated solar radiation, and Photovoltaic (PV) which converts the
energy of photons into electricity by a direct method based on a jurfotiored
between two materials, mostly semiconductors. In recent years, PV Technologies have
become favorable over STE due to their cost and applicability advani2iges
However, foran ultimate victory over the fossil fuels, the performance/cost ratio of
the PV system should be improved even further. For this purpose, we need to not only
decrease the cost of manifacturing, but also increase the efficiency of the conversion
as high apossible.

A solar cell is an electronic device converting sun power into electricity based
on photovoltaic principlef3]. Here, the conversion process can be dividealthree
stagesi) absorption of the incoming photons followed by an eleetrole generation,

i) transporation of these carriers to the junction region, and finally iii) separation of
them from each other with the help of a junction and forming ectredal current at

the external load. First process is an optical process which requires a good light
management while the other two are electronic ones which are crucially important for
an efficient current generatigd]. Optical end electrical properties of a solar cell
should match each other to reach an optimum oper&jowe need to create material
structures to obtain good electrical and optical properties. The efficiency of a solar cell
strondy depends on the properties of the interaction between the incoming light beam
and the surface of the devif&7]. A proper surface texturingaa significantly boost

the light absorption, and hence elentiwle generatiofi8i 16]. Our aim in this work

is to investigate the usef some new surface structures created by advanced
lithography techniques in solar cell technologies.

Surface patterning can be done either randomly or periodid#iyi 8]. For

random patterning pyramid texturing is widely applied for standard wafer thicknesses
2



around 150170 pm, but when we want to go thinner, pyramids are not good
candidated 9,20] Radial junction solar cells with holes having sizes varying from
micron to submicron level are promising candidates on relatively thinner wafers for
which pyramid texturing is not an option due to high amount of Si consumption during
pyramid texturing proced21i 29]. The core of this thesis is fabricatiohmicro and

nano holes by top down approachesctive ion etching (RIE)B0], metal assisted
etching (MAE) [31], nanoimprint lithography (NILJ32] and hole mask colloidal
lithography (HCL)[33]. According to diametepitch, depth valueswith the deails

given in literaturd23], we deviseda design guidelineVe manage to fabricate our
periodic patterns properly. The second pathis study includes solar cell fabrication
using these structures. We have successfully implemented these new surface structures

on solar cell using standard cell fabrication methods.

1.1 Photovoltaic Energy Conversion and Solar Cells

PV power generation stem is based on the direct conversion of sunlight into
electricity using semiconducting materials which exhibit the gdlettric effect
enabling absotpn of photons and thus generation of free charge carriers and
electrical current. A solar cell is tlsenallest unit of PV systems. When these cells are
connected electrically, they create a module, which can be grouped into larger solar
arrays to construct big power stations. Today there exist PV based solar energy plants
with a generation power exceediB0 MW. With more than 250 GW installation
worldwide, PV systems have proven to be a reliable and sustainable alternative to other
energy resourcg84].

Il n al l PV cell s, l ight absorption i
from the valence band to the conduction band providing free carriers needeatéo cr
of a current in the external load. Upon creation of eledt@e pair, they should be
separated before they recombine, which can be achieved by a potential asymmetry
formed at the junction point of two different materials. Such an asymmetric pbtentia
profile can be best formed by angunction fabricated in a semiconductor by doping
with different element§35]. A typical pn junction and its peintial profile is shown

in Figure 12 on next page
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Upon junction formation, electrons from negatively charged n region will
diffuse towards positively charged p region where they recombine with a hole. A
positively charged atom in thetype region and a negatively charged atom in the p
type are left behith, creating an electric field. As a result of electric field, there will be
a drift current towards the opposite direction of the diffused current. When drift and

diffusion currents are equal, we are at the equilibrium state with a depletion region (no



free carriers) and a built in potential as a result of electric field are formegh at p
junction[36].

A typical solar cell is made up of simplengunction described above. Under
illumination, electrorhole pairs are generated and the minority carriereghiol
type and electrons in-fype) diffuse to the junction where they are separated by the
formed electric field and they become majority carriers. An ideal solar cell can be
explained with diode equation, first introduced by Shocklegten in Equatio 1.1
[37]:

b 0 Q Y 1.1

Jo: the dark saturation current

Jpn: the photegenerated current density
n: the diode ideality factor

ko: Boltzmann constant

g: elementary charge

T. the cell 6s temperature

For a solarcell, the current, which is generated by sunlight, flows in reverse
direction with respect to forward bias (dark) diode, hence the illuminated current
voltage (V) curve is shifted to negative values as depicteBigure 13. The short
circuit current density{ ¢) and the open circuit voltage¥c) are obtained from the
intersection of the IV curve. Maximum power density determines the current density
and voltag at this operating poidtppandVmpp The basic concepts are highlighted in
Figure 13, such asli @ ¢¥@) the maximum power pointa(f)r)) along with the
corresponding combination &f 33 andax iy related to the maximum generated power
(Dany) as well as the fii factor (OQ which is the ratio of the squares under dhe

curve and the product &f candcéa[2].
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Figure 1.3 Schematic representain of current voltage (V) characteristics of a solar cell in the

dark and under illumination and the generated power per operating point

The energy conversion efficienag) (is calculated from these parameters as:

0 L & L & 800
7 oo 6

1.2,
v v (1.2

The single diode equation assumes a constant value for the ideality factor n. In
reality the ideality factor is a function of voltage across the dexithigh voltage
values, when the recombination of the device is dominated by the surfaces, the ideality
factor is close to one, but for lower voltages recombination in junction dominates and
the ideality factor approaches twin. order to make a more acgate and realistic

extraction double diode model should be taken into account. Schematic representation
of a double diode model is showedHigure 14 [38].
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The equation of the double diode model under illumination is:

1w UY
0w 0 0 A@BT P

Lo oY o GY (1.3)
0 AQB—CTQ.,Y P
The equation of the double diode model in the dark is:
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For real case the performance ofsalar cell is limited by some loss
mechanisms: optical, recombination and electrical losses. These loss mechanisms are

the reason of the decrease in the efficiency eSasolar cel[39].

1.2 Crystalline Si Solar Cells

PV industry is overwhelmingly dominated by crystalline SS(rsolar cells with
efficiency values ranging from %17 to %25. Market share of this technology has
increased from 80 percent to oveBBoin the last 10 yeafd0]. Depending on the
growth technique, -Si wafers can be in morwrystalline or multicrystalline form
[41,42] Photo of these wafer types and cross sectional view of the cell structure are

shown inFigure 15.

Figure 15 a) Mono-crystalline andb) multi-crystalline solar cells

Although depth othe pn junction is about 0.5m, the thickness of a Si wafer
is approximately 20Qm and 18Qm for multi-crystalline ananonao-crystalline types.
This thickness is needed for the handling purp§$&ls Most of the incoming light is
absorbed by Si in the first 50n of the wafe44]. Remaining part of the Si wafer is
useless and represents waste of material which is one of the main sources of high cost
in ¢-Si solar cell fabrication. One of the most intensively studied topics of recent
investigations is on thase of thinner wafers to reduce the material §45t49].
However, when the wafer thickness is reduced another important problem emerges :
as a poor absorber due to its indirect band gap, red and infrared part of the useful solar

spectrum pass through Si wafer without being absoi®&0,51] The cell is said to
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be fAoptical | y52i64 inardertd averdorheithés probdesm,ean efficient
light trapping strategy is needezghormous amount of research groups are working on

this [541 59]. Some of these approaches have been studied in this thesis work.

1.3 Optical Processes on Si Surface and Surface Texturing

When a ray of monochromatic light impinges on a flat section of
semiconductor as shown kgure 16, a certain amount of lighR, will be reflected
and the remainder, T, will be transmitted into the semiconductor. The transmitted light,
which can be absbed within the semiconductor, will excite electrons from occupied

low-energy states to unoccupied higleaergy states.

Light incident

T Reflected
Air

Transmitted
Semiconductor

Figure 1.6 Ray of monochromatic light incident on semiconductor

The fraction of light reflected from an absorber material with a refraction
index,& ¢ "‘Q'vhereQis the extinction coefficierfor normal incidence is given
by Equation 1.75]:

h 1.7

Extracting the suitable values for Si depicts that for entire wavelengths
involved in solar cell work, more than 30% of the incident light is reflected. This is
definitely not desirable and needs to be reduced for an efficient solar cell. This problem
canbe solved and solar cell performance can be improved by either antireflective
coatings, or creating a light trapping surface structure or [&@it65]. Due to the
technological importance, a large amount of work has been devoted ttrdigping
studies.Commercial singlerystalline andmulti-crystalline Si solar cells all use

roughened surfaces and antireflection coatings to trap more sun light within the cell
9



[43]. Changing surface topographyttvirandom textures can be interpreted in terms

of graing with large periodicity20,45]

Figure 1.7 Top view ofrandomlytextured surface obtained with pyramids after wet etching process

Random pyramids fabricated with wet etching technique on the order of several
pUm in size are standard for ligitapping in single crystalline silicon-&i) solar cells.
SEM images of randomly formed pyramids on Si surface are shovAigare 17.
Thanks to anisotropic feature of alkaline based chalngolutions (mostly KOH
based}hese pyramidare createth a self organiz2d way. Random pyramids provide
an excellehway of light trapping on thick monecrystalline waferg43]. However,
they candt b ecrydtaime wafets doeno presehce of different crystal
doman which lifts the advantage of the anisotropic etch#®]. When we consider
the optical function of the surface with pyramid formatione see thatight beam
interacts with the surface more than once and thus the absorption increases as shown

in Figure 18.
a) / b) /

Figure 1.8 Schematic representation &) bare, b)pyramidtextured surface
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In Figure 18, if the reflection coefficient of Si is R we expect to obtain an
enhancement of thebsorption of (3R2)/(1-RI) with random texturing. This
enhancemenbbtained with pyramid texturinigads to a significant enhancement in
the efficiency of the cellsAlthough this process is very cesfficient, it cannot be
applied to €Si thin films orthin wafers since dimensions of the pyramid structures are
comparable to the substrate thickness. For this reason, alternative methods for
structuring the surface of the wafer have been studied for the thin Si wafers in recent
years[29]. Many recent theoretical and numerical studies have been geared towards
designing structures that can break Yablonovith (or Lambertian) J66it using
nanostructures such as metal particlesnorod/nanohole arrays and diffraction
gratings [44,46]. Based on these studies on ligtapping characteristics, various
structures like nanowire$§67], nanocones[49] nanoholes[68], nanorods[69],
pyramids [45], inverted pyramidg70], and plasmonic structurd82] have been
fabricated and gpied to solar cells. Some of these structures have been found to be
useful to improve the-8i solar cell performand@3].

According to thermodynamics of light, thatensity inside the textured
material with index @ in blackbody radiation (an opaque and efiective body)
is larger than that of outside by the factor w. The state of equilibrium between

inbounding and outwarbounding radiation identifiethe internal intensity.

Incident sun light l

Reflector
White Surface

Figure 1.9 Schematic representation of a film with&hite reflective back surface doubling the

external intensity hence increasing the enhancement facaf

Intensity enhancement factorgf gives rise to bulk absorption enhancement
factor oft¢ , after taking into account the geometric factor, i.e. the light path

enhancememntepresented schematically fiigure 19. The greatest possible value of
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enhancement factor inSi cells for light trapping is€ 7'Y'Qé& v T(Highest value
for "Y'Q& p,—is the angle of emission cone that surrounds the &l )

Parallel to theoretidsstudies, many experimental studies have been reported
on using nanostructures for thin film PV cd&¥]. C-Si nanowires, nanorods, and
nanoholes etad into or grown onto Si have been tested as active layers. These cells
have demonstrated generally improved performance compared to baseline PV cells,
although they have seldom surpassed 15% in the solar to electrical energy conversion
efficiency, much les than statef-the-art bulk ¢Si solar cell§71]. A more detailed

analyss of light trapping phenomenon is given below.

1.4 Light -Matter Interaction

Light matter interaction varies depending on the size hadkshape of textures.
Figure 110shows the light matter interaction depending on the size of the feature and

light impinging on the surface.

a) AL b) A~A €) AKA
Geometric Optics Photonic Effective Medium
Incident Reflected Incident Reflected
beam S \&beam —_— beam § , \abeam
,A
Diffracted
beam

Figure 1.10 Schematic representation of the three different domains with respect to light matter
interaction: a) when the feature size is larger, b) similar, c) smatiean the wavelength of the light

impinging on them

When the sizefo t he intended feature ( ) i s

geometricakay optics apply72]. When } wave optics/photonics apply which

arg

can be expressed by Thomas Youngbés famous

expression of this exgiment isdiffraction/grating Ejuationl.8:
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d is the separation of the slit/grating elementsis the incident angle of the
light, & is an intensity which is called diffraction modes at angles

Dependi ng o rperibdiciey (osranddmaessg, @ the dimensions of
the patterns are the same, the optical properties will be the Jdmmeschematic
representation of surfaces textured with periodic and random holes is shiemgaria
111

Figure 1.11 Schematic representation of a) periodic, b) random surfaces patterned with holes

For ¢Si solar cells, the best way lacrease energy conversion efficiency is
decreasing the optical losses while considering electrical losses at the same time. This
can be achieved in two ways, either lightcomupling or light trapping59,73,74]
Increasing the amount of photons entering the photoactive layer will end up with better
light in-coupling. The more the light can travel inside absorbing layer, the propabilit
to get absorbed increases, resulting path length enhancement of light impinging and
entering to the surface which is called light trapping.

When we evaluate the total optical light trapping performance of nano hole
textures/nano pillars quantitativelyhe ultimate opticaklectrical conversion

capabilityd under the Air Mass 1.5 solar spectrum is calculated Badgihation 1.9.

0 00 | 0.,
_ O (1.9
"00'Q0
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O : the bandgap energy foiSi
‘O the photon energy
‘00 : the solar energglensity spectrum correspoding to the solar spectrum

| 'O : absorption spectrum

Forthis calculationt is assumedhat all photons having higher energy values

thanO , which are trapped by the absorption layer, would generate eldaitepairs
with the energy 0O , and all generated carriers can be totally collected from contacts,

with no recombinationin other words this assumption tells us that the internal
guantum efficiency is assumed to be 100%.
In order to evaluate and improve the performance of a solar cell, it is possible
to use two important approachés light trapping in a €Si solar cell at weakly
absorbed light. First one is absorption enhancement factor of Yablonovitch and Cody,
who developed the theory of light trapping for conventional cells having thickness of
many wavelength$6]. Second one is nebdiandgap optical path length factds
(multiple of cell thickness required to generate absorption equal to that found in the
device) of Rand and Basof4]. I n Rand and Pregetradedns model |
including cell thickness and absorption coefficient. With a new expression for optical

path length factor, more reliable and realistic dalttons could be dond 3].

1.5Experimental Approaches

Structuring the surface & has attracted a lot of attention due to the increased
importance in PV technologyrhere havebeen various experimental techniques to
fabricate randm or periodic structures o8i wafer surfacqd20,22,23,25] These
techniques can be classified as-tlqwn and bottorup approache§35]. In the case
of top-down production methods, an etching process is used to define the intended
structure on the surfa¢é5]. The bottoraup approaches, the light trapping structure is
grown on the Si wafer using physical or chemical crystal growth techn[@6gs
Mostly, a lithography step with an appropriate mask, which is not desirable for the
ultimate commercial manufacturing, hagbemployed for the proof of concgpb].

As the size, aththe fiape get more complethe processes become more difficult and

complicated.
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Fabrication techniques with tefown approaches to obtain micro and
nanostructures can be accomplishehg the techniques listed Trable 11:

Table 11 Fabrication techniques with top-down approaches to obtain micro and nanostructures

Method Lithography
Templateassisted fabricatiof22] To obtain master template +
Focused ion beam milling 7] Uniform structures +
Metal assisted etchif8] Random /periodic texturing +
Reactive ion etchinfy 9] +

(+: applied,-: not applied)

During pattern transfegptical nanosphere, nanoimprint (NIL), hetelloidal
lithography techniques can be u$88,33,70] Depending on the lithography tool and
mask makero6s di mension criteria, one of

bottomup approaches can be preferred to make surface texturing and/or deposit layers.

1.6 Why Hole Texturing?

The aim of surice texturing is to increase the absorption of light in photoactive
material. Many different structures have been proposed and experimented to test their
effect on the performance of thick and thin solar d@&40,44] Texturing surface
with holes boasts a superior solar cell results when compared with other texturing types
as shown inTable 12 [27]. The results smmarized inTable 12 are obtained via
simulation confirmed by experimental studies with the best optimized process
conditions for each type of surface texturing Resul t s t hato weeree s h.
obtained via experimentOptimizations include doping, dimension of features,
antireflection coating, material selection for contacts and buried top c@2itgct

Since this thesis is based ontteing with holes having different dimensions,
we made a comparison between holes and pillars. It is possible to obtain pillars with
the same madhky changing the type of the resist. A comparison between hole textures
and micro pillar based structures wgisen in Figure 112 and Figure 113. As
discussed in many papers in detail, hole based structures is more promising than micro
pillar structures. It is also shown that the very high efficiency values are possible with
these approach¢23,40].

15



Table 12 Comparison of the performance between radiajunction SiNH and the othe types of

textured solar cells[27]

Schematic of single
unit

Jsc (mA/cm2)

Voc (V)

d (%

FF (%)

SiNH- radiakjunc

66.6

0.56

27.8

74.6

Si planar cell

~35

~0.6

~18

»

*Si pyramidal cell
(upright)

36.9

0.60

16.7

75.2

*Si pyramidal cell
(inverted)

40.9

0.71

24.0

82.7

P

Si nanocone (SiNC)

~22.5

Si nanowire (SiNW)
(subsurface
junction)

SINW
(planar junction)

~17.5

SINW

(radial junction)

~43

~0.52
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Figure 1.12 Efficiency values of thin film solar cells with different surfadextures

Reprinted with permission fronf23] Copyright 2010

In Figure 112, it is depicted that 10 pum thick cell with correct light trapping
techniques can reach the efficien@tue of a thick cell which is around 2300 pum
[23].

(b) 1.00

154
©
@

Absorptance
o
8

o
=)
2]

0.80

03 04 05 06 07
Filling fraction

Figure 1.13 (a) Schematic representation of nanorod and nanohole textures, (b) absorption
spectrum of these structures according to their filling fraction ratios
Reprinted with permission fronf23] Copyright 2010
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It can be seen that hole texturing is a very promising candidate for efficient
solar cell fabrication. In this thesis we have focused on the micro and nano hole
structures fabricated using differgpattern transfer andtching techniques such as

nanoimprint lithographyRIE, MAE.

1.7 Periodic and Random Surface Structures for Light Trapping, Can
Periodic Beat Random?

The introduction of light trapping was first announced by Redfield in 1974,
since then many alternative wayfdextures have been propog2d]. The aim of light
trappingis to enhance absorption, increase light matter interaction, and keep light
inside active absorber layer resulting higher energy conversion efficiencies. As
described above, standard solar cell fabrication is based on random pyramid texturing,
antireflecton coating (ARC) and metallic back reflec{@r4]. However, many recent
studies including this thesis work focus on the periodic surface tex{ns,80]

When the surface is patternegth random textures, an infinite number of diffraction
orders is theoretically expecte8ince light can scatter into only a few diffraction
orders from a grating, absorption is dominantly enhanced around the resonant
wavelengths Yielding the selectivityof a grating structure means that a more
broadband absorption improvement is expedadseen irFigure 110, whenthe size

of the texture is comparable with the wavelength, the surface will act as a photonic
structure. Depending on t he dtispgssibletol i ght 6s p
obtain more broadband absorptiarth respect to the periodicitpiscussions on the
effectiveness of periodic structures compared to random ones are still going on. It is
clear that well designed and optimized periodic structures can overperform the random
structures in terms of optical performartiee to the fact that light can move through

the sample only a few diffraction orddg3]. However, major drawback of periad
structures is the lack of compatibility with the industrial production. A record of 25%
efficiency value with periodic inverted pyramid texturing was achiej/&t.
Moreover an efficiency of 25 % waalso achieved in heterojunction solar cell cells
with random texturing71]. So, while there are success stories on both sides, it seems

that the efficiency race between these two approaches will cerfona while.
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1.8 Thesis Grganization

In this thesis, we present the results of our investigation on micro and nano
hole texturedsurfaceson crystalline silicon wafer and their applications to solar cells.

In Chapter 1, a short introduction to solar d&dlworking principle and optical
processes on the cell surfacettwiemphasis on light trapping amgven. The
comparison of periodic and random texturing results investigated in literature is
presented.

Chapter 2 deals with surface patterning techniqo#ewed by either wet
chemical, or dry plasma etching. Metal assisted etching (MAE) and reactive ion
etching (RIE) conditionsre described. Optimized process parameters for a variety
number of different hole and pitch sizes let us obtain different htiteaa top of the
surface, hence different optical and electrical properties.

High resolution project systemgith stepper property allowed us to create
submicron level of holes with desired distribution. Nanoimprint lithography (NIL) and
hole colloidal Ithography (HCL) techniques were used to create different surface
topographies

Periodic micro and nano holesd physic
in detail. For each technique possible fabrication problems could be eliminated
successfully. NIL an¢HCL studies were conducted at IMEC under EU funded project
PhotoNVoltaics.

Chapter 3 includes simulation results of ht#gtured srfacesobtained by
using SILVACO programme in collaboration with Prof. Dragica Vasileska from
Arizona State University.

In Chapter4, results of electrical characterization of solar cells having micro
and nano holes are presented and discussed. Thesefféxctie diameter, pitch size,
hole fraction, total surface area and hole depth are discussed.

In Chapter 5in order toobtain better light trapping effect we made analyses
with different angles. As expected the surface textured with holes had significant
dependence on the angle of incidence beam. Each diameter and depth had a unique
angle which gave the highest cell eifiecy value.

In Chapter6, a summary and conclusion are given and the perspectives are

discussed
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CHAPTER 2

PATTERNING SI SURFACE FOR LIGHT MANAGEME NT

In order to reduce module cost and increase the efficiency of a solar cell
patterning €Si surface is an indispensable part of solar cell technology. Texturisation
of the surface can be done either by top down, or bottom up approaches. In this thesis
we focused on four top down approaches: reactive ion etching (B1f) metal
assisted etching (MAHPBZ2], nanoimprint lithography (NIL])83] andhole-colloidal
lithography(HCL) [84]. Surface texturing with desired shapes could be successfully

achieved with both techniques.

2.1Patterning Si Surface by Photolithography

In order to obtain a periodic and uniform distribution of structures with specific
geometries, p&trn transfer is needed. The basic tool to manage pattern transfer is
photolithography. After creating the patterns with desired geometries on transparent
plate called mask, we can transfer them to a flat surface via optical printing process.
During this pinting process a photosensitive polymer, which is called as photoresist,
is used to create desired pattern on the surface. When the resist is exposed to UV light,
depending on being negative or positive, either the exposed part or unexposed part of
the resist is dissolved in a chemical solution called devel@&r

Prior to photolithography whose process steps are shortly describegline
2.1, Siwafer is first cleaned using the chemical cleaning process called RCA cleaning.
RCAL1 is to remove organic contaminants with a solution of@t H.O»: H2O with
ratio of 1:1:5. RCA2 is used to remove the metallic contaminations, with a HG4: H
H>O soluton of ratio 1:1:7. Both cleaning steps are done at 85 °C for
approximately 20 minSometimes RCAL1 could be replaced witsSBy: H202 (1:1)
solution at 150 °C, which is called piranha cleaning. After cleaning, wafers are kept
inside an oven at tempeua¢s abve 100 °C for around 30 min order to dehydrate
the surface for a good photoresist adhesion. Photoresist is then coated onto surface by
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spinning. The thickness of the resist should be as uniform as possible across the wafer.
After exposing theample to UV light through the mask, samples are dipped into the
developer to obtain the desired pattern on the sufiage

bare wafer

Resist coating

positive negative
resist coated wafer resist coated wafer

Pattern transfer
= = =3 | =l ==

positive negative
resist coated wafer resist coated wafer

After development

positive negative

resist coated wafer resist coated wafer

Figure 2.1 Process steps and final pattern that will be obtained at the end of photolithography using

positive and negative resists

2.2 Surface Structures Generated by Reactive lon Etching and Limits

Reactive ion etching (RIE) is a dry etching process used for selesttihing
of Si surface. It is a reliable technique to pattern the surface of Si which is extensively
used by MEMS technology to create three dimensional structures on Si surface. The
use of RIE is increasing in the PV industry. Recently, many diffeeseiarch groups
have focused on the surface texturing by RE,77] Main beneyts are ve
repection | osses, -sideheaturipgporedscedmateriat lgss, anfl si ngl e
reduction of chemical waste. Figure 22 dry plasma etching sequence can be seen.
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gas flow
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diffusion of reactant diffusion of by product
e l e desorption
f
T chemical reaction
absorption gaseous by products
=)
Substrate

Figure 2.2 RIE Etching sequence

RIE provides very uniform surface patterf3b]. Depending orthe mask
pattern, desired topography can be obtained on the wafer siiguwes 23 shows the
schematics of rod and hole structures that can be obtained using the s&matteas
with positive and negative photoresist. Using advanced lithography techniques, we
were able to obtain features with micron and submicron dimensions.

a) b)

Figure 2.3 Schematic representation of RIE applied surfaces coated \&itpositive andb) negative

resist using the same mask and same sequence of lithography process

Simulation studies published in recent years have shown that the hole based
surface is more proising than rod like structures in the PV cell performd28¢ For
this reason we have focused on the analysis of micro andsiwet hole structures
and their apptiations to €Si solar cells. We also looked at the effect of third
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dimension, i.e., the depth of the holes, and thus the hole filling ratio on the cell
performance.

RIE etching is the most promising and industrially applicable technique to
make holes othe surface. A huge amount of experiencedt@ady been accumulated
in MEMS technology. However, it needs to be otiéd carefully as any parameter
can affect the effectiveness of RIE process. Some of the process parameters could be
named as; RF poweevVel, chuck temperature, frequency, plasma composition, gas
flow rates and pressure. For etching Siy @5 is used and the reactions are shown in

below take place during the RIE process;

5§00 3 &0 .1
50 Qv §03 ¢Q (2.2
"Y'QT0O 0 "Y' QIO 2.3

where"Oare Fluorine atoms with electrons.

Following the chemical reactions¥® is formed which can be easily
desorbed and get in gaseous form to leave the process chamberpasdigt.
Meanwhile there ibombardment of higienergy particles resulting from DC bi&8].

Periodic patterning requires a pattern transfer step which is done with
lithography process as mentioned in section 2.1. For pattern transfer we have designed
a lithography mask to fabricateepodical hole arrays on Si wafer. The mask is
designed to have different hole diameters and pigetp between holes diameter)
sizes. Details of the dimensionpiotolithography masére given irFigure 24. Hole
dimensions and distance between the holes (gap) defined by the mask is fGadale in
2.1. Vertical dimensions (depth of the holes) is defined by the duration of etching

process.

Table 21 Dimensional constants for front surface contact mask design

Distance between square regions 2 mm
Square region dimensions 2cmx2cm
Number of fingers in each square region 8

Width of finger region in each squares 200 pm
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Figure 2.4 Hole dimensions and gap sizes on the photolithography mask used in this study

As shown inFigure 24, for optical lithography 16 different structures have
been designed with-edit programme. The spaces defined for hole textures and front
contacts have been arranged in such a way that otectonask was used foreating
metal contactsThe schematic representation@ttured front surface before and after

metallization is shown ifigure 25.
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Figure 25 All 2 cm x 2 cm squares have 9 rectangles (2045 pm x 20000 um), and 8 fingers (200
pm x 20000 um) a) Before metallization b) After metallization

Metal contacts are designed to touch the flat region outside the hole structured
region. Diameter and the gap between holes may not exactly be the same as defined
sizes of the mask depending on illumination uniformity and development quality of
lithography but with optimization of pattern transfer we could manage to obtain
exactly the same dimensiongth themasks.

During pattern transfer there are some critical points thatecanup with

undesired result€Equation 2.4 and 2.Bepresent two essential components which

restrict an optical i nstrument : the wavel en

numerical aperture, NA, of the imaging optics. For a given wavelength, resolution is
improved by increasing the numerical apest(i78]. The relationships between
resolution (RES), depth of focus (DOF) and NA of the camera are givEqumstion

2.4 and 2.5.

2= (2.4)

and

o= (25

When thereisachangeam downwar d, this wilQ cause an

andQ are empirically determined according to the critical dimension of designed
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pattern. When thes® and™Q are taken as 0.5, according to Rayleigh Criteria, it
correspads to theoretical valu¢g9,82]

As the technology goes far beyond the expectations, with the help of extended
capability of optical lithographytiis becoming possible to go smaller dimensions.
Optical lithography with stepper function is a very nice representation of extended
capability. In this work we have used Karl SUSS MA 56 aligner with a resolution
value smaller than 0.35 um. For steppereothe pattern is created, it can be duplicated

as many times as desired. Schematics of a steppemim shéigure 26.

Lens in
— illumination
system

oo
OO OO I
CIOJOC IO
N EnE

L—1 =

Projection lens — \)"j

Move Area which can be
exposed at once

Figure 2.6 Schematic of a basic stepper tool and its components allowing us to place the designed
geometry to any part of the wafer surface

As represented iRigure 21, thepattern on the mask (or just reciprocal pattern
depending on resist type) can be transferred to wafer surface as many as desired both
in vertical and horizontal axes.

Stepper aligner | ets us work with 60
wafer with $¢ep and repeat action. With this technique, holes (and/or any other patterns
defined on mask) with submicron sizes could be fabricated. Unlike optical lithography,
for stepper there is no need for exact pattern definition on the mask, only the unit cell
of the pattern which can be duplicated will be enough. The dimensions also can be
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altered with the wavelength of the light source depicted in system representation in

Figure 26 [85]. For our textures with submicron level, we designed unit cells with

different diameters and the map of the pattern is showfigare 27 below. The

patterns can be transferred to any part of 6
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Figure 2.7 Designed mask including holes with diameters 400 nm, 500 nm,@@0and 700 nm.
The gaps between holes were 500 nm, 1 um, 2 um, and 4 um

Following several optimization trials on dummy wafers, the images on the

mask were successfully transferred. An exanayftier photoresist developmetaken

with microscopés shown inFigure 28.
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Figure 2.8 Microscope image of the structure having 2 um diameter and @m gap obtained after

2.5 sexposure

Checking surface after pattern transfer and development step gives us an idea
about future steps. If there were an intersection between two holes as a result of
overdevelopment, etching step will proceed with wrong initial parameters which wil
definitely end up with different morphajces rather than uniform holes.

2.2.1Basics of Experimental Procedures

Firstly, in order to remove possible particles from the wafer surface,
dehydration prebake process was conducted in a micropoosess at 110 °@r 10
min. After dehydration, S1805 positive photoresist was used for thin coattapa
rpm, followed by asoft bake at 115 °C for 1 miAfter these cleaning and resist coating
processes the wafer was ready for being processed in contact aligne62BVG
Depending on wafer size, the system is prepared with necessary components. After
photolithography step, dry plasma etching parameters should be defined according to
the surface morphology. The size of the features, property of the resist or coated
material are the important parameters to be defined for an efficient process.

We have used STS Multiplex RIE system for our dry plasma etching process.
The system can etch silicon dioxide (iCsilicon nitride (SdNs), aluminum (Al),
benzocyclobutene (BCBpplyimide (PI) with desired depths. It is also possible to etch
nonplasma Si, based on Xenon Difluoride ($e&as.

During dry plasma etching process there are both physical and chemical
reactions[35,77] The process will start with $Bnd Q etching, afte the first step
etched side wall will be protected. If previously etched surface were not protected,
surface topography would end up with conical shape, rather than intended vertical deep
structures. For etching cycle we have used 200 scegmwilitn STX Multiplex RIE
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system. For side wall protection deposition efF§with 2.5 mTorr waspplied for the
initial 1.5 speriod of process. Untill the end of the dry plasma etching process duration,
the ratio was set to 375 sccm depending on the depth ofdifssature. After first 1.5
s, 35 sccm @ flow was initiated Both for deposition, plasma formation, and etching
sequence platen RF power of coil was set at 2200 watt. RF generator initiated with 45
Watt and finished with 35 Watt with platen power pulsatybcycle was 70%, 19.8
ms. Chuck temperature was +10 Each cycle parameters were defined according to
defined texture specifications. For deeper structures process time was kept longer
when compared with shallower structures.

At the end of dry plasmaahing process, we used inductively coupled plasma
(ICP) to get rid of resist residues. ICP is one of the conformal cleaning technique, but
this process should be carried out cautiously, not to give undesired and unexpected
damages to surface. Side wallkich are coated with polymerized resist dgriRIE
process are stripped with ICP at the esidthe proces$86,87] Considering our
s u r fs plyscal and chemical specificationge defined ICP conditions which
finished up with resisfree surfaced-igure 29 shows the image of the surface textured
with RIE and cleaned with ICP.

Figure 2.9 The picture ofthe wafer taken after, 80 dry etching and 30 minCP

2.2.2Surface Analyse of RIE Textured Structures

In this section, examples of various structures formed by RIE process are
presented. The ultimate goal of this study is to understand the applicability of hole

strcutures to crystalline Si solar cell technology and its advantage over other texturing
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schems. We also want to figure out the limits of RIE and other lithography techniques
in patterning the surface of Si waféffable 23 shows the collection of different
samples having hole diameters in betweer50u8n, and pitch size in the 11® pm
interval. These samples were exposed to RIE procesk6fbs We observed some
differences between intended structures defined on tlogiaphy mask and the actual
patterned realized on the wafer. For example for the hole diameter of 2 um, the actual
structure ended up with a diamete2df98 pum, which abouit0% larger than intended
structure.Table 22 shows these differences between intended and realized structure.
These variations are related to lack of detailed optimization of lithography and etching
process for the structures having differentnukéer and pitch siagatterned on the
same mask. However, obtained dimensions are acceptable with respect to designed

geometries and do not cause any problems in reaching conclusive results.

Table 22 Dimensions of samplepatterned with 2 pm diameter and 1 um gap

o Diameter Gap between holes | Exposure time| Develop time
= (Hm) (Hm) (s (9

0] 2.29 1.45 2 50

X

N 2.006 1.003 1.5 40

o

[a) 2.053 0.909 1.5 40

For the holes having[2m diameter, the final diameters were changing between
2.112 pm and 2.087 um. The gap between the holes was 0.8 um and we measured this
length as 1.675 and 1.650 um. The diameter of the holes was smaller and the gap
between them was much larger than what expected. Holes, in fact rectangles,
needed some more time for being developed to give correct sizes. For 3 um diameter,
we measured values varying between 2.910 and 2.842 um. The gap between the holes
was expected to be 3 um an@d measured this lengts 3.27 and 3.1pm for this
sample. Here we could see that the period was 6 um, which we desired, but gap
between holes was aimed to be smaller and diameter to be larger. We were expecting
the diameter of the holes to be 3 pamd here the diameter wa®2um. The gap

between the holes was expected to be 5 pmwantheasured this length as 5.08 and
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5.01um for this sample. Some values were promising, and the ones that were larger
or smaller than what we expected could be corrected with process optinszatio

Table 23 SEM images of samples having different diameter and gap

Dia

Gap

0.8

Wafer including 4 um diameter holes and distances varying from 0.8 to 5 um.
Thewafer was expsed to UV light for 2.5 s and developed for 38+22sshown in
Table 23, holes were close to square shape and seem to be connected to each other.
The structures with these sizes coul dnot
diameter and 1 um gap tells ugtkizes of the real structure to be close to the size of
our mask. We were expecting the diameter of the hole to be 4 um, and here the
diameters are changing between 4.083 and 4.115 um. The gap between the holes was
0.8 um and we measured this length &96.and 0.875 um. For 4 um diameter and 3

pum gap, SEM image shows us the sizes of the real structure to be close to the size of
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our mask. We were expecting the diameter of the hole to be 4 um, and here the
diameters are changing between 4.313 and 4.354hengap between the holes was
3 um and we measured this length as 2.354 and 2.313 um. The diameter of the holes
was bigger and the gap between them was smaller than we expected. First we tried to
look at the structures on the wafers without breaking thermthe depth was much
bigger than the tangent of the tilt angle, for this reason the best view of the depth could
be obtained after breaking the wafers and seeing the cross section of the structure. For
4 um diameter and 5 um gap it was obtained thasibes of the real structure to be
close to the size of our mask. For defined process sequence up to this point we could
observe that, the greater the pitch size, less complicated to make patterning and
etching.

The third dimension, i.e., the depth of th@es were varied by the etch time
during the RIE process. The cressctional view of a typical hole structure is shown
in Table 24 Here we see that well defined awertically aligned structures can be
formed. Even though the distance between two holes is very small (lessrihgn 1
very high aspect ratio can be obtained. The periodic topographic features seen on the
inner walls of the holes are due to the trenathiaefy techniques used in the RIE

method.

Table 24 Cross sectional SEM images of samples having 1 um gap between holes, and diameter
5,4,3,2um

Diameter | 3.94 4.95 3.05 1.98
Depth 10.49 12.45 10.85 10.71

In order toanalyze the fabricated solar celistter a parameteratled hole
fraction isdefined It isthe ratio of hole volume to the total volume of the wafbich

is expressed iEquation 2.6.
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The hole fraction of the samples we prepared in this study is displalyzpine
2.10. We see that we cover a wide range ofedlént hole fraction values between 5%
and 60%.
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Figure 2.10 Hole diameter versus hole fraction graph for holes patterned with contact aligner

SEM images shown ifable2.5 show us examples of hole structuobsained
with RIE, including the limiting cases where nanoscale dimensions can be as low as
230 nm and 400 nm respectively. These dimensions are hardiplea® be reached

with standard lithography equipment.
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Table 25 Top view SEM images of textures obtained with stepper having diameter values
between 0.63 pm and 0.93 pm

Diameter | 0.93 0.78 0.63 0.92
Pitch 2.39 1.43 1.21 1.11

Tum

The uniformity on the suace was checked with SEM analysbtained from
different points of the surface, with maximum 10% of deviation of the dimensions we
could manage to obtain desired specificatiofiable 26 represents holes with
diameter 0.6 and 0.7 pm.

Table 26 Top view SEM images of textures obtained with stepper having diameter values
between 0.55 pum and 0.7ftm

Diameter | 0.62 0.71 0.64 0.55

As the diameter of the hole gets smaller, the process gets more complicated
and difficult. One of the smallest diameters we obtained wagu2%able2.7 shows

holes obtained with stepper and ended up with high aspect ratios.
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Table 2.7 Cross sectional SEM images of textures obtained with stepper having diameter values
between 0.25 pm and 0.71 pm

Diameter [0.25 0.71 0.63 0.71
Pitch 2.85 3.42 1.63 2.71

10 pm

2.2.30ptical Properties of Micro and Nano-Structured Surfaces by RIE

Crystalline Si is a poor absorber in the long wavelength region due to the
indirect band gap structure. For this reason, we need to use thick wafer to ensure an
absorption of full spectrunj2,5]. The absorptionspectrum and corresponding
penetration depth is shown in

Figure 211. We see that the thickness of the wafer is around 100 pum for a
complete absorption in the infrared region. This is one of the reason for the high
material cost in<Si based PV systems.

As discussed above, the use of thin Si wafer is desirable to lower the material
cost. With an efficient light trapping structure incorporated to the surface, a physically
thin wafer can be made a good absorber

possble through an appropriate texturing process.
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Figure 2.11 Absorption coefficient and penetration depth spectra ebicobtained from
spectroscopic ellipsometer measurements inthei300 0 0. nm wavel eng,aid r ange

75° angles of incidence

The uniform distribution of hole patterns incorporated onto the surface of Si
can act as a medium with good light trapping propef28$. In order to test this
feature, we have measured the reflection of the surface patterned with different hole
diameter, pitch size and degtigure 212 a) shows thereflection results of surface
patterned with 4 um diameter and 0.8 um gap between holes having three different
etching times. The longer the dry plasma etching duration is, the deeper the structures
is, hence increasing optical path and ending up withdogfection value$s]. Figure
2.12b) shows the reflection spectra of samples with 4 um diameter and 5 um gap. The
reflection data for the bare Si wafer and pyramid textured Si are both displayed for
comparison. When we investigated these surface features by means of hole density,
holes with snaller gaps will end up with surfaces having more number of holes
compared to surfaces with larger gap between hdkes.larger the gap values, the
closerthe surface profiléo bare silicon surface, having reflection value close to bare

silicon.
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Figure 212 Reflection measurement comparison of surfaces textured with holes ha&ipm
diameter, a) 0.8 um and b) 5 um gapydetched for 40, 80, 168

While making optical comparisons we had three parameters namely;
diameter the gap between holes and dry plasma etching time to see the individual
effects on reflection. In addition to making comparisons for constant diameter, we kept
the gap constant and observed the effect of changing diameter as sivogurer213
a) We observed that the feature having the largest diaffgere 213 b) (5 um) and
Figure 214 a) smallest gp (0.8 pum) etched for 8)has lower reflection value when

compared with holes having smaller diameter and larger gaps.
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Figure 2.13 Reflection measurement comparison of surfaces textured with holes havipg 3%
pm, 5 um diameter, a) 0.8 pm and b)un gap dry etched for 88

When we kept diameter and dry etching time constant for samples shown in
Figure 214 a), as in the case of constant diameter showsgare 214, 0.8 um and 1

pum gap values were the lowest ones. For 1 um gap we obtained around 1% less than
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0.8 um gap, this small difference was acceptable for 3 um diameter represented in

Figure 214 a), and the values were almost the same for 5 um diameter ploEepine
2.14D).
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Figure 2.14 Reflection measurement comparison of surfaces textured with holes havingpei 3
and b) 5 pum diameter with 0.8 um, 1 um, 3 um angu® gap dryetched for 8Cs

We have observed optical information in terms of reflection depending on the
hole diameter, gap, depth values, hence the distribution of holes on top of the surface.
In order to make a better comparison for each periodic patterning, we have calculated
their average reflection values with the formula representédjuation 2.731].

(2.7

Average reflection data is displayed Figure 215 as a function of hole
fraction.Figure 215 a) shows the averageflection value information obtained from
surfaces patterned with um diameter, for this plot we kept diameter constant, and
changed gap values and dry plasma etching duration. We had four different gap values,
0.8, 1, 3, 5 um, and three different etahaurations 40, 80, 160 s. Holes obtained with
longer dry plasma etching time with deeper trench ended up with lower reflection
values hence lower average reflection valliegure 215 b) represents the graph of
average reflection obtained with three different diameters 3urh Subjected to 80 s

of dry plasma etching process. For each diameter we had four different gap values as
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0.8, 1, 3, 5 um. Only for one dapmint, Figure 215 b), 3 um diameter, when the
surface had 50% of hole fraction, the trend of the line changed in ascending direction.

a)

=
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w
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1
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Figure 2.15 Average reflection spectra comparison depending on hole fraction of surfaces textured
with a) 4 um diameter having 0.8, 1, 3, 5 um gap with, 80, 160 tching times, b) 3, 4, 5 um
diameter having 0.8, 13, 5 um gap values with 80eiching

For each diameter, we had four different gap values resulting in four pitch
values. When we plotted AM 1.5 weighted average reflection value as a function of
pitch size we obtaineBigure 216. In Figure 216 a) we kept diameter constant, and
changed etching duration for four different pitches,Figure 216 b) wafer patterned
with three different diameters were subjected to same dry plasma etching conditions.
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Figure 2.16 Average reflection spectra comparison degking on pitch size of surfaces textured
with a) 4 um diameter having 0.8, B, 5 um gap with 40, 80, 160edching times, b) 3, 4, 5 um
diameter having 0.8, 13, 5 um gap values with 80efching
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The trend of the data obtained fréfigure 215is just in the opposite direction
of Figure 216. As the pitchsize increases, the number of holes covering the surface
decreases resulting in the increase of reflection values. Results shbign2.17 and
2.18 are consient and in agreement with the expectation of reduced reflection from
the surface as the ligtvapping ability of the surface imporves with more hole fraction

and less pitch size.

2.3 Surface Structures Generated by Metal Assisted Etching

Met al assisted etching (MAE) was yr st
utilizing a discontinuous layer ofietal in hydrogen peroxide §82) and hydrofluoric
acid (HF) to obtain porous Si and porou$WIcompound semiconductor by Li et. al.
in 2000 and 2002 in contrast to the conventional anodic etching method for porous
semiconductor formatiof88].

During MAE, noble metals are used to initiate local oxidation and reduction
reactions. Metal such as gold (Au), platinum (Pt) and silver (Ag), deposited on the
surface of a semiconductor (e.g. Si) serves as a local cathodtlyze the reduction
of oxidants (e.g. kD) producing holes. Random and periodic patterns can be obtained
with the help of noble metals and appropriate chemical compon€alde 28

summarizes comparison of MAE with other etching techniques bifiefly

Table 28 Typical characteristics of three etching techniques for semiconductof85]

Wet etch Dry etch MAE
Directionality Isotropic Anisotropic Anisotropic
Aspect ratio Low Medium High
lon induced damage None Mild to severe None
Crystal orientation Some Weak Weak
dependence
Etch rate Fast Slow Fast
Sidewall smoothness Smooth Not smooth Smoothor

rough

Chemical selectivity Good Poor Depends
Cost Low High Low

Huang et al. concluded that in solutions with low oxidant concentration,

etching proceeds along the crystallographically preferred <1 0 0> directions, whereas
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etching occurs along theertical direction relative to the surface of the substrate in
solutions with high oxidant concentrations. This was attributed to the competition of
the hole injection (oxidation) and mass transport (dissolution) with respect to surface
atom density. Theraount of carriers (1) injected and consumed could regulate both
the etching direction and morphology. In addition to these, the porosity increases as
the wafer resistivity decreasg39].

MAE can easily be applied to form random structures as well as deterministic
patterns following to lithography processes. It is relatively simple anecéstvsuch
that all process can be carried out in a chemical lab withgpensive equipment.
MAE allows easycontrol of various parameters (e.g., cresstional shape, diameter,
length, orientation, doping type, and doping level). In particular, MAE enables control
of the (1) orientation, (2) shape and (3) size of Si nandsies (e.g., hanorod,
nanohole) relative to the substrate. (1) Orientation of nanostructures can be altered by
changing the chemistry of solution or temperature while <100> is the preferred
direction at room temperature. (2) Unlike \Ab&sed methods thaan only be used
to grow wires with circularcross e ct i ons, MAE i s much more pexi
to make higher surfaem®-volume ratio structures. (3) MAE can be employed to
fabricate straightandwetl ey ned pores or wiredsnmart h di amet
as | arg[889@s 1 em

During MAE of Si, one of the noble metals (mainly, Au, Ag, Pt or Pd) is first
deposited on the wafer and it is immersed into HEAH>O solution. It is weH
accepted that the chemical or electrochemical reactions occur preferentially near the
noble metal. The process can briefly be summarized as follows.

f Atthe cathode (the metal)28; is reduced as ¥, + 2H'Y 2,01+ 2
1 Atthe anode (the silicon subseatThe Si substrate is oxidized and dissolved.
Although the reaction is controversial, there are three main models proposed

for the dissolution process of Si as given below :

Si+4i+ 4 HF s¥4HSor&iR+ 2 HF Sk H (2.8)
Si+4HE - SIiE +2HF + K- +2e (2.9)
Si+2H0 Y SHdkD+4€ & SiO2+ 6 H F,Sits + PH0 (2.10)
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2.3.1Metal Assisted Etching: An Aternative Technique for Surface
Structuring

Metal assisted etching (MAE) technique is a wet etching method for fabricating
random and periodic structures with tielp of catalyst effect of metal®epending
on the type of patterning either periodic or random, photolithography process is
required. In this study, we have obtained periodic hole texturings obtained with MAE.
Prior to wet chemical etching step the waWeas subjected to optic lithography.
Experimental sequence used to generate the patterns with MAE in this work is shown
in Figure 217.

Step 1: Patterning-8i suface was done
with photolithography. The same masks used
dry etching were also used for wet etching proc

accelerated with metals.

Step 2: A thin layer of metal is evaporat
on patterned surface and photoresist is liftec
by using acetoteaving behind the metal islanc
in the region where the photoresist was remo
by the previous lithography step.

Step 3 MAE process was then initiate
using the chemicals described abovke final
step of MAE is getting rid of remaining mete
Depending on type of utilized metal, suitak

chemical solution is applied to remove me

Figure 2.17 MAE process sequence for periodiole texturing
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For periodic patterning we need to Uisleography sequence regardless of the
etchant type. The most critical point for MAE is defining resist thickness and removing
residual resist layer in order not to remove evaporated metal layer during lift off
process.

During MAE, Si under the depositedetal is etched away and therefore the
metal is immersed into silicon substrate. Metal can be positioned onto silicon
substrates by condensation from AgiN&lution or by deposition of Ag/Au metal
using sputtering, beam evaporation, etc. The effects @mperature, light
illumination, and solution chemistry are important parameters defining the final

morphology.

2.3.2Dependence of Etch Rate on Orientation During MAE

In principle, ¢Si has an orientation dependent etch rate which is a function of
the bonding eergy of the surface atoms on that particular plane. {111} surface has
two surfaces with atoms having one free bond ending up with a low surface energy,
one with very high activation energy due to three back bonds. On the contrary, {100}
surface has lowercéivation energy{35]. In this part of our study, we tested the
orientation and having the same hole patterns went through MAE etching process as a
function of etching time as shownTmble 29. This data is also displayed graphically
in Figure 218. From this plot, we calculate the etch rate as 0.43 and 0.13 for (100) and
(111) respectively. We see that (111) surface has significantly lower etch rate than

(100) surfaces as expected frtme higher bonding energy on (111) surfaces.
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Table 29 Comparison of <1:0-0> and <11-1> oriented wafers coated with 25 nm Ag which were

subjected to MAE

Diameter Gap Time Depth Depth
(um) (um) (min) <1-0-0> (pm) | <I1-1-1> (um)
2 1 60 23.20 4.62
2 1 45 17.8 4.21
2 1 30 13.05 4.05
3 0.8 25 11.06 3.45
3 1 18 6.46 2.91
3 3 15 6.02 1.65
3 5 12 3.77 1.15
5 0.8 6 2.86 874.4 nm
5 1 9 4.84 1.33
5 3 6 3.57 386.7 nm
5 5 3 1.75 425 nm
25 | i | I I
A
A <1-0-0> orientation
20 @® <I-1-1> orientation 4
—~ 151 .
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Figure 2.18 Etch rate comparison of wafers coated with 25 nm Ag haviig0-0> and<1-1-1>

orientation

When we used 25 nm Ag for MAE process on top of (111) wafers, due to low
etch rate values, even after one hour etching, when we looked at their cross sectional
view with SEM, we have observed that the depths were not greater tfimanTéble
2.10shows the holes having same diameter, 3 um, and 0.8 um, 1 pum, 3 um and 5 um
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gap between holes. These samples were existing on the same wafer and subjected to
same process conditions. It can be said that the uniformity of textures was perfect, but

for deeper structures MAE technique was not effective for (111) wafer with

aforementioned hole dimensions.

Table 210 SEM images of <111>riented wafers including holes with 3 pm diameter and 0.8, 1,

3 and 5 um gap. 25 nm Ag layer was usetliring MAE

Diameter

5 pm

We also did MAE on <111wafer with 5um diameter and four diéfent gaps
subjected to 20 miwet etching. As tabulated ifable 211 this wet etching duration
is not enough for deep structures, also etching has initiated from side waésholeh

textures.

Table 211 SEM images of <111> oriented wafers including holes with 5 pm diameter and 0.8, 1,

3 and 5 um gap 25 nm Ag layer was usatliring MAE

gl
a1

Diameter 5

=
w

T

2.3.3Plasma PhotoresisDescum
As discussed in section 2.2.1 in detail, plasma descum is a special case of

oxygen plasma which is used to remove thin residual layer of photoresist following
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developing step of lithography. This residddm is typically less than 000
Angstroms,but can interfere significantly in resolving the pattern during etching,
especially if the pattern geometries are small (such as contact windows). A plasma
descumming can generally remove these residues in less than a minute.

The wafers are loaded intcetlheactor chamber, and a plasma is established by
using nitrogen. The wafers are heated during the nitrogen plasma, the nitrogen plasma
is extinguished, and an oxygen plasma is established for the appropriate time, usually
about one minute. Then, the systes vented to atmosphere. The sample is now ready
for etching[91].

Descumming may not always be necessary or desirable depending on resist
residue thickness. Therefore, a careful determination of the reauiteshould be
made before implementing this procedure. The descumming process itself demands
stringent control be maintained so as not to adversely affect the integrity of the
photoresist layer or alter the pattern quality. Serious degradation in themityfof

etching may occur.
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Figure 2.19 Microscope images of holes coated with 25 nm Au having 5 um diameter and period of
6. a) with overlap, b) almost all metal is removed, c) full pattern coverage

In Figure 219, it can be seen that, wrong {otf conditions will end up with
undesired positions of metal layers, which will further affect the etching and final
surfece topographyfigure 219 a) surface ended up with the overlap of metal layers
meaning that during lift off more than necessory resist layer was removed and during
their removal metal layer was also partially removed. If we increase lift off duration,
and make thinner resist layer twibnger descum time, than the top surface of patterned

wafer would be just likéigure 219 b) almost all metal was removeligure 219 c)
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IS a very nice representation of surface for the optimum descum and lift off process

parameters from which we could manage to obtain our patterns successfully.

2.3.4Surface Analyses of Structures Textured with MAE

GUNAM has recently fabricated Si nanowires and nanorods by MAE and
systematically investigated their optical properties as function of their length. Solar
cells in radial configuration were fabricated and tested. In particelaistructures
where organic thin film was used as the top layer on the nanowires, a significant
improvement in the cell efficiency was oisted compared to planar devidég].

Most recently, GUNAM was able to fabricate higspectratio Si nanowires
on solar cells aindustrial scales (156 mm x 156 mm). Surface with random and
periodic patterns is limited by geometrical limitations of selected texture. Although
successful demonstration of solar cells was achieved, these cells suffered from very
high surface recombation due to high surface arg8]. This problem has led to lower
efficiency valies than standard cells. For our hole textured surfaces we tried to
minimize these limitations and tried to obtain best results, whose fabrication
methodology will be possible to be applied to standard solar cell fabrication.

Masks were designed with dfent diameter and pitch sizes, during
fabrication step we could manage to control the depth of textures. During our
experiments, for some cases, we varied the hole depth by the time of etching process.
Depending on hole diameter, the effectiveness of @amto penetrate inside the
holes varied. When the diameter is larger, the process will proceed quicker compared
to smaller diameters. We have made comparisons with keeping some parameters
constant, e.g. diameter, time.

Table 2.12 given &élow shows an eample of a sample set with different hole
depth having same diameter value. SEM images of this sample set are shabiein
2.12. We see that holes exceeding [l can easily prepared by MAE. Thanks to
successful liftoff process, we could manage to obtain uniform hole distribution over
the whole wafer surface. Etcht@adoes not scale with the total area of metal catalyst,
because of variation in solution based etching and possibly due to sharing of generated

holes within adjacent areas.

48



Table 212 Wet etching process details and SEM imaged structures including holes with 3 um

diameter and 0.8, 1, 3 and 5 pm gap

Diameter 3 3 3 3
Gap 0.8 1 3 5
Time 25 18 15 12
Depth 11.06 6.46 5.02 2.66

When we applied different etching times for holes V@ithm diameter, it can
be seen ifable 213that depth increased with increasing etching time just as the same
as we observed for holes havingr®, 3um and 4 um diamters Cross sectional SEM
images tabulated iTable 213 where MAE ended up with randomly distributed
nanowires insle the periodically distributed holes. The reasbthese wires was the
consumption of metals during chemical reaction with different rates. As reaction
proceeds, metal on top of silicon surface aimed to be etched and ended up with holes,
leaves the surface partially and contributes to reaction at eatiopthe surface with

varying ratios depending on residual metal layer.

Table 213 Wet etching process details and SEM images of structures including holes with 5 um

diameter and 0.8, 1, 3 and 5 um gap

Diameter 5 5 5 5
Gap 0.8 1 3 5
Time 6 9 6 3
Depth .8

49

5 um




During MAE, chemical reaction is not occurring just at the desired points of
surface, but it also occurs on the surface which is supposed to be kept as the gap
between holes. Gap betwekales is also affected by the chemical containing HF,
which is very reactive with Si surface which is prone to be oxidized in the solution
during process. After lifoff process, metal is conformably coated on top of the holes,
but when the reaction startsietal also takes part in reaction as a catalyst. As the
reaction continues the surface of hole texturewmistotally covered with metalt is
behaving like a point etchant source for etching process ending up with wires.
Optically perfect contributioof wires end up with electrically undesired structures
such as nanowires in holes which are not easily passivated.

In order to get rid of these wires, and make surface as smooth as desired, diluted
potassium hydroxide (KOH) can be applied. For samplemgalifferent pitch sizes,
different time for KOH wire cleaning process was selected. For structures with larger
pitch size shorter time was sufficient. As the timeKDH texturing increases, this
also makes surface being etchedahittauseadditionaletching textured surface itself
[94]. In theTable 214 below, we see that these wires are etched away and more flat

and uniform hole structures are formed by this method.

Table 214 Cross sectional SEM images of samplhaving 5 pm diameter and 10 um pitch size.
25 nm Ag, 3 min MAE was applied to surface. #) 1 min KOH, c-d) 3 min KOH, (KOH: H 20 =
1:10)

Diameter 5 5 5 5
Gap 5 5 5 5
KOH (min) 1 1 - 3

In addition to silver, MAE was applied to surfaces coated with different metals

such as gold, titanium ending up with different topographiable 215 shows top
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view and cross sectional SEM images of surfaces coated with 20 nm gold and etched
in the same chemical solution just like as silver used MAE.

Table 215 Cross sectional SEM images of sample having 5 um diameter and 3 |gap size. 20
nm Au, 2 hours MAE was applied to surface. &) H20: HF: H 202 (15:4:1), ¢-d) H20: HF: H 20>
(200:63:8)

Diameter 5 5 5 5
Gap 3 3 3 3:_

In some studies, to make a better contact between surface and metal,
researchers suggesteduse an intermediate metal layers, such as titanium, which will
cause preferential material removaltiwdesired aspect ratio82]. Table 216
represents SEM analysis of the surface coated with 4 nm titanium and 20 nm gold.
Reactions occuring on top of the surface gave damages to surface, the uniformity was

protected but etching wamt as well as we planed.

Table 216 Cross sectional SEM images of sample having 5 pm diameter and 3 |graip size. 4
nm Ti and 20 nm Au, 2 hours MAE was applied to surface. a) 1 hour MAE withd20: HF: H 202
(15:4:1), b)2 hour with MAE H20: HF: H 202 (15:4:1), ¢)1 hour with MAE H20: HF: H 202
(200:63:8), d)2 hour MAE with H20: HF: H 202 (200:63:8)

Diameter 5
Gap | 3

5 5 5
3 3 3

4 um
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Different chemical concentrations and metals were used for the same structures
for comparisonTable 217 shows a summary of different MAE trials withfferent
metals and hole configurations. As the time increases the depth increases, meaning
there is enough chemical solution and metal in the medium ending up with etching of

silicon surface.

Table 217 MAE process details for our hole textured surfaces coated with the same thickness of
Ag and Au, etched in HO: HF: H202 = 200:63:8

Dia Gap Time Depth Depth
(um) pm) (min) <1-0-0> 25 nm Ag| <1-0-0>25nm Au
2 1 60 23.20 3.31
2 1 45 17.8 2.43
2 1 30 13.05 1.12
3 0.8 25 11.06 952.1 nm
3 1 18 6.46 446.9 nm
3 3 15 6.02 243 nm
3 5 12 3.77 -
5 0.8 6 2.86 -
5 1 9 4.84 -
5 3 6 3.57 -
5 5 3 1.75 -

During our MAE experiments, we have observed that using gold ended up with
shallower holes compared ®lver as shown in literaturgd5]. For shorter wet
chemical etchinglurations, less than 12 msurface was almost had zero depth having
surface corrugationsigure 220 shows the experimental etching parameters that we
have observed after making MAE with 25 nm gold and silVee waferghat were

used during thisvet chemicaktching study had <@-0> oriertation.
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Figure 2.20 Etch rate comparison 0k1-0-0> oriented wafergoated with 25 nm gold and silver

FromFigure 220etch rate of silver from the slope of depth/time line calculated
as 0.42, where the etch rate of gold was 0.05. From the process outcomes we can
conclude that deeper structures can be oldainth silver including wires inside. The
wires can be removed with KOH texturif@d]. Gold assisted wet chemical etching

ends up with shallower structures compared to silver assisted wet chemical etching.

2.3.50ptical Properties of Micro and Nano Structured Surfaces Prepared
by MAE

Optical properties of wet chemical etching technique applied surfaces with
different surface properties such as diameter, pitch and depth were analyzed and
compared. The chemical composition of the solution smperature were kept
constant. For reactions we have changed the metal thickness and the duration of
reaction. As represented in section 2.3.4 in detail, SEM images let us know the textures
obtained on top of the surface. Randomly distributed wires engieriodically
patterned holes ended up with low reflection values, almost lower than the state of the
art pyramid textured surface.

Reflection from samples with different hole diameters and gaps are shown in
Figure 221a)for 3 um diameteFEigure 221 b) for 5 um diameter. After lithography

step, short oxygen plasmasdem was applied to the surface. After that 25 nm silver
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was evaporated and chemical wet etching was done for one Swtace textures
obtained with dry plasma etching had reflection values lower than bare silicon, but
higher than pyramid texturing. FOMAE it can be seen that the avesageflection
values as low as %ohave been obtained, whialas %42 for pyramid texturing. This
was achieved before SiNx deposition. We can expect further reduction in reflection
after SiNx deposition.

When the diameter was kept constant and gap size varied, smaller gap
dimension gave the lowest reflection values. The more the number of holes on top of

the surface, the more effective trap light resulting in lower surface reflection as shown
in Figure 222.

a) 3 pm diameter b) 5 um diameter
60 T T T T T T T 60

= Bare Si Wafer
Text. Si wafer
= {().8 pm gap
m— ] pum gap

3 um gap

5 um gap

Bare Si Wafer | 1
Text. Si wafer
=——(0.8 um gap )
| pm gap
w13 pm gap

5 pm ga

504

40 4

.
(=)
1

Reflection (%)
Reflection (%)
E
1

T T T T T T T T T T T T T T
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
‘Wavelength (nm) Wavelength (nm)

Figure 2.21 Reflection measurement of surfaces coated with 25 nm Ag, including holes with a) 3

pm diameter and 0.8, 1, 3, 5 pgap and b) 5 um diameter and 0.8, 1, 3, 5 um gap

In order to make better comparison we used the same wafer coated with 25 nm
gold, which was processed with the same parameters as the same as silver evaporated
one. Wet chemical etching duration was dtdeen as 1 houFEigure 221 a) showsthe
reflection values of samples withum diameter and for 0.8, 1, 3, 5 um gdfigure

2.21b) with 5 um diameter and for 0.8, 1, 3, 5 um gap values.
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Figure 2.22 Reflection measurement of surfaces coated with 25 nm Au, including holes with a) 3

pm diameter and.8, 1, 3, 5 um gap and b) 5 um diameter and 0.8, 1, 3, 5 um gap

Reflection measurements of MAE applied surfaces have lower values
compared to RIE applied surfaces due to random nano wires inside periodically
patterned holes. For optical properties &éealues are aimed to be achieved, and will

end up with high efficiency solar cells when electrical enhancement can also be
managed.
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Figure 2.23 Average reflection spectra comparison depending on pitch sizes. MAE apypfitda)
25 nm Ag, b) 25 nm Au

The lowest average reflections were obtained from pitch sizesuof @nd 6
pum as shown ifrigure 223. These values were obtained from the surfaces coated with
25 nm silver. I n addition to silverads hi
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with the same process conditions, it isgbke to obtain deeper structures including

wires inside with the effective etching properties of silver.

2.4 Submicron Periodic Patterning by Nanoimprint Lithography

Surface texturing is an effective and more lasting technique in reducing
reflections and immving light trapping compared anti reflection coatings. Although
thin film solar cells offer the advantage of the reduced material cost, transmission
losses are increased and cell performances are degraded as absorber layer become
thinner. Up to now, in ferature there have been many ways used for the fabrication of
nanostructures as mentioned in Chapter 1, section 1.6. Patterning thinner substrates
with nanoimprint litography (NIL) is one of the hottest topics of solar cell technology.
Many research grogpare trying to optimize their processes and increase the efficiency

while decreasing the cost of theoduct[23].

2.4.1Basics of Experimental Pocedures

In this part of tle thesis, which was conducted at IMEC, we aimed to obtain
periodically arranged structures using NIL patterning, which is assumed to be one of
the most promising and relatively low cost methods compared to other techniques of
surface patternin[®6]. For NIL process what should be done first is to design a master
stamp with desired sizes and let it be produced with stepfier obtaining master

stamp, soft stamp was fabricated and pattern transfer was made.

1) Master stamp  2) Anti-stick coating ~ 3) Molding 4) Anti-stick coating

Figure 2.24 Schematic representation of soft stamp fabrication process step

Figure 224 briefly represents the fabrication schematic of soft stamp
fabrication as:
1. Preparing master stamp (5x5): Master stamp should be cleaned for about 10

min in SPM solution (02:H.SQy=1:4), 2 min HO: HF: HCI=20:1:1, 5 min
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SPM H202:H2SOs=1:4), and in between each step kept it in deionized (DI)
water till resistivity value became 0.25 respectively.

2. Deposit Octadecyltrichlorosilane (ODTS): We waited for two hours af@60
for the oven to reach therhperature, and stabilize at that level. What is crucial
at this step is to take ODTS outside refrigerator for letting it get close to room
temperature. During process 60 ul ODTS was used, coating lasted for one hour,

and the pressure was around 2r8Torr.

3. Molding soft stamp: Liquid Silicone elastomer and an agent, which initiates
polymerization reaction, are used for this step. Silicone elastomer has long
chains, and agent creates a bridge in between these long chains, with this base
agent interaction wget long chains connected to each other with bridge
agents. The rule of thumb for this mixture is to make a mixture consisting of
10/1 ratio of liquid Silicone to agent. After making a good mixture we poured
it over our master stamp anepk inside an ovewhich was 80C for two
hours. In order to be able to manage pattern transfer and successful removal of
soft stamp we kept it for one day, than with a careful detachment we can get

our soft stamp.

4. Depositon of ODTS to our soft stamp: This step is thensaas applied to our

master stamp.

'S 4
» 1

5) Spin-coat resist 6) Heat up 7) Press 8) Cool down - detach

Figure 2.25 Schematic representation of imprint process step

In Figure 225 imprinting step is depicted. In order to make imprint, the resist
should be hot enough to transfer the pattern of the master stamp. Depending on the
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stamp size and the depth of the pillaesnperature and force to be applied can be
defined as:
5. Resist Coating: Thickness of the resist was defined depending on the soft stamp
pitch and depth sizes. MR7010 positive resist was used during coating with

1000 rpm 500 rpm acceleration with 30spin time.

6. Heating: In order to pattern the resist with desired features, it can take form of

the master stamp when we increase the temperature.

7. Imprint: Process was done at 180applying 3.75 kN for two minBefore
applying pressure we kept our wafer loot bottom chuck for one minThe
force to be applied depends on soft stamp volume, this value is valid for master

stamps with 5x5 cm dimension.

8. Detachment: During detachment of imprint step applied force is needed to be
kept constant and the time necess$aryooling down should be optimized for

this step.

Regardless of etching type (either wet or dry) residual resist layer should
be removed. As depicted Figure 226, for dry etching oxygen plasma can be
applied to dissolve the resist. Oxygen plasma is also applied to obtain a uniform

resist thickness on surface

LLLLLLLLYI [11tttttn1

e o >

9) Etch residual layer ~ 10) Etch Silicon 11) Dissolve resist

Figure 2.26 Schematic representation of pattern transfer and etching process steps for NIL method

9. Residual layer removal: A few seconds of oxygen plasma was sufficient for
residual resist layer. The thickness of resist was checked and depending on the

stamp size ahresist thickness appropriate cleaning time was applied.

10. Etching: Either wet, or dry etching can be selected after pattern transfer.
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11.Resist removal: At the end of imprinting and etching steps, the surface should

be cleaned, in order not to remove anyst®@sidues.

Above mentioned process steps are applied to all wafers during NIL process.

The most cruci al and

only def.

ni

ng

step

after these unique parameters, also etching process is crucial, as the desiredrdep

be varying and requires many optimizations.

For different stamps, different process parameters are required, such as resist

thickness, applied force, oxygen plasma time and gas flow rates. We have worked with

five different master stamps as tabathtin Table 218, with different pitch size,

diameter and the depth of pillars which will end up with holes having the same depth

of these pillars of the master stampresist coated wafers.

Table 218 Mask dimensions for master stamps

Pitch (nm) Diameter (nm) Depth (nm)
900 310 (*590) 150-160
800 550 (*250) 200210
600 380 (*220) 150200
600 240 (*360) 120130
400 200 (*200) 100110

(*The values for diameter are the ones that we are expecting to obtain for soft

stamps)

Dimensions of stamps were checked with SEM. During soft stamp fabrication

step 8 shown ifrigure 225, detachment part is getting more complicated for shapes

having smaller dimensions. Some stamp fabrications ended up with undesired

dimensions, especially for larger soft stamps (10x10), for this situation, soft stamp can

be created with smaller dimensions (2x2). The smaller the stamp size, the less risky

for fabrication process due to easy and uniformly detachment possibility. As shown in

Figure 227, the width of pillardS), width of the holeg$W) and the depth of these two

parameters will define the resist thickness.
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Figure227Schematic representation of residual resist

dimensions representation

The dimensions of master stamp gives the exact thickness of residual resist
layer. FromS and Wi, final residual resist layer thickned#)(can beextracted from

the initial resist thicknes$1¢) as shownn Equation 2.7 and 2.§97].

™ @ v 2.7,
with fill factor v:
. B wQ b g
U ——
O o0 (2.8

Master stamp sizes as showrilable 218let us defingesist thickness. With
the correct resist coating recipe possible undesired imprinting faults during lithography
step could be eliminateth Table 219, depending on OBDUCAT resist data sheet,
resist thicknesses for different coating recipes could be defined experimentally.
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Table 219 OBDUCAT resist thicknesses depending on different coating recipes

Spin rate Acceleration Spin time Bake time | Resist thickness
(rpm) (rpm) () (©) (nm)
3000 500 30 60 108.5
2000 500 30 60 117.6
1500 500 30 60 131.9
1200 400 30 60 148.6
1000 500 30 60 160.8
800 200 30 60 185.3
500 100 30 60 211

When the spin rate was increased, the thinner resist layer was obtained, which

would be desired for smaller pillars with smaller pitch and depth values calculated

from Equation 2.8.

Each stamp with iteinique specifications was optimized with NIL patterning

technique and prepared for different etching methods. Depending on etching sequence

desired patterns could be obtained with almost the same dimensions as the master

stamp. The problematic parts of@tay process was mostly related to feature sizes but

more critical part was related with thinner waf@8,99]. NIL pattern transfer and wet

chemical etching combination are veatyallenging process sequences which need to

be handled and developed for each stamp and etching type separately.

2.4.2MAE with NIL

Patterning could be successfully applied with NIL, after pattern transfer step

either wet or dry plasma etching sequence caselexted as shown Fable 223. As

the core of this thesis is to make comparison between etching techniques combined

with different patterning methods, we have congbiretal assisted etching (MAE)

technique with NIL patterningwhich was investigated as an alternative texturing

techniqud100].

For MAE, our samples were coateath MRI-7010 resist, which werased

during NIL patterning step, with the same conditions used for dry etching. During NIL

processbefore doing any etching stephat we first should do is getting rid of residual
de

Undesired residual resist layers will end up with unexpected features. In order to

resi st

| ayer

nsi
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prevent such an undesired morphology, we have made optimizations for NIL and could
manage to make successful lift off step with the helpgfl@&ma descun87].

Before 25 nm Silver (Ag) eymration, we applied 5 and 60 O, plasma
descum to remove residual layer, andan be easily said that Gapplicationgave a
better result than 5 &fter O; plasma descum, sanagl were coated with 25 nm Ag
using thermal evaporation and ready for wet etching in a chemical mixturgdof H
H20> : HF = 200 : 8 :63.

For MAE, process conditions could be optimized in a better way as NIL is by
itself a complicated process, and when comab with MAE, experiment was more
complicated as expected. Thest improvement thate could manage was to make

pattern transfer with NIL and obtain a form surface after MAE process.

2.4.3Surface Analyse of NIL Textured Structures

After selecting thestamp and making lithography process optimizations for
that stamp, etching process was optimized. Resist thickness, wet and/or dry etching
conditions, residual resist layer removal vary upon stamp size. Each process step was
developed and optimized and withe help of surface topography analysis we could
make better process in terms of pattern transfer and etching. During dry etching step,
in order to remove residual resist layer and obtain a uniform resist on top of the
imprinted wafer, short €plasma wa applied to all surfaces, which is one of the most

important process steps to proceethweorrect texture parametd].
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Table 220 NIL with master stamp having 800 nm pitch and 550 nm diameter

SEM image of NlLapplied surface with
the mask having 800 nm pitch and 550 nm
diameter. Force to transfer pattern was 3.75 ki
Oz plasmas0W, 50 sccm 5 s

Sk RIE: 100W, 30 sccm 15 s
Oz plasma: 50V, 50 sccm 180 s

SEM images of first NIL samples with 800 nm
pitch and550 nm diameter. Force applied was 3.
kN. These saples were drnetched for 45 s
Oz plasma: 50V, 50 sccm 5 s
Sk RIE: 100W, 30 sccm 45 s
O2 plasma: 50V, 50 sccm 180 s

In Table 220, it can be seen that, the depth of obtained structures increased, as
the etching time increasgdthichwas expected. During dry etching what we first did
was a short plasma descum dependorthg on st
sample we used master stamp having 800 nm pitch and 550 nm diameter. At the end
of etching process we selected oxygen plasma cleaning, by means of surface texture
either plasma cleaning, or acetone removV,
Whenwe started working with master stamp having 900 nm pitch and 310 nm
diameter, we have defined new process parameters in order to proceed with desired
surface patterns. Resist thickness and dry plasma etching conditions were defined after
checking surfacenorphology with SEM tool. IMable 221it can be seen that wrong
detachment, and long etching duration ended up with random, undesired surface
textures.Table 221 d) is representing the correct surface morphology with uniform

expected distribution.
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Table 221 NIL with master stamp having 900 nm pitchand 310 nm diameter

SEM image of 900 nm pitch and 310 nm diamete
master stamp, some small parts of the wafer surfg |
were patterned, and some parts were not due to e
soft stamp quality or resist coating recipe. The
thickness of the resist was 145 rand dry etching
time was 30 s

SEM image of surface having 108 nm resist, whig
had the spin rate of 300pm, and acceleration of 50
rpm, his sample was etched for 4fsorder to make
comparisons. It can be seen that imprint process \ §

partially achieved.

SEM image of surface having 160 nm resist, whig
had the spin rate of 100pm, and acceleration of 50
rpm, his sample was etched for 4fsorder to make

comparisons. It can be said that during detachme

very small area was wrongly remexl.

SEM image of surface having 180 nm resist, whid [£&
had the spin rate of 80pm, and acceleration of 200 (&
rpm, this sample was etched for 60mprint step was
successfully achieved. The only problem is features §&
too close, additional etching magcse overlapping.

Table 222 gives information about surfaces textured with the stamp having
600 nm pitch and 380 nm diameter. This stamp is relatively more challenging when
compared with other stamps having larger pitch size and diameter of holes. What we
did was conduct spin coating with the spin rate 800 rpm and acceleration 200 rpm
ending up wh 182 nm thick resist. Residual resist layer was around 20 nm which was
removed with oxygen plasma and ended up with uniform resist thickness all over the
surface. We aimed to use soft stamp more than once, and tried to obtain how many
times we can manago make pattern transfer with the same stamp. We could manage
to use twelve times, after each imprint process we cleaned the soft stamp, but we

observed some surfaces with unexpected morphology due to some resist residues left
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inside soft stamp pillar, roinsufficient ODTS coating of soft stamp ending up
hydrophilic rather than hydrophobic.

Table 222 NIL with master stamp having 600 nm pitch and 380 nm diameter

SEM image of of 600 nm pitch and 380 nm diamet
sized master atnp. During lithography the spin rate

was 800, and acceleration 200 rpms tsample was

etched for 15.sThis sample was the second use of 1
soft stamp with the predefined sizes.

SEM image of 600 nm pitch and 380 nm diameter s

master stamp. This was the third use of the soft sta

All dry etching process parameters were kept the sg

The only difference was etching tinthjs wafer was
etched for 45.s

SEM image of surfacienprinted sixth time with the
same master stamp. Due to either insufficient filling,
inadequate ODTS coating of soft stamp may end |
with resist filled parts of the stamp which was carrie(
next imprinting processes.

Table 223 NIL patterning and MAE with master stamp having 800 nm pitch and 550 nm
diameter after 25 nm Ag evaporation

SEM data the mask havin
800 nm pitch and 550 nm|
diameter with 3.75 kN
force and
5 sOzplasma descum, an
3 min MAE

We have combined NIL patterning and wet chemical metal assisted etching
technique. During MAE we got the best uniformity with the stamp having 800 nm
pitch and 550 nm diameter. Before lift off a short plasma descum let us end up with
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successful metal coaty. After checking surface coverage we initiated wet chemical
etching process. Based on our experiences we selected silver to etch silicon surface.
We aimed to obtain shallow depths and as uniform as possible structures. For shallow
holes short etching ties would be enough, we have chahge&hing time between 3

min to 30 min, and we obtained that 3 minetching ended up with best uniformity.

SEM image shows us a hill just in the middle of the surface, this may be due to multiple
usage of soft stampale 2.23shows SEM analysis of the surface patterned with NIL

and subjected to MAE.

SEM analyses gave us an idea about surface morphology, but from a limited
area. When we wanted to check whole surface uniformity, we needed a more efficient
way of analyzingtechnique. Atomic force microscope (AFM) let us check larger
surface areas within shorter times compared to SEM. We obtained that we could
manage to make a successful pattern transfer and define correct etching parameters
ending up with desired patternBable 224 represents surface morphology of two
different stamps ended up with uniform pattern. We also tried to apply different forces

and the stamp with 600 nm ditand 380 nm diameter gave better topographies with
3.03 kN.

Table 224 AFM analyses of surface textures obtained with two different stamps

AFM image of surface in which new starap Py
sized 800550 nm used and @3 kN force was .,.;:-.:'.‘.. "
applied. The less the force the better the ;‘;‘.'- sssess .
. . . . )....o..........‘.
pattern we obtain for this size. 170 nm thi¢ 1%% ssesesiessis X
resist was appliedith prebake step for 30 . '9’:“.:‘.0.‘.‘.‘...-.'.'.; ’
min at 200°C as told in material data sheet % '.‘.’.'o .y
9
AFM image of 600 nm pitch and 380 nm| . ews i wenuses .
diameter sizednaster stamp with 83 kN T rr e ety
force applied to the surface. The wafer wd gEE';'.‘.’;’;:’.’{;‘.‘.’-_’{:_
patterned first time with the soft stamp. ‘.'..'oj",'.'.:-:',’.’..';':’.’..';':
Detaching from master stamp was challeng E'.‘..'-:;‘.'..';';’.’..'-},‘.‘..’;
due to small sizes but seems promising. "::‘-E’:::':E::E’:‘.’-:
PRI NI
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At the end of whole analysevehave observethat we sould keep the stamp
resist free. Any deterioration of the stamp would be transferred to future imprinting
process. Partial removing it may have been due to inadequate ODTS coating which

caused surface act as hydrophilic rather than hydrophobic.

2.5Hole Colloidal Lithography

In order to increase the competitiveness of photovoltaics, in addition to reduced
fabrication costs, high solar cell efficiencies with minimum material cost is required..
One solution suggestion for this is working with thinn&isubstates, however Si is
an indirect bangyap material and light absorption is not sufficient. To handle this
problem different texturing methods are utilized to improve light trapping properties
of the surface, and the most promising method is combining pe/odl random
structures together as mentionedimapter 1.

Introducing random textures with conformal coatings can be achieved with
hole mask colloidal lithography (HCL) that enables the fabrication of plasmonic
nanostructures with short range order. HEds previouslyised for organic solar cells
[101]. Randomly distributed textures will be combined with periodic structures,
offering disordered features will be better than bare periogi¢aktured surface
morphology[{102,103]

2.5.1Basics of ExperimentalProcedures

The process building blocks are showrFigure 228. The polystyrene beads
(PS) are adsorbed on top of the surface and the etch mask is deposited. lizuring t
adsorption stepFigure 228 a), pattern is defined on Si surface. In order to make a
conformal coating, the distribution of PS beads with the position, widthlrek f
the holes should be optimized. Before spreading PS beads, the surface is coated with
three layers: polydiallyldimethylammonium (PDDA), poly sodiumstyrenesulfonate
(PSS), aluminum chloride hydroxide (ACH). These layers are positively charged, and
after spreading negatively charged PS beads will cause an attraction between beads
and the surface, which is desired. In the system, there will be a repulsive force due to

same charged PS beads. With the effect of these repulsive and attractive forces the
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distribution of beads will be defined. After the removal of PS beads either dry or wet
etching technique can be selecj@d.

a) Adsorption of PS beads

substrate

()

b) Etch mask deposition

substrate

c¢) PS bead removal

substrate

d) Pattern transfer

Figure 2.28. Schematic representation of HCL process adsorption of beads, b) etch mask

deposition, c) PS bead removal, d) patteransfer

The bead size will define the dimension of the features that are intended to be
obtained. The smaller the bead size, the easier to control on the surface coverage. When
the bead size gets bigger, the probability of agglomeration gets highein, with end
up with larger unexpected features. The etch mask shokigune 228b) is expected
to be thick enough to survive during etching and thin enough toestiad bead

removal. For HCL process we used samples fabricated with lujwrathin
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monocrystalline silicon layer called epifree. Epifree layer ivasded to glassand

approximately 50 nm Aluminum (Aljasdeposited on top of bead covered surface as
shown in Figure 229.

epifree Fputiee
a) b) Al
glass glass

Figure 2.29 Schematic representation of substrates used for HCL having epifree layer bonded to
glass, a) without Al, b) with Al

For etch mask deposition various deposition techniques can be used such as
thermal evaporation-leeam and sputtering.

2.5.2Surface Analyses d HCL Textured Surfaces

In order to see the effect of hole colloidal lithography on surface morphology
we have used different bead size and etching times. Depending on process parameters
we ended up with surface covered with random holes, squares, dependitching
type pyramids with full surface coveradeigure 230 depicts the surface of 1 um
epifree layer bonded to glass with Al mesh layer in between and P$ teeadg 20
nm bead size etched for 45 s and 3Bsthe etching time increased, the diameter of
the beads increased ending up with larger features.
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Figure 2.30 SEM image of HCL applied. The surface was 1 um epifree layer bonded to glass with
Al mesh layer in between and PS beads having 270 nm bead size. @hipgtwas done for) 45
and b) 35 srespectively

In this thesisthe diameters of the beads were wagyfrom 270 to 510 nm.
Depending on etching type (dry plasma or wet chemical anisotropic etching) and bead
size process conditions were optimized. As depictddgare 230. When we change
etching duration, surface has different pattern distribution. In addition to difference in
depth, the gap between beads end up with smaller values (some of them have
agglomer#&on). When we kept dry plasma etching time constant and changed the bead

size, surface ended up with better coverage with larger beads as shHeaguren231

Figure 2.31 SEM image ofHCL applied surfaces with 45 dry etching. The bead sizes weaap410

nm andb) 510 nm respectively.
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When the surface was covered with smaller beads, the random distribution was
not totally covering whole surface like big beagéigure 232 shows dry etching results

of the surface covered with 270 nm bead size.

Figure 2.32 SEM image ofHCL applied surfaces with 50 dry eching, the bead size was 270 nm

HCL patterning can also be applied to thinner surfaces. The core part of this
study is to work with thin wafers, epifoils. 40 um thick epifoils were shown to be best
selection for solar cell fabricatid®8,99] In Figure 233, it can be seen th&br 510
nm bead sizes, 4508y etching ended up with some intersection of beads. During dry
etching process we could manage to work
detadiment, due to vacuum process step during lithography. Thanks to HCL random

pattern transfer technique and well surface coverage.
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Figure 233 SEM image of HCL appkd to 40 um epifoils with 45dry etching, he bead sizevas
510 nm

It can be seen from SEM images that surface textures are almost similar with
periodic patterning achieved with lithography based techniques. The only difference
is, for HCL the position of nanostructures is depending on the bead position and
diameter. Bead to bead and bead to surface reactions will differ depending on initial
bead size. The defining critarfor bead size and position atefined with dry plasma
etching conditions. The larger the initial bead size, theetattge final structw size.

The sizes of features aglepictedn Table 2.25

Table 225 Initial bead sizes and final dimension of features obtained with dry plasma etching

Bead size Etching time Final dimension Depth
(nm) (s (nm) (nm)
270 50 550 450
410 55 760 550
510 55 900 600

After pattern transfer with HCL either wet or dry etching techniques can be
selectedDuring wet anisotropic etching we used tetramethylammonium hydroxide
(TMAH). What we first did was to get rid of residuakist layer and initiate etching
for inner side of structures using dry etchingp@sma and SSRIE would be the best
dual action for this process. The samples were coated with OBDUCAT resist, which

was thicker than NI applied surfaces. OBDUCAT didduse PDMStheir soft stamp
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was much thinner than ours, and the size w310 cm. Larger soft stamp size is
more challenging than smaller sizes as mentionedhiapt@r2. Our dry, and wet
etching recipes were:
Wet | : G plasma50 W- 50 mTorr 50 sccrm 20 s
Sk RIE, 100 W- 100 mTorr 30 sccm 10 s
Wet Il : Oy plasma, 50 W50 mTorr 50sccn: 40 s
Sks RIE, 100 W- 100 mTorr 30 sccrm15 s
HO: TMAH=3:2

Table 226 Wet TMAH etching comparison between NIL and HCL applied surfaces

SEM image 40 um epifoil on moneSi
800 nm pitch size, with OBDUCAT resist
Dry etching+ Wet |
@ 60 °C , 55 §MAH etching

SEM image epifree on moneSi
630 nm bead size
Dry etching+Wet |
@ 80 °C, 6 min TMAH etching

SEM image 40 pm epifoil on moneSi
270 nm pitch size, with OBDUCAT resist
Dry etching+ Wet |
@ 60 °C ,1 min 30 s TMAH etching, 5®; plasma

SEM image 40 pm epifoil on moneSi
150 nm pitch size, with OBDUCATesist
Dry etching+ Wet |
@ 60 °C, 1 min 48 s TMAH etching, 5@, plasma
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When wet chemical etching results of NIL and HCL applied surfaces were
compared iMable 226. It can be seethat insufficient etching duration ended up with
almost any textures on top of the surface. NIL ended up with a very uniform
distribution with full surface coverage.

TMAH at 80 °C caused 40 um epifoils to extract, which is undesired. Lower
process temperatures let us work with thinner substrates. The most difficult parts of
working with thin foils were handling and processing, and when wet etchimgined
with these Wwo challenges, the situation gets more complicated. For HCL, the beads
and the mask could survive with the wet etching procedsigire 226, wet TMAH
etching compason made between NIL and HCL samples. Insufficient etching time
ended up with unexpected surface patterns. The temperature and the duration are the
most crucial parameters for wet anisotropic etching method. Each pitch size for NIL
and bead size for HCended up with different depths and distribution depending on
process type and duration. Fabricated periodic and disorder introduced periodic

features that are optically evaluated in section 2.4.2.

2.5.3Comparison of HCL and NIL in Terms of Optical Properties

Both HCL and NIL patterned surfaces were well patterned when correct
process conditions were definetiarting withrequiredresist thicknesdill the end of
whole etching sequence. Each step was connected to each other. For NIL patterning
continued with MA: technique the core part is correct lift off, after this step one can
proceed with correct process conditions ending up with desired topography.

When we investigated surfaces patterned with HCL and NIL we can say that
some surfaces had reflection values lower than pyramid textiiggre 234 shows
the reflection values of surface patterned with NIL and 25 nm silver was coated for
MAE. The stamp was having 800 nm pitch and 550 nm diameter subjected to two
different wet chemical etching duration and two different oxygen plasma descum time.
As the etching timencreased, we can see the @ase in reflection, and 50§ plasma

descum gave the best result.
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Figure 2.34 Reflection data of surface having nanostructures after 25 nm Ag evaporation a6d 3

min MAE applied with two different plasma descum time

When the coated metal layer was changed with titanium and gold, after NIL
patterning, MAE step was also successfathieved and uniform distribution was
managed. The reflection valustiown inFigure 235 were lower than pyramid

texturing, but not lower than Ag assisted wet clualy etched surface.
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Figure 2.35Reflection data of surface having nanostructures after 4 nm Ti and 20 nm Au

evaporation and 3090- 120 min MAE applied with the same plasma descum time
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There have been many parameters twatld be changed to obtain various
surface textures and pattern distribution. Depending on pattern transfer process and
etching sequence, final form of textured surfaces were investigated.

Process details were analyzed depending on substrate type, bead size for HCL,
stamp dimensions for NIL and either dry plasma or wet chemical etching selection. In
order to define bead and pitch size of unique dimension with one expression, we used
i p h irahe dimensionTable 227 summarizes process details and name of the

samples subjected to HCL and NIL pattern transfer.

Table 227 Process details and wafer characteristics of the surface patterned with HCL and NIL

Wafer ID Type Phi (nm) Process Details
a epifree, Al, NIL 680 40/ 50/ 180 s
(obducat resist)
b epifree, Al, 680 40/ 50/ 180 s

NIL(obducat resist)

c1 epifree, no Al, HCL 270 100mTorr/ 100W/ 100sccmi 45 s
c?2 epifree, no Al, HCL 270 100mTorr/ 100W/ 100sccmi 35 s
d1 epifree, Al, HCL 270 100mTorr/ 100W/ 100sccmi 45 s
d 2 epifree, Al, HCL 270 100mTorr/ 100W/ 100sccmi 35 s
e poly Si, HCL 410 100mTorr/ 100W/ 100sccmi 45 s
f poly Si, HCL 510 100mTorr/ 100W/ 100sccmi 45 s

Substrate types are divided into two groups as showigure 229, there are
aluminumand glas®etween thin epi layers, or not. Depending on Al abundance, after
etching step removal of this intermediate Al layer was required. We have set a process
matrix kefore starting our etching step. For the same bead sizes, depending on the
available number of samples, we changed etching procesd-tognee 236 shows the
reflecion data of c_1 and c_2 samples patterned with HCL, having 270 nm bead size
and subjected to dry plasma etching. With the increase in etching time, lower reflection

value was expected.
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Figure 2.36 Reflectance curves of periodic nanostructures obtained with dry plasma etching

When we make a comparison between HCL and NIL patterning technique, we
can conclude that NIL patterned surfaces have slightly lower reflection valgase
2.37 represents the reflection values of surfaces having process parameters tabulated

in Table 227 andFigure 243 represents the average reflection values of the surfaces.
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Figure 2.37 Reflectance curves of periodic nanostructures summarizedatle 227, obtained with

dry plasma etching
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When we consider the transmission values of the samples, whose process
details summarized ifable 227, Figure 238 shows their transmission curves after

dry plasma etching.
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Figure 2.38 Transmission curves of periodic nanostructures summarized able 227, obtained

with dry plasma etching

To summarize our optical analgsef samples patterned with NIL and HCL,
which are subjected to same dry plasma etching process sequence irf {@oosss
conditions, only the time was varied, the best optical results were obtained with NIL
patterned sample, and the pitch size of the stamp was 680 nm, which corresponds to
sample a imable 227.

In addition to dry plasma etching, we have done wet chemical etching to
surfaces patterned with NIL and HCL. The substrates that we have worked were thick
and 40 um thin epifoils bonded tdags with silicone. Both types of substrates were
patterned with different bead sizes for HQOlable 228 summarizes our substrates,

patterned with HCL having differéphi values and wet chemical etching duration.
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Table 228 Substrate details patterned with HCL and subjected to wet chemical etching

Wafer ID Type Phi (nm)| Temp (C) | Dry etching Wet etching
p HCL 410 60 5 sSK/O2 4 min 10s
q HCL 510 60 X 7 min

rl HCL 270 60 X 8 min
r 2 HCL 270 60 X 14 min
r3 HCL 270 60 5 sSK/O2 8 min
r 4 HCL 270 60 5 sSK/O2 6 min
S Epi-HCL 270 60 5 sSK/O2 1 min30s
t Epi-HCL 150 60 5 sSK/O2 1 min 48 s
w1 HCL 850 80 X 6 min
w_2 HCL 850 80 X 5min 30 s
x 1 HCL 630 80 X 6 min
X_2 HCL 630 80 X 5min 30 s
y 1 HCL 270 X SF-02-100W 40 s
y 2 HCL 270 X Sk-02-100W 45 s

Some of the samples were subjected to dry plasma etching, followed by wet
chemical etching. The reason of tmgial dry plasma etching was to accelerate wet
etching. For HCL, we had beads on top of the surface, which were needed to be
immersed in substrate resulting with etching. It can be seen that, the samples having
short dry plasma etching required shortat wtching durationDry plasma etching
provided beads to immerse inside the surface, hence shorter duration was enough for
the samples subjected to this process.

After our experiments, we have checked the uniformity of the HCL patterned
surfaces, for somef the samples subjected to wet chemical etching, we could partially
manage to obtain uniform distribution of intended patterns. In order to distinguish the
effect of uniformity on optical performance, we have carried out reflection
measurements from défent parts of sample y_1 patterned with 270 nm bead@nd 4
swet TMAH etching applied. As shown Figure 239, almostthere is40% difference
of reflection values of different parts of the sample. The effect of patterning could be

seen by nakedye also, the shiny part, having the highest reflectiad,no pattern.
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Figure 2.39 Reflection of HCL patterned sample, y_1, 270 nm bead, having 40 sec TMAH wet
etching (Sample description is given rable 228)

Reflection data observed from HCL applied surfaces shows us a very nice
representation of Fabiyerot interference pattern for wavelengths larger than 550 nm,
which corresponds to the penetration depth pfrilc-Si. This meanshat there is an
interaction with photons and the back side of the slab. The interaction between
downwards wave and the upwards wave after being reflected back from the rear
interface will end up with a maxima and minima in intenfli4,105] Not all of HCL
patterned samples gave this trend, sample r with the same bead size had reflection
values as shown ifrigure 240. We have applied four different etching durations for
sample r, as shown rable 228. We could say that 5 dry plasma etching followed
by wet chemical etching ended up with uniform distribution and lower reflection

values compared with bare wet etching sequence.
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Figure 2.40 Reflection of r sample having different wet TMAH etching duration and @asma

treatment

When we investigated HCL patterned sample p in terms of absorption (A),

reflection (R), transmission (T), we have obtaiféglre 241
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Figure 2.41 Absorption, reflection and transmission spectra of sample p with 410 nm phi

To summarize NIL and HCL patterning we have focused on three samples with
the best optical performance as tabulate@ahle 229.

Table 229 Wafer information patterned with HCL or NIL fabricated with wet or dry etching

technique
Wafer ID Phi (nm) Process
D13 680 NIL 7 Dry etching
D15 680 NIL i Wet etching
D16 270 HCL (random)i Dry etching
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Figure 242 A, R, T analyses comparison of NIL and HCL patterned samples, subjected to wet and

dry etching

Figure 242 shows the best A, R, T values of the surfaces textured with NIL
and HCL. Dry and wet etching conditions were optimized depending on phi value and
desired depth parameter.

To sum up we haveacl cul ated HCL and NIL textu
reflection value to make comparison between each sarfjese 243 represents the
average reflection values of fages patterned with HCL. Sample properties were
summarized iMable 227 andTable 228.
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Figure 2.43 Average reflection comparison of samples patterned with HCL having different bead

sizes and etching conditions

FromFigure 243, it canbeseea thatD16 having 270 nm bead size, subjected
to dry plasma etching and oxygen plasma descum had lower reflection values than
standard pyramid textured surface.

To makea comparison between NIL patterned surfaces we have plotted
average reflection values patterned with imprinting process, subjected to wet and/or
dry plasma etching procedsigure 244 represents the average reflection values of
surfaces patterned with NIL stamps having different pitch and diameter sizes with
different etching parameters. The process details of samples represented here were
summarized imMable 227 andTable 228.
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Figure 2.44 Average reflection comparison of samples patterned with NIL having different pitch

sizes and etching conditions

We can see frorRigure 244that the lowesteflection value was obtained from
the sample having 680 nm pitch size subjected to wet chemical etching, D15. D13 had
also lower reflectio value thantandard pyramid textured surfadeor NIL, both dry
and wet etching process showed remarkable optical performance. With SiNx coating,

these results can be further improved.

2.6 Summary of Patterning Techniques forLight Trapping on Si Surface

In this chapter we have discussed a large variety of surface topographies
obtained with lithography tools having different capabilities. We have achieved
periodic structures and random textures with the help of lithography based process
sequences. Besideshiography, the basic experimental procedures of wet and dry
etching techniques were optimized for each method.

Although there have been many research groups working on lithoghagehy
surface texturing techniques, it is impossible to control the surtterps obtained
with random textures. The limited control on the morphology of surface will end up
with insufficient light trapping. Black silicon, which is one of the most favorable

studies of solar cell technology, shows perfect lightanpling propey, but poor
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light trapping when compared with periodic textures. Experimental results supported
with simulation studies focus on periodically patterned surface textures combined with
random textures.

The most controlled micro or nano holes on the surigre obtained through
lithography followed by dry plasma etching sequence. Reactive ion etching (RIE)
allowed us to obtain very deep and uniform holes on silicon surface, resulting in lower
reflection values compared to bare wafer. The main drawbacKEoapplied wafers
is the process caAlthough RIE provided ugery uniform surface patterns and a good
control on the topography of the surface, it is still not available for batch pcho@sg
solar cell fabrication

The other method that we have eegsed in detail was metal assisted etching
(MAE), which has lower process cost than RIE and available for mass production. The
main drawback of MAE is the consumption of detrimental chesthading etching
step, all the reactions occur in clean room emment and the removal of metals also
requires special chemical compositions. When compared with RIE method, samples
prepared with metal assisted etching method has given much lower reflection due to
unintentionally occurred random nano wires in periotijcphtterned holéextures
which ended up with light coupling and light trapping on top of the surface towards
into the textured surface.

Patterning with nanoimprint lithography (NIL) followed by wet or dry etching
have been tried with different pitch ezand diametex For each parameter we
developed unique process guideline to obtain desired surface topography. Each step
was conducted carefully not to end up with unintentional patterns. Different etching
approaches are applied after pattern trandfgsending on substrate properties (type,
thickness). Because of the handling problem of thinner substrates, glass was used as
handling substrate. For dry plasma etching, the most important criterion was the
pressure of the chamber, especially for thirfemes bonded to glass. High vacuum
ended up with the separation of NIL applied layer from handling substrate. For wet
etching limitations were the same. In chemical solution also bonded thin substrate
might be separated from the handling glass. Afterndeji optimum etching
parameters, it was possible to obtain uniform textures with desired patterns. For NIL,
we tested the multi usage of soft stamp to decrease process cost and use the time

efficiently. NIL patterning followed by either dry or wet etchipgpcess sequence
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gave promising results, but to be applicable for batch production in photovoltaic world,
significant improvements are needed.

Hole colloidal lithography (HCL), using the direct surface -ssembly of
colloids by electrostatics, followely dry or wet etching gave the highest surface
coverage ratio. Depending on bead size and etching process parametecsild
manage to obtain surface patterns with desired hole fraction. However, our
topographis obtained with HCL patterningg not an efective surface texturing
method. When the randm textures obtained with HCL wereombined with
periodically patterned NIL applied surfaces, we got the most conformal patterning
surfaces. For HCL, depending on the thickness of the wafer to be gefbees
optimizations should be done carefully.

The advantages and disadvantages of each technique were expressed in this
chapter. Each mask requires unique process optimizations to end up with desired
surface patterns, if not fulfilled, process ends up witasired surface morphology.
Apart from process trials at first stage, we could manage to provide a good control

over the distribution of textures with intended depths.

Disclaimer: It should be noted that the lithography part with HCL was performed at
Chdmers University, while the etching step of HCL applied surfaces and NIL
patterning were performed at IMEC as part of the European project PhotoNVoltaics
[106].
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CHAPTER 3

MODDELLING AND SIMULATON STUDIES OF SOLAR CELLS
WITH PATTERNED SURFACES

Simulation studieswvere donewith Silvaco software. Silvaco as a tool for
simulation enables physical etching and depositions process, calibration of doping
profiles, optical and electrical simtilan for solar cell, charge resulting from holes and
electrons freed by an ionizing particle and collected at a junction or contact, total dose
and stress simulation. Silvaco enables both device and process simulations. Athena as
a submodul of Silvaco les one make 1D and 2D process simulations. The process
type can be deifned by user. In order to define the structure file, user can use either
Athena or Devedit tool as representedrigure 31. 2D and 3D device definition can
be done either witltlas or Devedit tools. In this thesis both Atlas and Devedit were
used to define our devices with haéxtured surfaces. The final plots are obtained

with Tonyplot interfae, which enables to analyze outcomes visyay].

ATHENA
STRUCTURE FILE Runtime Output
/ /'
DEVEDIT i
ATLAS —_— Log File —p TONYPLOT
.
DECKBUILD
> Command file Structure File

Figure 3.1 Schematiaepresentation of SILVACO software working algorithm
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3.1 Simulation Approach and Methodology

Optoelectronic devices are simulated both optically and electrically- Ray
tracing is most commonly applied method for the modelling of passive optoelectronic
components. Optical ray tracing calculates the optical intensity at each grid point or at
each DC bias point using the real part of refractive index. Absorption or
photogeneration model, which are using the imaginary component of refractive index,
calculate the new carrier generation at each grid point. The optical simulation is then
followed by the kectrical simulation using Luminous,-Fisces or Blaze modules.
Luminous, which is an advanced device simulator specially designed to model light
absorption and photogeneration for semiconductor devices, assumes that both real and
imaginary parts of the fiactive index are constant. Mommbiromatic or multispectral
sources can be simulated with Luminous.

With ray-tracing, rays originating at the external light source are traced into the
device and are absorbed to form electon/hole pairs, which are sab8ggletected.

The parameters that were defined for simulation would define the results with ray
tracing. Reverse simulation method starts with desired performance target and adopt
the coden depending on outcomes. Unlike direct raytracing, in the revetfsed rays
originate inside the active region and traced until they exit the device. Rays can be
defined depending on user either one or multiple origin points. For the common source
point, interference effects can be taken into account. As long agmeteré is enabled,

the spectral selectivity of the device structure can be analyzed by performing ray
tracing at multiple wavelengths.

The finite-difference timedomain (FDTD) method works by direct solution of
Maxwel |l s equat i on s usiexplicitlytaecounts inmesfereshae aral i n
diffraction in 1, 2 or 3 dimensionEDTD use the same method as for ray tracing in
that the emission from a set of dipoles located at user specified locations is

integrated/averaged over the device.

3.2Modelling of Solar Cells with SILVACO

Semiconductodevice physics is composed of a set of fundamental equations,

which were derived from Maxwell 6s | aws.
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Poissonds equation, shown i n Equation

potential to local charg@ensities.
QQ0 T " (3.1)
U: local permittivity
[ : electrostatic potential
" . local space charge density

Carrier continuity equation which is defined for holes and electrons as shown
in Equation 3.2 and 3.3.

— -Q0p O Y (3.2)

— -QOp O Y (3.3)

where:
nandp are the electron and hole concentration

pand pare the electron and hole current densities
"0 and"O are the generation rates for electrons and holes
'Y and’Y are the recombination rates for electrons and holes

r is the magnitude of electron charge
In some cases solving one cargentinuity equation is sufficient.

In order to specify physical models for, v, "O, "O, 'Y, 'Y secondary
equations are needed to be defined. The current density equations, mostly
obtained with approximations to the Boltzmann Transport kmuadefine the

transport model. These models are:
Drift-diffusion model

Energy balance model

Hydrodynamic model
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The simplest and most preferred model is the -diffusion model as
shown in Equation 3.4 and 3.5.

p n§ 0P RO (3.4)
p AR O HO (3.5)

where:

1 t{ andi are the electron and hole mobilities

T O —1t , 0 ——t arethe Einstein relationships

 'G=- isthe electric field.

Foroursolar cell simulatios raytracing method was useto start raytracing
from one point of origin the user has to specify the following parameters: coordinates
of the origin of rays< andY and wavelength.WAVE . It isimportant that the origin
be chosen in the active region of the device. Rays are not traced if the radiative
recombination is zero at the ray origin.

ARefl ectsd parameter defines the number
ray originating at the poiatX, and Y.The default valueREFLECTS-0) provides for
a quick estimate of the coupling efficien®@EFLECTS>0 should be used to obtain a
more accurate resulthe choice of this parameter is based on a compromise between
calculation time and accuracy. dlmaximum allowed value REFLECTS10. The
number of reflections set to 3 or 4 is often a good choice.

The rays are assumed to be incoherent by default. This is a good approximation
if the thickness of the active layer of the device is on the order alalength/index.
For layer thicknesses << wavelength coherent effects might be important. When the
finterfere parameter is set, the rays originating at the common source point are taken
to be 100% coherent. In this case the phase information upon piopagatreserved.
Phase change upon reflection is also considered. Thus, interference of rays exiting the
device at the same angle is taken into account. The internal angle information is not
written to the output rayfile in this case.

Although raytracing from one point of origin can give a reasonable estimate
of optical output and angular distribution of light power, it is often desirable to
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consider multiple points within the active layer of the device to obtain more accurate
results.Multiple origin points can be set using the following parameters:

XMIN, XMAX , YMIN, YMAX define a rectangular area containing all origin
points. XNUM andYNUM specify the number of points alongand y axes within
the rectangular area. ¥NUM is equalo 1, the xcoordinate of all origin points is set
to XMIN so that the points are chosen along the lineXHN . Similarly, points along
the specific yline can be chosen. Rdasacing from multiple origins is realized by
repeating a single origin algdrin for each point and by adding up the normalized
angular power density values thus obtained. The luminous power assigned to each
source (origin) is proportional to the radiative recombination at that point. Luminous
power of all sources adds up to the uealobtained by integration of radiative

recombination over the entire device.

3.3Modeling of Solar Cell Structures: ExpectedGeometry of p-n Junction
and Corresponding Carrier G eneration

Solar cell is basically a-p junction device. In order to figure thiow silvaco
behaves with m junction, we simply created a device and analyzed the effect of
doping and dark IV curves as shown Figure 32 andFigure 33. It is possible to
create a junction either with process tool Athena or devicé &glas with Silvaco.

In this example we have used Athena process tool, and used highly doping levels to
extract the optical and electrical properties of the device. The junction depth was
obtained at 650 nm from the surface which is close to real dopafitepIn order to
extract desired parameters we have used Luminous, which is one of the most useful
tools of Silvaco, providing special parameter extraction that are unique to
optoelectronics such as junction depth,concentration, temperature and éielctric

dependent mobilities, concentration dependent mobilities.
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Figure 3.2 Net doping concentration profile and junction depth information of arpjunction

obtained with Athena process tool

When the simulation is fished and the output files are saved, it is possible to
extract any results related to predefined and simulated structure. The output files that
are saved in .str extension format lets us get related data with our degioe 33

shows dark IV characteristic of anpjunction obtained with process tool Athena.
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Figure 3.3 Dark IV characteristic of a pn junction obtained with Athena process tool
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3.4 Simulation of Patterned Structures

Patterning crystalline silicon surface could be done either by process or device
tools of Silvaco. In order to obtain devices as closéhéoreal case, we have used
Athena process tool and defined necessory parameters which can give the best results
for our textures. Depending on the models that have been defined by the user, Silvaco
treats the device as occuring from grid point and maksdiugions for each grid point.

The most important point for defining the device is the mesh distribution. The program
can adopt the mesh automatically, reducing the simulation time. At some points this
mesh refinement may be helpful, but when we defiméutes, meshing should be
dense enough to let the program beware of our texturdsgime 34 3D bare and
textured surfaces can be seen. With Devedit3D, it is dessi create three

dimensional surfaces and Tonyplot3D enables us to plot the patterned surfaces.

Materials

Aluminum

Silicon

Figure 3.4 3D representation of bare and holextured surfaces obtained with Atlas tool

In the case of hole texturing shownHRigure 34, two dimensional circles can
be obtained. The circles were obtained with 360 mesh points, each point corresponds
to an angle and a grid point. One hole texture was defined and then multiplied
depending on the dimension of holes and the gap between each hole. Once we defined

the diameter and the periodicity of the holes, the depth parameter could be defined.
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