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Abstract

In this PhD work, | explore the possibility and potential advantages of using nanoscale contact
openings in the range of 1 pm or below and, consequently, with a pitch shorter than 10 pm. Indeed, analytic
and numerical simulations done with anddur collaborators during the course of this thesis have shown
that such nanoscale contacts would result in negligible ohmic losses while still k&spiagat an
acceptable level, as long as the recombination velocity at the c@Bagtis in the range from 1010°
cm/s. To achieve such contacts in a potentially-dticing way, my experimental work has focused on
the use of polystyrene nanospheres as a sacrificial mask.

The thesis is therefore divided into three sections. In the first sethiee deposition techniques (spray
coating, spircoating, and a floating transfer technique) for particles were tested. The first two give poorly
controlled distributions of nanospheres on the surface, but with appropriately low values of coverage. The
floating transfer technique provided a dengedgked monolayer of NPs on the surface; this process
necessitated an additional @asma step to reduce the coverage area of the sphere; this was performed and
studied using a matrix distributed electron oyn resonance (MEECR) plasmaThe removal of the
nanospheres after being coated by metals and dielectrics was also studied.

In the second section of this thesis, three different approaches were developed to generate local point
contacts on metallic ancrystalline silicon surfaces. The first uses the NPs as a direct deposition mask
(Approach A), for example by dispersing NPs onto a layer, depositingoBi&kN4 by PECVD on top of

the NPs, and then removing the NPs. The second is by depositing a sgetciiag mask layer on top of

the NPs. This was done with evaporated Al as a platofang mask for thermally grown Si@A\pproach

B), and PECVD&a-SiC:H as a weetch mask for AlO; deposited by ALD (Approach C)l have tested
nanoholes formed usingproach A as point contacts on a NH3igH solar cell. Homogenously distributed
nanacontacts less than 100 nm as diameter were obtained in thedbackor layer with an average
distance between the contacts of ~350 nm. The electrical charactefistiesnano contacted NIRSi:H

were compared to the same cells done without the dielectric layer, and to a structure with a dielectric layer
but without any nanoholes.

In the third section of this thesis, | investigate the use of such nanoholes itlingystcon technology

by the formation of doped contacts through nanoholes formed by approach B. Boron doping by both thermal
diffusion and ion implantation techniques were investigated. A thick thermally grown oxide was used as
the diffusion/implantatin barrier. Once the NPs and the secondary etch mask were removed, these samples
were characterized by secondary electron microscopy (SEM) and conductive probe atomic force
microscopy (CPAFM). Localized doping was indeed observed throughAER! by acquirng currert

voltage curves both within and beside the doped area, and nanoscale solar cells were observed. For the ion
implantation samples, a Rapid Thermal Annealing step dramatically changed the appearance of the samples
under SEM, and although diodes wéosrmed, the process needs further refining to produce the same results

as diffusion.

In summary, the work presented in this PhD manuscript has developed and explored a potentially low
technique of creating narszale openings for optoelectronic dms. A number of holereating techniques
are developed, described, and deployed in test structures involvirfgrthand crystalline silicon.

Keywords: Polystyrene Nanoparticleblanostructure, Doping, crystalline silicon, thin film, Conducting
Probe Aomic Force Microscopy, Secondary electron microscopy.
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Introduction

Nanotechnology is defined as the study and use of structures between 1 nanometer and 100
nanometers in size, including particles of this size that have been named Nanop®BsesTheir
preparation is not an exclusive result of modern research nor restricted-tnadarmaterials. NPs have
existed in nature for long time, and include organic (proteins, viruses, among others) as well as inorganic
compounds and are produceddwents such as volcanic eruptions. The use of nanostructured materials is
not a recently development either. It dates back to the fourth century AD when Romans were using
nanosized metals to decorate glasses and cups. One of the most famous exampjeusghe Cup (in
the British museum) that was fabricated from gold and siRsthat were embedded in the glass. It
appears with a green color in daylight, but changes to red when illuminated from thglihd@le From
a scientific point of view, the big step forward in NP research was made by Michael Faraday more than 150
years ago. His studies on the interaction of light with metal NPs can be regarded as the beginning of modern
colloidal chemistry andhe emergence of Nanoscience and Nanotechn§Bgy

Manmade nanotechnology has been around for centuries. So why is nanotechnology considered a
new subject just now?

Although our ancestors made gold NPs, they were not able to observe them under a microscope, manipulate
them, or have much control over them. Developments in the last two decades have produced advanced
microscopy where particles dowma single atom can be imaged. Tools than can define structures down to
few nanometers in size were developed. Despite how it is shown in the media, nanotechnology is not a new
creation that began at a specific time. What used to be microtechnology slamdifioned to become
nanotechnology, just like what used to be macromachining evolved into microfabrication in the 1950s and
the 196044].

The principle motivation to further develop research on NPs is becausesoftdléed quantum size effect,

where the properties of materials in the range-d®Q nm are sizdependent, in contrast to a macroscopic

bulk material which has constant physical properties regardless of its size. Consequently, the development
of advaned synthesis routes not only offering control over the composiéisralready required for
traditional bulk synthesis, but also over particle size, size distribution, shape and surface properties became
essential on the way to study and apply thedgmendent properties of nanomaterials. There are different
methods fosynthesis of nanoparticles and can be divided into three main groups:

-Gas phase metho{s] which include vapor deposition, flame pyrolysis and arc discharge.
-Liquid phase method$] which include hydrothermal, microemulsion, chemiealuction and sol gel.

-Solid phase mechanical procesggmcluding grinding, milling and alloying.

1.1 Nanopatrticleusein different applications
NPs in medicine:

In recent years, NPs have emerged as important players in modern medicine, with applications
ranging from contrast agents in medical imaginggiwiers for drug and gene delivery.This is because many
of the inner workings of cells naturally occur at the nanos€aleinstance, hemoglobin, the protein that
carries oxygen through the body, is 5.5 nm in diameter, and a strand of DNA is only aboatiieters in
diameter. Another reason is the important and unique features of NPs, such as their surface to mass ratio,
which is much larger than that of other particles and materials, allowing for catalytic promotion of reactions,
as well as their abtly to adsorb and carry other compounds. This property will allow the NPs to have a

2
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large functional surface that can carry drugs, probes and prddeutsdelivery is the efficient targeting of

the drug to cells or tissue of choice. Even though optinfet&sfwould arise from focusing the drug to the
target organ, a large percentage of ordinary drugs taken orally are destroyed by the stomach or liver, and
then distributed throughout the entire body, which can lead teeffidets in some organshe theraeutic

potential of currently available drugs is masked by local instability issues and difficulties in crossing certain
biological barriers such as the blood brain barrier and placenta. Targetedetivegy by NPs has the
potential to overcome some dietse problems, and render the treatment more effective with ensuring cost
and safety benefifg].

Depending on the particle charge, surface properties, and relative hydrophobicity, NPs can be designed to
adsorb preferentially on orga or tissues. The effectiveness of these NPs has been demonstrated for
mucoadhesive systems by Branseeppag8]for the gastrointestinal tract and for the blood brain barrier

by Gessner et, §9][10].

NPs in optics:

[LasersflUsi ng fAdark | attice modesoO researchers at Aal
that operates at visible light frequencies. Normally dark mode lasing can be useless because light is trapped

at the NP array and cannot leave. However, inapjdication, the laser is fabricated using an array of NPs
combined with dye molecules. The lasing occurs in a dark mode and the laser light leaks out from the edges

of the array. It is based on 100nm silver NPs arranged in a periodic array that acaatetimas with the
interparticle distance matched with the laser wavelefigih

[Lighting] Research in solid state lighting (SSL) has the goal of making lighting technologies more energy
efficient, longer lasting and cheaper. Insteadising inert gases or vacuum tubes, it relies on light being
emitted from a semiconductofwo of the main related technologies are light emitting diodes (LED) in
which the emissive layer is inorganic, and organic {@ghitting diodes (OLED) in which themissive

layer is an organic material. OLEDs is a potential technology as it can be made thinner and lighter than
comparable LED devices, in addition it can be printed onto almost any substrate which will allow this
technology to be used in many applioas.

Many methods were proposed for the fabrication of OLEDs such as thermal evapspiti@oating, ink

jet printing, screen printing, and photolithographic method. However, some problems may occur by using
these deposition techniques. For instankcetnhal deformation of the mask and substrate can be caused
when thermal evaporation is used as the fabrication method. On the other hand, ring strain effect can be
observed when liquithased deposition methods are used.

Nanoparticleshased deposition maitls may be a solution for the OLED fabrication problems.
Electrospray deposition (ESD) is a method to fabricate thin films of micro or nanoparticles directly from
solution.This methods advantageous as itperformed under atmospheric pressure and rieomperature,

which may lead to low equipment cost. In addition, +stigain effects will not occur due to the deposition

of dried NPs by electrostatic force. Jungmyoung Ju et al have proposed a new method of fabricating thin
and regular films for OLEDs usgy the electrospray deposition method, where the NPs are deposited on the
target substrate just before they become completelji@tyGabriel Lozano et al, have as well discussed

new methods that enhance the efficiencies of LEDs using metallic nanostr{it8jres

It is clear tha NPs have applications in many fields, only some of which have been given as examples
above. Focusing more on the subject of this thesis, the next part of the chapter (1.2) will discuss their use
in the specific application of photovoltaics (PV).
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1.2 NPs forPhtovoltaics

Photovoltaics (PV) is a fagirowing market. The production volume in 2016 was about 250 times that of
2000, with a compound annual growth rate (CAGR) of over 404} Crystalline silicon PV products
dominate the solarell market, with up to 93% market share and about 75 GW installed in 2016 in total
[15].

1.2.1 Light Management

While many technical difficulties with crystalline cells can be overcome or mitigated, cost is still a major
factor. One way to reduce the cost is to reduce the quantity of material used by decreasingithaess.
However, the incident light cannot be fully absorbed in cSi thicknesses are@ipon2 therefore light
trapping is essential for such structures.

Another PV technology, thin film devices, can be attractive in term of low cost and lower ydintit
material used. Since this technology relies on a thin film of weakly absorbing material, light management
is a key aspect to improve the efficiency of such device. Both inorganic and drfriain film solar

cells can take advantage of light management to entlihateconversion efficiency. Concerning silicon

thin films, although &i:H absorption coefficient is much higher than that -&i,cthe carrier diffusion

length in this material is much shorter than cSi. The thickness of the active layer must thusham l&ss

pm to facilitate carrier extraction before the free carriers recombine. Light trapping techniques are essential
for thin film technologies to increase their absorption.

Light trapping by means of ligisticattering was demonstrated as early as b9&3eckman et al[17] and
light management became an integttf thin film silicon devices in the decades that followed.

Enhancement of the photo induced charge generation rate in PV device can be done by enhancing the path
length of the incident photons within the device. This can be realized by implementiageeiiength
scattering centers at the front and/or the rear of the cell.

Colloidal particles, which show interaction with electromagnetic radiation at optical frequencies, can be
used for this function by tailoring its performance over a broad range t@iaba selection, particle size

and geometry. Structured electrodes have also received much attention due to their dual role as light
harvesting systems and conductive electrodes.

[Nanoshells] In 2011, Yao et al. demonstrated a new approach for light geament by forming
whisperinggallery resonant modes inside a nanocrystalline silicorS{(nepherical nanoshell structure.

Silica NPs were assembled into clgmeked layers on quartz wafers, and Si was then deposited on the NPs
followed by NP removal. Tédngeometry of the structure facilitates the coupling of light into the resonant
modes and an enhancement of the light path in the active material, thus an improvement in absorption. It
was shown that the absorption of a single layer of 50 nm thick spheaimashells is equivalentto a 1 um

thick planar neSi film. They also showed that the optical response of the nanoshells can be tuned by
changing the thickness. Further enhancement of absorption was demonstrated using multiple layers and an
AR coating. kgure 1.1 shows the croesgctional SEM images of one, two and three layers of nanoshells
and the absorption spectrum of each sample. For the short wavelength region (<500 nm), the absorption is
independent of the layers number. The reason of this indepeads that the absorption coefficient of nc

Si in this region is high (> 110°cn?), therefore the light loss is mainly depending of the light reflection.
However, for wavelengths above 500 nm, an increase in the absorption is seen with the number of layers.
For instance, the absorption increases from 27 % for one layer to 34 % fayenrs and to 41 % for three

layers at a wavelength of 900 nm. The integrated absorption increases by 6 % between the single and triple
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layer samples. An additional coating of the three layers with an AR coating (100 nm thitdgéiechindium
oxide) impioves neainfrared absorption with a total absorption of 75 % of the alb@arelgap solar
spectruni18].

Absorption (%)

300 500 700 900 1,100
Wavelength (nm)

Fig.1.1: (ac) Crosssectional SEM images of one to three layers eBnspherical nanoshells. (d) Absorption spectra
corresponding to different numbers of layers of sglaémanoshells: one layer (black), two layers (red), three layers
(blue). 100nm thick tindoped indium oxide (ITO) AR layer coating (dark green) further improves absorption of
threelayer film, with a total absorption of 75% of the abdandgap solar spgrum[18].

[Silica NP9 An experiment twist to this concept has been realized by depositing silica NPs on top of the
substrate rather than using it to form nanoshell arrays. In 2011, Grandidie18] ptoposed a layer of

silica nanospheres in close contact with the active layer of a solar cell which can eventually couple the
incident light and could increase the light absorption. Figug shows a theoretical approach of
wavelengthscaled dielectric sphes, which enhance the solar cell efficiency via excitation of whispering
gallery and waveguide mod¢20]. The overall integrated current density corresponding to the energy
absorbed in the-8i in the presence of the nanospheres #s1B.7 mA.cn?, which correspatis to an
enhancement of 12 % compared to the case without the sphere array. It can be seen from figl.2.b that over
the entire wavelength range, the spectral current density is higher with the spheres than without the spheres.
They demonstrated the possityilto tune the spectral response by varying the particle diameter and the
particle spacing in order to enhance the absorption in-thelayer and therefore increase the current
density. Also, the number of resonances can be increased to make theeraspomsbroadband by
assembling arrays of spheres with different diameters. In addition, their spherical geometry allows light to
be efficiently coupled into the solar cell over a large range of incidence angles. Also, these arrays are
deposited on a flat-8i:H, which has an advantage over cells grown on textured surfaces as surface
roughness or topography can create holes or oxidation and therefore reduce the efficiency and lifetime of
the solar cell, but this structure features some dependence on ttizagiola of the light.
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Fig.1.2:(a) Schematic of solar cell with dielectric nanosphé€bg,Current density calculated in amorphous silicon
layer with and without the presence of nanosphirels

[Metallic NPs] Whereas particles from dielectric materials interact with electromagnetic radiation
predominantly via scattering, the situation is different for metallic colloids. When reduced to the nanosize,
such metal colloids show strong absorption peaks due tmlleetove oscillations of the electrons of the
conduction band. Due to their plasmon resonance, metal NPs exhibit strong localized electric fields, which
are of great interest for enhancing the phatgaiton conversion in PV devicgl][22][23][24]. The type,

size and shape of the particle as well as the-paeticle distance affect the magnitude and the number of
the neaiffield resonancef25].

[Au NPs] Early in 2005, Schaadt et §6] reported an engineered enhancement of optical absorption and
photocurrent in a semiconductor via the excitation of surface plasmon resonance®rinakpku
nanoparticles deposited on the semiconductor surface.

The basic device structure is shown schematically in Fig.1.3 Au NPs with diameters of 50, 80, and 100 nm
are compared, and the surface coverage range from 0.6 % to 1.3 %. It was shovenahladticement in
absorption within the semiconductor results in increased photocurrent response in Si pn junction diodes
over wavelength ranges that correspond closely to the nanoparticle plasmon resonance wavelengths.

Fig.1.3: Schematic diagram of i junction diode device structure with metallic nanopartif2é$.

In 2011, Wang et al[27] have shown that Au nanoparticles incorporated in the photoactive layer of
Polymetfullerenebased bulk heterojunctionBHJ) act as an effective HAopt
which results in more light heested in the active layer because of multiple ligtattering by the
nanoparticles. The Au colloids not only increased the light absorption but also improved the charge
transport through the active layer.
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[Ag NPs]In 2007, S.Pillai et a[28] investigated the effect of surface plasmons on silver nanoparticles as
means of improving the efficiency of thiitm and wafer based Silicon solar cellBhey reported an
increase in the spectradsponse of thifilm cells over almost the entire solar spectrum. At wavelengths
close to the band gap of Si, they observed a significant enhancement of the absorption for-filsth thin
and wafer based structurdshis method has the scope of further reducing the thickness of Si to below 1.5
pm with good light trapping provided by the metal nanoparticles. Their findings showed that for front
surface application, smaller metal NPs provided the maximum overall@rhant in visible light as well

as the neainfrared, but that larger metal NPs would be more beneficial for light emission from both thin
and thick Si light emitting diodes (LEDSs).

In 2011, Spinelli et al[29] systematically studied, numerically and experimentally, the coupling of light

into a crystalline silicon substrate by scattering light from Ag NPs array geometries placed on top of the
substrate. After siulation and optimization, it was found that 200 nm wide and 125 nm high spheroidal
Ag particles in a square array with 450 nm pitch on top of a 50 nm thikl Byer provided the best
impedance matching for a spectral distribution corresponding to ithilass 1.5 solar spectrum. This
particle array shows 50 % enhanced incoupling compared to a bare Si wafer, and predict 8 % improvement
of light incoupling to Si compared to the best standard interference antireflection (AR) coating. This finding
can opemew perspectives for AR coating applications in optical devices and for light management in Si
solar cells.

Metallic NPs can also be introduced on the back side of the device as was shown by Morawjgg]et al.

in 2014. They have studied the enhancement in theadptdronic performance of thin%i:H solarcells

due to the light scattering effects of plasmonic back reflectors (PBRs), composedasisseaibled Ag

NPs, incorporated on the rear side of the cell. By placing the NPs on the rear side, the optical losses in the
NPs at short wavelengths can bemegsed so they interact only with the lemgvelength photons. As

shown in Fig.1.4, the NPs are located between the silicon and the back reflector (BR), formirgattesiso
plasmonic back reflector (PBR). The optical properties of the PBRs are intest@ecording to the
morphology of the NPs, which can be tuned by the fabrication parameters. It was shown, by analyzing sets
of solar cells built on distinct PBRs, that the photocurrent enhancement achieved$i: théght trapping

window (600800 nm)is linear with the PBRs diffuse reflection and a correspondlirgnhancement was
observed. The begkerforming PBRs allow a pronounced broadband photocurrent enhancement in the cells
which is related to both the plasmassisted light scattering fromgiNPs and to the front surface texture
originated from the conformal growth of the cell material over the particles.

)

PBR a-Si:H

Fig.1.4: Structure of-&i:H n-i-p solar cell with plasmonic back reflector (PBR) shown (a) schematically and (b) in
SEM cross section attilt angle of 2030].

Similar work have been dor®y E.MoulinandC.Eminian et al. where they also observed a photocurrent
enhancemeri81][32].
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The previous section was focused on the light management in PV done by assembled colloitiisidalco
particle layer can also be used as template structure for further modification of devices, and this is known
as nanosphere lithography.

1.2.2 NPs for Lithography

Nanosphere lithography is also known as colloidal lithography or natural lithographyer-esati
Zinghsheim33] were the first to report, in 1981, the formation of an ordered monolayer on a glass plate.
However, the focus of their work was the replication of submicroscopic patterns using visible light and not
fabrication of lithographic colloidal masks.

A year later, Deckman and Dunsmig4d]e xt end t he scope of of Fi scher o
monolayer of nanospheres can be used both as a etching or deposition mask. They deposited the monolayer

of colloidal particles by rasiom or ordered array over the entire substrate surface and they have named this
process as finatur al |l ithographyo. In the 90s, the
Duyne[35]and i s now commonly called fAnanosphere | itho
monaclayers but exterslto double layers. Through the years, nanosphere lithography attracted growing
interest due to its potential to manufacture a wide variety of tme-, or three dimensional nanostructures

[36][37][38][39].

Figure 1.5 shows three simple categories of template electrode designs generated using nanosphere
lithography.

s TN E N

A A A A 4 J
=

Fig.1.5: (a) Closepacked colloidal monolayer is immobilized on a substrate with spheres typically consisting of
polystyrene (PS) or silica. (b) Isotropic etching reduces particle size but retains initial periodigjyRémge of
template motifs is accessible: Isolated pyramids or continuouslb@ifilms remain after direct deposition through
orifices[25].

The fabrication of templated structures for top or bottom electrodes can either start fromackesd
colloidal monolayers or nealosepacked arrays. The latter can be fabricated by doing a plasma etching
for the closepacked colloidal monolay@40]. Figure 1.5.c is obtained from Fig.1.5.a by removing the NPs
after depositing a material into the interstitial space of gasked monolayef25]. Figure 1.5.d is
obtained from Fig.1.5.a by doing an etching of the substrate underneath the NPs in the interstitial space.

[Nanocones]One of the applications of Fig.1.5.d was done by P Mailoa, pt1d].where he presented a
well-controlled lowcost process to fabricate a periodenocone texture optimized for maximum light
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absorption in thiffilm microcrystalline silicon solar cells. The texture is a glass fabricated using nanosphere
lithography with the period controlled by the nanospheres diameter and the texture shape anatiaspect
controlled by the reactive ion etching conditions. This was followed by a conformal coating of the TCO
layer on the nanotextured glass. Optical absorption measurements show that the same cells fabricated on
the optimized nanocone textured substratdsibit a relative shoitircuit current increase close to 30%
compared to a reference stafethe-art cell with a randomly textured zinc oxide layer.

[Nanopatterning] Another application of the structure represented by Fig.1.5.d was shown in 2015 by
C.Trompoukisetald42]i n t he frame of HAPhotoNVoltaicsd projec
integration, and simulation of both optical and optoelectrical of photonic nanostructures for thin crystalline
silicon solar cells. One of the presentedhmés that is used to fabricate the nanostructures is Hole Mask
Colloidal Lithography (HCL). The schematic process flow is shown in Fig.1.6.

Adsorption of
PS beads

Hole-mask
evaporation

Beads removal

Substrate etch

(@)

Fig.1.6: (a) Schematic process flow for HCL nanopatterning and (b)##@bpatterned-8i surface, with 50 nm
wide holes: top rightop view of patterned-&i wafer; bottom rightrosssectional profile of nanopatterned surface
[42].

Two main possibilities of Si etching were presented in that work; dry plasma etching and wet chemical
etching. Each features its own resutiprofile. Therefore, the nanopatterning possibilities range from
periodic to random surface topographies and from nanopyramids to high aspect ratio profiles, each with its
own optical and electrical propertids.was shown that optically, the nanopatteghresults in better
performance than the standard pyramid texturing, showing a more robust behavior with respect to light
incidence angle and minimal material consumption. Electrically, wet etching results in higher minority
carrier lifetimes compared try etching. From the integration of the photonic nanostructures into 1 pum
thick ¢Si solar cells, certain factors limiting the efficiencies (to ~ 4.8 %) were identified: the parasitic
absorption in layers other than the photoactive layers, the conftymiathin-film coatings on top of the
nanopattern and the material degradation after etching.

In August 2017, V. Depauw et §43], in the frame of the same projgctP hot o NVol t ai cs o0, h a
a nanotextured monocrystalline silicon cell with the confirmed efficiency of¥8.6nd an effective
thickness of only 830 nm. They have adapted aassémbled largarea and industrgompatible



Introduction

amorphous ordered nanopatieg, using colloidal lithography, combined with an advanced surface
passivation.

[Nanomesh]Another structure that can be obtained using NPs as a mask is a nanomesh, which is obtained
after deposition of a material on the NPs followed by NP removal (big)1 Most commonly this formed
nanomesh is metallic and can be used as transparent conducting electrode simultaneously.

An application of this structure was done by J. Morfa €#4d].in 2013, where he studied the potential of

50 nm thick Ag nanomeshes tteplace conductive metal oxides as transparent electrode materials. The
perforated metal was fabricated using nanosphere lithography by using polystyrene NPs of 756 nm as
diameter which represent the periodicity. The hatgerture spacing was tuned bywag etching times in

oxygen plasma, and the effect ofinarp e r t ur e A wiag studiedn the opticah and edectronic
properties of perforated silver films. It was shown that optical transmission was limited by reflection and
surface plasmonsdn it di dndét exceed 73 % which is smaller
sheet resi st anc e, !foithermallg evapbrated ailser flins which is snil¥d than that

of ITO. The performance of organic photovoltaic deviaa®sjgrised of a P3HT:PCBM bulk heterojunction
deposited onto the perforated metal arrays was showrpdviser conversion efficiencyPCE of the ITO
reference always outperformed the Ag nanomesh devices because of the optical transmission limitation.

It was seen in this part (1.2) that NPs arrays can be implemented at the front or rear side of the cell to
improve its absorption or optelectronic performance. NPs camlso be used as masking (NPs
lithography) to form template structure in the devices for lighanagement purposes.

The next part of this chapter will be focused on different techniques used to form point contacts for PV
devices.

1.3Forming point contacts using different techniques in PV devices

Due to their simple architecture, the Aluminum back surface fieldB@¥) silicon solar cells have
dominated the PV market for decades. This structure has afilifgctor (FF) because of the one
dimensional current flow pattern in the base. The pedioga of silicon solar cells was then improved by
reducing the carrier recombination velocity at the back contact. Aiming to do so resulted in the passivated
emitter and rear cell (PERC) structure, which is an attractive structure feeffaxttve highefficiency
devices. The main feature of such solar cell is that the rear surface is partially contacted by periodical
openings in a dielectric film that provides surface passivation. As a result, lower effective surface
recombination velocity&srea) Values compared to the classicalB$F solar cell together with a higher

rear internal reflectance are obtained and, consequently;citaiit current Js¢) and opercircuit voltage

(Voo) are improved. This type of solar cells was developed by Blaketsirtl®88 and produced record
efficiency for silicon cells at that time of 22.8 % using thermally grown silicon oxide as a passivating layer
[45]. In order to passivate the contacts, a local BSF at the contacted regions was introduced leading to
passivated emitter rear locally diffused cell (PERL) by the University of New South Wales ialiListr

1999 with a record efficiency of 25 P46].

Different techniques are used to form the openings in the rear side of the PERC and PERL sdlaecells.
next section will be focused on different methods that can be used to formipgtte

To replicate arbitrary patterns at low resolution, nanoimprirfdf@dj or soft lithography can be sufficient.
Forhigherr esol uti on arbitrary patterns, i prayrUd/)|deep | 0 | i
UV, and extreme UV lithography are more useful. Uhigh resolution techniques such as electron beam
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lithography[48], focused ion beam lithograplg9], and scanning probe lithograpfB0] provide even

higher resolution, but are slow and expensive, and therefore inappropriate for massqoraiecto their
Afserieso nature. However, if the critical aspect
simpler, more cosgffective techniques can be used, such a laser interference litho§saphy

1.3.1 Forming point contacts using lithography in PV devices

[Shadow mask]One of the simplest ways of forming a pattern is to use a mask that is locally opened as
shown in Fig.1.7.

Themask is placed directly on the substrate during the deposition of the layer. This layer will be deposited
in the opened zones of the mask. This latter can be fabricated by laser ablation of a metallic [EiZjstrate
however this method has the inconvenience of forming imperfectiothe mask, and therefore a non
conformal pattern. Electrodeposition is another method that can be used to form the mask. It allows a
maximum flatness of the mask and has a better resolution, but still worse than that obtained with

photolithography andanoimprin53].

a-Si:H

Fig.1.7: (a) Metallic mask used to localize®iH on ¢Si substrate, and (b) Bematic illustration of different steps
[53].

(a) (b)

[Photolithography] Optical lithography has been thminstay of semiconductor patterning since the early
days of integrated circuit production. It has a resolutiof3 ~2 §54[55]. This technique is based on the

use ofan UV light, which is illuminated through a mask with a desired pattern to make an exposure on a
photoresist that is coated on the substrate, on which the openings will be f&@she@hotoresist materials

are organic polymers whose chemical characteristics change when exposed to ultraviolet light. When the
exposed area becomes more soluble in the developer, the photoresist is Mgbitevé. it becomes less
soluble, the compound is considered a negative resist as shown in f56]1.8
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Fig.1.8: Process flow of photolithography procgssy.

[Soft lithography] Soft lithography is another technique used to transfer a pattern on a substrate. This is
done by using a soft polymer stamp to imprint a solution of molecules with a specific pattern onto a
substrate. It requires inexpensive matsrahd norspecialized equipmenthis technique required two

main steps: The fabrication of a patterned polymer stamp, and the use of this stamp to transfer molecules
within a define geometry on a substrate. Figure 1.9 illustrates the process flow lahegfaphy. The
advantage of this technique remains on the use of a soft stamp for pattern transferring, which allows a
conformal contact between the stamp and the substrate resulting in the capability of patterns transfer on
flexible substratefb5]. Its resolution depends on the mask used, but it can be less than %0.nm
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7 mikrostructures

E—————
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bondto another
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Materialsto _— l
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| "~ Patterned substrate |

Fig.1.9: Schematic illustration of soft lithograpfbb].
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[Nanoimprint Lithography] Nanoimprint lithography (NIL) has improved a lot since its appearance for
the first time in 1995 by Chou, et §7], where it mainly targeted micr@ectronics. For solar cells, the
research using this technique is focused on the optical optimization of the front side of soja8kels
well as the back sid&9].

NIL is a highresolution patterning method in which a surface pattern of a stamp is replicated into a material
by mechanical contact. It utilizes a hard mold to imprint the pattern pbdymer film by heating it above

its glass transition temperature enabling material flow, filling the structure of a mold. This step is followed

by a cooling step that solidifies the replicated patterns, after which the mold is refibeedhold is
commony made of quartz and silicon, and the mold features are patterned by conventional lithography
techniques such as photolithography and electron beam lithography. A thin residual layer of polymeric
material is intentionally left underneath the mold, and asta soft layer that prevents direct impact of the

hard mold on the substrate and effectively protects the delicate nanoscale features on the mold surface. For
most applications, this residual layer needs to be removed by an anisotr@pési®aetchingprocess to

compete the pattern definitig@0]. Figure 1.10 shows the schematic illustration of NIL.

mold

elastomeric
elements

substrate
(a) Press mold, and heat

(hot embossing)

heat

(b) Release mold

(c) Remove residual (ex., RIE)
Fig.1.10: Schematic illustration of nanoimprint lithograpby].

Although thistechnique is considered to be the most-effgctive in producing nanopatterns over large
areas with a proven resolution around 20 [6dd, it still has some limitations. It is based on a physical
contact of stamps with polymer which can create high pressure on the substrate. Heating and cooling cycles
can cause stress on molds, which present problems of alignment fotayeifiabrication. In addition,

surface roughness and defects normally present on the crystalline silicon substrates for PV, can limit its
applicability especially when hard stamps are used.

UV-NIL, which appeared in 19962] quickly after the conventional NIL is based on the use of a quartz
mold which is transparent to UV light. It is pressed at room temperature with a low pressure on a liquid
precursor that ¢abe cured by UV light before the release of the mold-NUN can reduce imprint pressure
significantly and avoid time consuming as well as stress induced during high temperature cycle.

Soft UV-NIL, was then proposed to reduce the cost of master fabncattos technique uses a flexible
transparent stamp normally made of poly (dimethylsiloxane) (PDMS) or other flexible polymers that can
be easily replicated from a single silicon master mold. This latter is fabricated with conventional lithography
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technigwes. The flexibility of the Polymeric stamp ensures contact with the surface substrate on large
surfaces at low pressures, and on flexible substjéés

In conclusion, NIL is an interesting technique as it can transfer the pattern on the resist in two steps less
than photolithography, i f we dondét consider the s

1.3.2 Forming point contacts using laser in B®Vices

Laser has different applications in solar cell fabrication like solar cells edge isolation, and solar modules
soldering, welding and ablation. We focus here on their use in forming point contacts.

[Laser ablation] The standard method of producingcél openings in the passivation layer is
photolithography, which allowed the fabrication of highly efficient cells. However, this technique is not
suitable for lowcost mass production. Laser radiation was then used to open locally the passivation layer.
Laser has an advantage over mechanical machining as it is-eom@tt and chemical free process,
however damages on the substrate can result by using this technique.

Short pulse picosecond lasers (~10 ps) are ideal tools for selective patterningfibhthiAs the laser
material interaction time is small, this technique eliminates any significant damage to surrounding layers.
Engelhart et a[64] first demonstrated an increased efficiency based on selective removal of the rear surface
passivation using ps pulséser.They have shown that the direct laser ablation of thermally grown SiO
layers using the ultrghort pulse laser permits a complete removal of the dielectric layer with a single laser
shot. It also induces a sufficiently small damage level, solbet is no need to etch any damaged Si after
laser processing.

Z. Du et al[65] has confirmed this, by sting that ns and ps lasers processing achieve similar solar cell
efficiencies, however a pekiser etching step is crucial to obtain high solar cell efficiency when using ns
lasers and can be omitted when ps lasers is being lasaig. work, the diametesf the ablated spots was
varied between 10 um and 60 um with the laser fluence when ns laser was used.

Another way to avoid the damage of silicon underneath the silicon nitride or silicon oxide passivation layer

is the use of an-8i:H layer between thei &nd the dielectric to be etched. ThiSigH layer also plays a

role in the passivation. Two studies have shown this structure by using two different types of lasers and by
forming ablated spots of 20 um as diameter. The first study was done by F. élad$66] where a layer

stack of aSi:H passivation layer capped withas$a N | ayer was used. A ps | asce
ablates the-&iN layer, with a thin layer of-8i:H left on the Si, avoiding any damagf the substrate.

K. Mangersnes, et d67] have used a Qwitched Nd: YVO4, diode pumped 58t laser with ns pulses

to ablate a layer of plasma enhanced chemical vapor deposited (PEC\{DhSilizon. Although ns range
laser is believed to be incompatible with procegsif high efficiency solar cells, it was shown in this work
that by using a PECVD layer of2i:H between the Si and the dielectric, it was possible to ablate the SiO
in a damagédree way. This is due to the considerable absorption of the laser radletienaSi:H layer.

[Doping by laser]One of the most interesting laser technologies applied in PV materials for PERL structure
is the Lasefired Contact (LFC) process, in which a metal layer is laser fired through a passivating
dielectric film to defire ohmic contacts with the semiconductor.

The standard process sequence of contact hole formation following aluminum evaporation and sintering
can be replaced by local ladéing of predeposited aluminum through the dielectric layer. LFC eliminates
boththe need to open the contact holes in the passivation layer and the sinter step after aluminum deposition.
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Although the laser ablation process is similar in simplicity, a potential advantage of the new LFC process
is the alloying of the aluminum contactanthe silicon base, resulting in a beneficialr@gion. This p

region will reduce the recombination in the openings leading to greater solar cell efficidrecy.
comparison between the LFC process and the standard photolithography process done by E.
Scheiderlochner, et aJ68] is sketched in Fig.1.11. In this reference the Hised contact diameters are
between 80 um and 100 pum with point pitch set to 1 mm.

1) photolithographic process 2) LFC process
la) wafer with emitter and | 2a) wafer with emitter and
rear passivation layer ' rear passivation layer

7b) ¢ ; nOSiti
Ib) photoresist deposition 2b) aluminum deposition

2¢) fast scanning laser firing

I¢) masked UV-illumination e e

tretetettteteeteteeeeeesr

1d) photoresist developing

Ie) etching contact holes

‘ 1f) photoresist stripping

1g) aluminum deposition
and annealing

Fig.1.11: Process flow comparisbetween photolithographic process and LFC prof&&js

Different studies have worked on the optimization of the LFC{8r solar cellsl. SanchezAniorte, et al.

[69] investigated the influence of laser wavelength and fluences on LFC contacts to improve the back
contact in €Si solar cellsusing fully commercial solid state lasers with pulse width in the ns range.
Wavelengths of 1064 nm, 532 nm and 355 nm were used in this study to forffirtabeontacts of a
diameter between 20 um and 30 pm.

By using only two pulses per point in all casi was shown that good electrical conditions can be found

at any of the considered wavelengths. Excellent ohmic behavior was achieved for 532 nm and 355 nmin a

wi de parametric range of fluence val Uksforthelaset h cont
wavelength of 1064 nm, acceptable conditions were found only in a narrow band of fluence values. 1064

nm laser showed non negligible potential loss in surface passivation probably due to thermomechanical
effects generated in the intenact proces$70].

Another study has been published by M. Colina, €f7al]. wherein a comparison between three different
strategies to create ohmitcro-contacts was done: 1) evaporated Aluminum LFC, 2) Aluminum foil LFC
and 3) Aluminum oxide (ADs) laser doping (LD). Optimized lasers parameters lead to specific contact
resistance inthe 1-D . 3  rhréngerfor all three strategies with a laser beadius of 80 um. From the
point of view of carrier recombination, best results were obtained $@:AID with an effective contact
recombination velocity) value of 2.5*18cm/s, probably due to the lower energy pulse needed to create
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the contact. Théhree strategies were used to contact back side of Hetestion silicon solar cells, and
the electrical response of the fabricated cells confirms that contact quality is good enough to be applied in
high-efficiency ¢Si cell concepts using any of thed¢e conditions.

In 2015, M. Weizman, et aJ72] have reported thdevelopment of a reaide pointcontact scheme for
liquid-phasecrystallized silicon on glass solar cells with an amorphous heterojunction emitter, which uses
laser for all structuring and contgmbsttreatment steps. It was possible to create openimgfsei back
reflector resist layer by laser ablation, using UV laser, which can enhance the precision and reliability of
this process. It was as well possible for both p atygba absorbers, to use laser firing at the absqubigt-
contacts to increase ehdoping concentration beneath the metal contact, hence decreasing the contact
resistance. Using the Ally-Laser PoirContact Scheme (ALPS) it was possible to reach an efficiency of
11.5 % for a planar-type absorber, which is close in performance écctirrently similar structure prepared

by lithography.

The development of LFC process to manufacture PERC solar cells by Fraunhofer ISE in 2016 is a proof
that this technique has a potential in industry. For the fins¢ pointcontacted solar cells caoe
manufactured in series using this technique; where the developed LFC procedure can create approximately
100,000 contacts per wafer with a single laser pulse. The laser effect is limited to between 50 and 2,000
nanoseconds to limit the damage in thecsili wafer. Using an innovative system for guiding the laser
beams, it was possible to create all the contacts in approximately one second. PERC solar cells made this
way, have an improved efficiency level of one percent abspiGigr4].

In the above section, different methods of forming openings in a dielectric were presented. It was seen
that the standard method of opening the dielectrics is photolithography hsstechnique is not suitable

for low-cost mass production, selective laser radiation is used as a cost effective and easy way on the rear
side passivation layer to manufacture PERC solar cells. This is due to the unique properties of laser
processing; whee it eliminates physical contact during processing, thus minimizes the risk of
contamination. However, laser ablation can cause damage such as surface melting, head affected zone,
micro-cracks, and point defects, which can negatively affect solar celfgrarance [75]. To achieve
damagefree openings, shortedaser pulse widths in the range of ps to femtoseconds are used
[76][64][65]. However, these lasers are around seven to ten times more expéhaivas laser systems.

In the next part of this chapter, an alternative, even less precise but moreeftesttive approach of
forming the openings in the passivation layer will be presented using NPs lithography.

1.3.3 Forming point contacts using NPs in E&vices

[Point contacts for PERC] An innovative way of forming the openings was presented in July 2016 by
Chia-Hsun Hsu, et al. which is based on using 40 um polystyrene sphere®apitg method for PERC

solar cells instead of using the traditional tagblation process. Effects of PS concentration and post
annealing temperature on PERC performance were investigated. By comparing it to the laser opening
technique with the same contact fraction, the PS opening technique can yield a higher minoiiirg effect
lifetime, a higher implied opeaircuit voltage, and a slightly higher shaitcuit current. Although the fill

factor of the PS opening technique is lower probably due teoptimized openings distribution, the
conversion efficiency of the device gemparable to that prepared via laser opening prqéé@gsFigure

1.12 shows a diagram comparing both laser and PS spheres opening techniques to form openings in PERC
solar cells.
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Fig.1.12: Diagram of (a) laser and (b) PS spheres opening technique forfPERC

evaporation

[Point contacts for PERL] One of the main reasons to introduce point contacts in cSi cells is to decrease
the rear surface recombination velocitg)(and to increase the rear internal reflectidt),( and
consequently enhance the efficiency of the cell. PERL cSi structure consists of a combination of a
highly reflective rear surface passivation layer with miestzed passivated local point contacts allowing
further decrease in ti®. A novel approach to form the doped openings in PERL solar cellsresenped

in 2014 by U. Jager, et al., which is a combination of both nanopatrticles and laser. A boron doped silicon

nanoparticle paste was applied onto the passivation layer and was driven into the wafer by an adapted laser
process creating local contagemings in the same step. Sheet resistanggsR 3 0
after laser processing and deep doping up to several microns was realized. These locally doped point

Y/ sq

wer e

contacts allow an excellent ohmic contact, antypge PERL solar cells with lotdéoron BSF were

fabricated, showing efficiencies up to 20.0 % on commereiatle MCzSi waferg78].

Another novel approach for doping through the holes of PERC solar cell was done in 2015 by J. Hong et

al. [79] using Si paste formed bytgpe Si NPs with a diameter of ~30 nm and an organic solvent as the
source of B. Si paste with different percentages of Si NPs is spradged above the openings, and B is

diffused intoSi through annealing to perform doping through the holes.

[Point contacts for CIGS] It was recently shown by B.Vermang et al. that a similar rear contacting
structure can be used to passivate the rear CIGS interface of CIGS solar cells. The advadesidrcell

similarly to PERC cSi structure, combines a rear surface passivation layer and a technologically feasible

approach to generate nasiaed local point contacts as thin film solar cells have short minority carrier
diffusion lengths. AlOs; deposited P atomic layer deposition (ALD) is used to passivate the CIGS rear
surface, while the formation of haisphere shaped precipitates in chemical bath deposition (CBD) of CdS
helps generating point contact openings of about 220 nm in an industrially viaibienidd].

An increase iV of 14 mV is observed compared to unpassivated referencedtasdlf) a decrease in rear
surface recombination of a few orders of magniti8i4[82]. Figure 1.13 is a sematic crossection of
the structure with nansized local rear point contacts.
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Fig.1.13: Schematic crosection of (a) surface passivation layer grown on a paricheCdS layer, and (b) full
SLG/Mo/CdS/passivatictayer substrate having naisizedpoint openings after CdS particle remoj&i].

Later in 2014, by applying a thick (MgWRIl.Os) rear surface passivation layers, B.Vermang, et al. got an
enhancement in reflectivity compared to standard Mo/CIGS rear interfBoes.to thereflectivity
enhancement, an improvementiawas seen in addition to th&. improvement obtained by the decrease
in surface recombination. Average solar cell efficiencies of 13.5 % were realized fethiti@GS
absorber layers, compared to oldficiency for the matching unpassivated reference ¢@0%

It was seen that micraized point contacts are normally used for cSi solar cells and naized point
contactscan be used for CIGS solar cells to improve their efficiencies. In the next section of this chapter
we will explore via analytic and numerical simulationdone by collaboration with MNTgroup atUPC,

the benefits of using nanoesized local point contactfor cSi sdar cells instead of micresized point
contacts.
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1.4Motivation for nanocontacts in8i devices

When the rear contact is defined in a pdike pattern(PERC structure)a tradeoff between ohmic losses

and surface recombinatioing. between Fill FactoiHF) andV,cis found; the more contacted area fraction

(fo), the lower the ohmic losses, but the higher the surface recombination rate. An optimization is required,
trading off recombination losses and resistive losses to maxthezeonversion efficiency. Examples of

such optimization can be found in the literat{88][84]. Due to the characteristics of the procedure to
locally open the contacts in the passivation layer, typical dimensions for the contacts are in the range of
ters of microns, while optimizedc values are well below 10 %Consequently, the distance between
neighboring contacts or pitcip)(is on the order of hundreds of microns, introducing a significant series
resistance.

In this section, we will explore the etecal benefits of using contact openings with sizes of 1 um or below
and, consequently, with a pitch shorter than 10 um. The motivation to do so is that shorter pitches would
result in negligible ohmic losses while keepfgrearunder control.

In the first part of thissection a theoretical calculation of this trad# is done by examining contact
geometry and recombination parameters, and will be presented to show the advantage of forming passivated
holes in the 1 um range for PERC/L structure sTikifollowed by briefly proposing two different device
architectures wherein this approach can be applied.

1.4.1 Rear surface modelling

In this section, the rear surface is modelled by studying the variation of the ohmic lossesSafd.the
a function of the contacted area fraction for both microscale and nanoscale openings.

The ¢Si substrate characteristics used in the theoretical calculations-areyagpe waf er of 1. 8
thickness of 160 pm, which is representative of typstddstrates in current commercial devices. For the

rear surface modelling, a 3D approach is necessary to defindigeipatterns. However, due to the high
computational cost of such simulations, we reduce the 3D problem to 1D by applying the eqaptsedgr

by Fischer[85], improved by Plagwitz and BrendgB6] and generalized by Saifftastet al.[87] that

allows us to concentrate the ohmic losses in a condensed par&netiend an equivalent surface
recombination velocity&s ea. Additionally, 3D simulations with ATLAS/Silvaco TCAD were performed

at MNT, UPC Barcelona for certain surface configurations to check the analytical results. In particular,
RuaseCan be calculated using the following expres$8%i:

2 ° ~ é .éﬂ’f’@
8
Ree= -tan'la%zzrw& rw%- e ?’“g (1.1)
. 2 0

Wherer is the contact radiug,is the rear pitchw is the wafer thickness, apds the substrate resistivity.

In Fig.114, calculatedRyasevalues are presented as a functiorfcdbr contact radii of 25 and 0.5 pum
together with the results of 3D simulations that perfectly agree with the analytical inoaedition, the
solid red line indicates the minimuRaasevalue, corresponding to the case where all the current is flowing
vertically through the bas®pase=) A w
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Fig.114 Ryase@s a function of the contacted area fractiorr for25 and 0.5 pm.

As it can be seen, resistance for the cage=00.5 pm almost matches this minimum value excepf.for
below 2 %. Importantly, thed,asevalues are about one order of magnitude lower than for the case of
25 pm, introducing a negligible increaseahmic losses, as expected.

The effective rear surface recombination velocify:es, is calculated usinf85]:

1
+ Spass (12)

- 1)

Where D, is the diffusion constant of the minority charge carriers (electrdisy, is the surface
recombination velocity at the conta&assis the surface recombination velocity at the dielectrically
passivated surface amhascis the base resistancepresented by equation.{L Since higkefficiency
devices are of interes$assis kept constant at 1 cm/s whiig,nis varied from 5x10cm/s (no passivation
at the contacts) to 2@m/s for the two contact radii under study. As it was mentionedra sophisticated

model is reported in referen¢®7]. However, under these assumptions, the proposed equation leads to
accurate resulf87].

S — %Rbase_ r-w + 1
eff rear (; f'Dn ch

cont

QDO
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Fig.1.15 Srearas a function of contacted area fractionrfer0.5 and 25 um an8.on: values.

Figurel.15 shows that for small contacts without passivatif,ear Sharply increases with, while
reasonable values can be obtained with25 pm. This difference comes from the fact that, despite the
percentage of nepassivated surface is the same, forlsnaaius the highlyecombining areas are much
closer, |l ess tha+# 0D0 emadsumoAnprasultetide recambidatiof rate increases,
since minority carriers could more easily find contact regions.

The difference irGesear betweenboth contact sizes decreases wlen is reduced, being negligible for

Sont < 1x1G cm/s. It can be concluded that from a recombination point of view contact openings in the 1
pum range are beneficial for technologies that can achieve passivatedsdrathat cases, SimilSti rear

than for big contacts can be obtained without significantly increasing the ohmic losses. For example, in
these calculationSsrear0f 20 cm/s can be obtainedfod 2 % wi t h a co®&twadt®® t echn
cm/s without significantly increasing.ase Obviously, for passivated contacts with very |8ah, a fully

contacted area is the best solution, since no additional series resistance is introduced. This is the case of
polysilicon contact§88], tunnel oxide contac{89] or silicon heterojunction technolog90]. Interestingly,

the combination of silicon heterojunction with pelikie contacts has already been explored, resulting in

an optcal improvement in the internal rear reflection, as reported by S. De \&tcahin referencd91]

for large point contacts.

1.4.2 Impact on solar cell efficiency

In this section, the impact of the rear surface configuration on the solar cell efficiency is explored. Since
the 3D problem can be accurately describedayar and Roase Values, as demonstrated in the previous
section, PELD simulations with a refenee PERC/L structure shown in the inset of Eio was used.

From the optical point of view, as external reflectafi@g)( experimental data shown in Figléwas used.

This data was measured for solar cells developed in MNT group with random pyramitzéel surface

and 100 nm Si@passivatior{92]. In this measurement, the photons that escape from the semiconductor
absorber are also included. Thus, in the simulations, it is considered that no photons are coming out from
the solar c i.e. a front internal reflection d®n on= 100 %. At the rear surface, an internal reflectance of
Rinrea= 94 % was considered, which is also a realistic value for a partially contacted surface covered with
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a transparent dielectric, for exampl®©gor SiN,, covered with aluminum. Finally, a 2.7 % of shadowing
was added due to the metal fingers and busbar that intréduge 0 . 32inYhk senes resistan{2).
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Fig.1.16: Experimental reflectance introduced in-HT simulations; (inset) solar cell structure and parameter
definition used in PELD.

Regarding the front emitter, a Gaussian profile is considered with peak doping densitonfriand a
junction depth of 1 em and am/s Thistopiogerofiecarrespdndsn at i o
to a sheet resistance of 123 Y/ s?Thiwlovwdbpedemiteat ur at i
models the hregions that could be found-between contacts in a selective emitter configuration. For the
contacted regions, a shunt diode is introduced irIB0with a saturation current density of 80 fA/cfsee

inset of Figl.16) resulting in a total saturation current density of the emidter ¢f 100 fA/cnt. It should

be mentioned that different emitter cigufrations have been tried with differeft values. Despite the

strong impact of this parameter on the maximiggvalues reachable by the device, the main conclusions

of the study presented hereby are still valid.

The effect ofRsaseis introduced as lumped resistor at the rear contact without jthe term (see inset
Fig.1.16). Notice that this term corresponding to the geometrical resistance of the base is already included
in the calculations done by PID. Finally, Srear is defined at the rear dace as the Low Level
lllumination value in PELD.

Simulations with PELD were carried out varying the contacted area fraction for the two radii under study.
The obtained curves of solar cell efficiency fvsre shown in Fid..17.
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Fig.1.17 Solar cell efficiency vs. contacted area fraction curves obtained HDP<mulations.

As it can be seen, due to the traddebetween surface passivation and ohmic losses, an optfpuatue
can be determined in all cases. Additionally, it can be Hesrnthe better the surface passivation at the

contacts, the higher the optimum If the passivation quality at the contacts improves, more area can be

contacted without penalizing in surface recombination. Finally, I@&ugrvalues allow higher solarell

efficiencies, as expected.

Focusing on the comparison of small and big contactS§@r 5-1¢ cm/s similar maximum efficiencies
can be obtained. In the previous section, it was demonstrated that for this case, surface recombination is
much higheffor small contacts. However, the reduction in ohmic losses due to the short pitches used for

such small contacts compensates the poor surface passivatiG.R@lues between 2@Gnd 16 cm/s,

the maximum reachable efficiencies are much better fordbe of contacts with= 0 .

5

e m. I n

t hi

the reduction in ohmic losses is a clear advantage, since surface recombination is comparable. Finally, for
Son= 1C cm/s similar maximum efficiencies are obtained again. Now, due to the low recombatdtien

contacts, short pitches, i.e. hifgtvalues, are not so detrimental for big contacts allowing a compensation

of the ohmic losses.

1.4.3 Summary and device architectures

As a summary of

this analysi s,

t

can

be

concl

range is beneficial for contacts wifRon in the range of 1910° cm/s, while comparable maximum
efficiencies are achievable for small and bigitemt sizes with both nepassivated and weflassivated
contacts. This result demonstrates that small contacts are an attractive solution from the point of view of

cell efficiency.

Two different device architectures could be used to form a partiallyaciect rear surface with such
characteristics, and both are shown in figr#8 In approach 1 (Fi¢.18 a), conducting passivated
contacts formed by a low temperature technique are employed. Good candidates would be transition metal

oxides like MoQ [93] that have demonstrated good carrier selectivity with a low contact resistance.

Another feasible possibility is the deposition of bedmped amorphous silicdiiims based on silicon
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heterojunction technolog0]. For this case, aluminum oxide 68k) deposited by ALD as the dielectric
passivation layer can be a good ddate.

On the other hand (approach 2, in Hidl8b) a BSFtype structure at the contacts can be obtained by a p
region created either by thermal diffusion or ion implantation. Now, a thick thermakBnOltaneously

works as a passivating film and as a mask for the doping process.

(a) (b)
n* emitter n* emitter
AlLO,  ptypec-Si SIiO, p-typec-Si
Pas?lvated conta{ts l p* p+ pt p*
Il I IS I . I I S S .
Fig.1.18: Two potenti al rear contact configurations to

(a) approach 1: low temperatypassivated contacts and.@k passivation(b) approach 2: p+ regions fabricated by
either thermal diffusion or ion implantation and thermally grown,pi&ssivation.
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1.5Summary and Thesis Outline

In this chapter, the importance of NPs for different applications and especially for PV applications
was shown. As well, different methods of forming point contacts for PV devices were pre3émted.
conventional methods (Lithography and laser) usdadrm openings in a dielectric were first presented,
followed by a more innovative method based on NPs to form point contacts for cSi and CIGS solar cells.

Numerical simulations were then presented to explore the potential advantages of using namdactle co
openings instead of microscale openinghibws that the definition of contacts whose size is in the 1 um
range is beneficial for contacts wifRon in the range of 1910° cm/s, while comparable maximum
efficiencies are achievable for small and lbbntact sizes with both ngrassivated and welassivated
contacts.

In this PhD work, | explore the possibility of usingnoscale contact openingfstead of microscale
opening, with an eye towards PERL structures as the final device structureedikésttherefore organized
as follows:

Chapter 2 presents the experimental tools used during this thesis,

Chapter 3 develops and explores processes to enable the formation of such contacts using various
nanosphere dispersion, tHitm deposition, and Mer etching processes. It will present the different
methods used to deposit the NPs, to etch them and to remove them after being covered by a metallic or a
dielectric layer.

Chapter 4 will then present the characterization done on the nanoholes artiffiarext approaches (A,
B, and C) used to form the nanoholes in thin (< 50 nm) and thick dielectric lay&& rfm). In the last

part of this chapter, a test structure involving the formation of point contacts on$iiA aells will be

presented.

Chapter 5 considers the application of naimed point contacts on crystalline silicon by exploring localized
doping through the nanoholes formed. It will present experimental results demonstrating doping through
nanoholes by diffusion and ion implantatio
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Chapter 2: Experimental techniques
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In this PhD work, different experimental setups were used to form holes in dielectric layers and
dope the substrate through them. Three different approaches (detailed later in ch.4), were used to form holes
in the dielectrics. After fabricating the sampl@siumber otharacterization tools were used to analyze the
formedholes, the doping through the holes, and the devices employing the holes.

In the first part of this chapter, | present the techniques used to deposit the dielectrics and the masking
layers, and those used to perform the plasma etching and the doping through the holes. In the second part
the characterization tools used to characterize the formed holes before and after doping are presented.

2.1Deposition techniques
2.1.1 Spin coating

Spin coatings one of the most common techniques for applying thin films to substrates. The advantage of
this technique is its ability to quickly and easily produce uniform films, ranging from a few nanometers to
a few microns in thickness.

The working principle of &pin coater is simple. The substrate is fixed on a substrate holder by vacuum
suction. A small quantity of the coating material is dropped in the middle of the sample. The substrate is
then simply rotated at very high speed and the film spreads homoggneoder the action of centrifugal
forces as shown in Fig.2.1.

a) '

b) c)

Deposition Spin-up Spin-off + Evaporation

Fig.2.1: Schematic illustrating spin coating technique key sfegks

[In this thesis] Spin coating was used in this PhD to deposit NPs on Si and metallic substrates. Details are
shown in ch.3.

2.1.2 Radio frequencylasmaenhanced chemical vapor deposition

Vacuumbased thin film deposition techniques can be divided in two main categories: i) depositions based
on a physical process such as evaporation and sputtering; and ii) depositions based on chemical processes,
known as chemical vapor deposition (CVD).

Plasmaenhanced chemical vapor deposition (PECVD) is a sort of CVD. In a CVD process, gas precursors
are decomposed and react on a hot substrate via chemical reactions which require quite high temperatures
(500800 3 ) to take place. In the PECVD process, an electrical discharge is used to decompose the
precursors, generating reactive species such as radicals or ions which will induce chemical reactions and
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result into the growth of a film at lower temperature (8803 ). The PECVD technique is therefore low
temperature process which enables the growth of films with good adhesion and uniformity properties.

The plasma in the PECVD deposition is generally created by a voltage at RF (AC) frequency or DC,
creating a dischrge between two electrodes. A simple DC discharge can be created at a few torr between
two conductive electrodes, and may be suitable for deposition of conductive materials. However, insulating
films will quickly extinguish this discharge as they are dépds The RFPECVD has an advantage over

the DCPECVD in its capacity of depositing insulating films and to perform depositions on insulating
substrates.

Plasma deposition of thin films covers a wide range of materials and applicfBl{86]. More
particularly, PECVD is widely used for the growth of dielectric films likeN$and SiQ[97] aSi:H [98].

It can also be used for more exotic depositn s  4SiiHK39], and eSi epitaxy[100]. For aSi:H
deposition, the dissociation of silane was first reported by Ogi2B79[101]. However, the interest for

this material started after hundred years later after discovering the possibility of doping it, by Chittick and
Spear and Le Combgr02], [103] Using RFPECVD at a 13.56 MHz frequency is today the most common
way to deposit <5i:H thin films and have allowed for uniformSi:H depositioron a substrate up to 5.7

m?2. A schematic diagram of a PECVD deposition reactor is shown in Fig.2.2.

RF electrode

T

SiH,

(CH,)5B
Pumping

PH

Substrate

1[;

Fig.2.2: Schematic diagram of plasma enhanced chemical vapor deposition [tHExdjtor

The deposition reactor consists of a gas injection system, a vacuum chamber and of a parallel plate,
capacitively coupled plasma (CCP) systene electrode is RF powered and the other is a grounded and
heated substrate holder.

This method is advantageous compared to other CVD deposition techniques because of the following
benefits:

-Deposition at low temperature can be done, because theridissn of gas precursors occurs due to
collisions with highenergy electrons.

-Dense and smooth films can be depogiteel tothe energy brought to the growth zone by accelerated ions
present in the plasma.

-a-Si:H can be easily doped p or n type or evansformed into alloys {8iC:H, aSiOs:H, etc.) by adding
other gases.
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-Stacks can be easily deposited by varying the gas content and plasma parameters without having to remove
the sample outside the reactor between two different film depositions.

Eventhough a wide choice of gas precursors exists for{Bethdeposition (SHs, SiF, SiCkH , etcé),
SiH4 has been and is still the most widely studied.

The plasma formed between the two electrodes is an ionized gas which is macroscopically neutral. A
transition region arises between the plasma and the electrodes and it is called sheath. As the energy of the
power supply is mostly coupled to electrons, they are the most energetic species in the discharge and would
just move out of the plasma if there waS potential barrier preventing them from leaving the plasma. On

the other hand, ions are much less mobile because of their higher mass. They only experience an average
potential, whose distribution is shown in Fig.2.3. This potential distribution inthiesiegatively charged

species in the plasma (electrons, negative ions and negatively charged powders) experience a potential
barrier which prevents them from leaving the plasma. On the other hand, positively charged ions and
particles will be accelerateto the walls, thus leading to thesalled ion bombardmeiit04].

Sheath Bulk Sheath
E——> €——> €
b Plasma
MalChil]g 4{ }7 _____________________________ Y _._.
box Vi
VB V(j /
N NN

Fig.2.3: Average potential distribution in capacitively coupled RF glow discharge rEE@4dr

It can be seen from Fig.2.3 that the potential in the plasma discharge is positive. This potential drop in the
region of the sheath and becomes zero at the grounded electrode. However, if the area of the grounded
electrode is muclharger than the RF electrode, the plasma discharges becomes asymmetric and the RF
electrode will be negatively biased/g). This will lead to a difference in the energy of the impinging ions

if the substrate is placed on the powered or grounded electrode.

However industrial systems become more symmetric as the size of the substrates and consequently that of
the RF electrode increases. The-&fs on the RF will then tends to zero, while the plasma potential will
increase, leading to higher ion energyl gnossible damage of the substrates usedtrengrowing films.

This damage will be more serious if RF power is increased to increase more the deposition rate.

To avoid this effect, other deposition techniques;wio¢ CVD, photeCVD and microwave plasrsacan
be used to decrease ion energy. However to achieve an increase in the deposition rate, the power coupled
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to the discharge should be increased, and this will lead to the formation of pdt@igra compromise
should be found in order to achieve high deposition rate while keeping low ion energy without powder
formation. More information on this deposition can be found in this mretef&04].

[In this thesis] ND200, NEXTRAL[106] in Thales was used during this PhD to deposit intrinsse: ld
and na-Si:H. aswell as paSiC to create-8i:H cells. More details on this deposition will be shown in
chapterd.

Another RFPECVD reactor was used in the Micro and Nano Technologies research(lgiglij
Polytechnic University of Catalonia (UPC), BarceleBain fromElettrorava S.p.A to deposit intrinsie a
SiC«:H at room temperature. More details on this deposition will be shown in clBapter

2.1.3 Matrix Distributed Electron Cyclotron ResonarRECVD

In this section, we describe the working principle of the Matrix Digtédd Electron Cyclotron Resonance

Plasma Enhanced Chemical Vapor Deposition (MDERERVD). We first review the working principle

of the (ECRPECVD) before introducing the MDEGCRECVD r eactor AVenuso that
experiments.

2.1.3.1 Electron CyclotrorResonanc®ECVD
In this section, the basic principal of the Electron cyclotron resonance (ECR) is first reviewed

The trajectory of an electron in a uniform static magnetic field of strengtitBout the presence of an
electric field is a helicoidal tragtory with a constant radius around the magnetic liflis. cyclotronic

motion of the charged particle in the magnetic field is characterized by the radius and the frequency
Q andi respectively, given by:

I
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Wheren is the electron charge is the electron mass and is the electron velocity in the plane
perpendicular to the magnetic field.

By supplyingmicrowave power to the plasma, a linearly polarized electric field is superimposed on the
magnetic field and will contribute to the electron motion. With its frequency in the microwaveé@ange
2.45 GHz, a resonance will exist when the electric fielduency is equal to the Larmor frequency:

l+>DDl“Tr 8

This means that the motion oftlelectron in the field created by the magnets is resonant with the electric
field generated by the microwaves and that the resonant absorption will take place at the specific value of
the magnetic field of 875 Gauss. The electric field will constantiyease the electron velocity, and so its
energy.When the electron energy exceeds the excitation, dissociation or ionization threshold of gas
molecules, inelastic collision will happen and will result in creation of the reactive species (excited
moleculesyadicals or ions, respectively). To effectively couple electric field energy from the field to the
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electrons in resonant regime, the pressure should be low, typically below 10 mTorr to decrease the collision
frequency to allow electrons to gain enough gpeOn the other hand, at very low pressures, below 1
mTorr, production rate of active species drops as well, so optimal pressure range f®EERUR is
considered to be between 1 and 10 mTorr.

Electron Cyclotron Resonance Plasma Enhanced Chemical Vaposiben (ECRPECVD) is a high
plasma density, lowressure deposition technology used for the deposition of dielectric, functional and
optical thin films for different applications. It offers fast growth rates due to high ionization and gas
dissociationévels at low pressurels.can also perform film depositions at low temperature (belovg 300

with good quality, due to considerable ion flux of low energy ions, which differentiates it from the RF
CCP. The most common geometry, called divergent ECR (or Np&) consists in injecting the
microwaves by a waveguide through a dielectric window in a cylindrical chamber surrounded by
electromagnets. A magnetic confinement is provided by the axial magnetic field and the microwave power
is absorbed in the resonarggion where the electron cyclotron frequency matches the microwave
frequency. The ion energy can be as well independently controlled by biasing the substrate holder.

To apply ECR technology for thin film fabrication, several different designs of ECRorsdmave been
developed107], including divergent ECR, microwave plasmakdreactors, distributed ECR, integrated
ECR and multdipolar (or matrix distributed) ECR reactors.

2.1.3.2 Matrix distributedECR PECVD, Venus

The idea of multipolar magnetic field confinement was first proposed by Sadowski in 1967 in a spherical
configuration for controlled thermonuclear reactift@8]. Its first realization for the production of large
uniform low temperature plasmas is attributed to Limpaecher and MacKenzie if1097.2

MDECR reactors were developed as a combination of multipolar magnetic confinement and microwave
plasma in order to overcome the difficulties of DE(IRO0]. They use microwave antea applicators

equi pped with SmCo magnet s integrated into the
configuration, providing multipolar confinemefithis reduces the losses of energetic electrons creating
zone of uniform intense plasma in frorittbe wafer. It allows deposition on large surfaces, and can be
expanded to larger areas by increasing the number of antennas.

[In this thesis] An MDECR reactor, Venus, was used in this PhD. The microwave discharge, at 2.45 GHz,
is sustained by a set dkgeen watercooled linear antennas in a four by four matrix, each carrying on its
end a permanent ragarth magnet, with S and N polarities alternating in rows and columns. To power the
microwave antennas, two magnetron generators generating up to 2@80each were used, each one
supplying eight antennas via wavegutdecoaxial 8way splitters. This reactor is shown schematically in
Fig.2.4. More information can be found in f&i1].
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TMP

Fig.2.4 : Schematic of Venus reacfbi1].

The Venus reactor wsaused in this PhD to deposit dielectrics of Sa@d SiN at room temperature, with
deposition rates of 4.B/s and 6.8 A/s respectively. More details about these depositions will be given in
chapter3. It was also used as a tool to etch polystyrene retiofes using @plasma. More details about
this etching using Venus will be given in chapter 3

2.1.4 Atomic Layer Deposition (ALD)

Atomic Layer Deposition (ALD) offers precise thickness control, in theory down to the atomic scale. It is
designed to depositegfectly uniform thickness films, even deep inside pores, trenches and cavities of
surfaces. It can be used to deposit passivation layers for cSi samples, sugDs.a8h&l main difference

of Al,Osin comparison to other passivation schemes is its high fixed negative charge deftsitg ¢t

%) located at the AD4/Si interface, which produces effective fiagtfect passivation by repelling electrons
from the interfac¢112]. A postdeposition annealing step is required to reduce the interfaget diefnsity

Dit (10'°-10"2 eV-lcnt?) and achieve a good cSi surface passivation performangs #ds acted as a good
surface passivation for both lightly and highly dopedumd p type cSi substratgd12], [113]whereS
values below 3 cm/s have been achiejdddl], [115] [116].

The principle of this deposition is like CVD except that the precursors are never present simultaneously in
the reactor as in the CVD case. These precursors react with the sissfeatte one at a time in a sequential,
self-limiting, manner. A thin film is slowly deposited through the repeated exposure to separate precursors.
Fig.2.5 illustrates one ALD reaction cycle for.8k deposition.
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Fig.2.5: Schematic illustration of od,0s; ALD reaction cycld116].

H20 is adsorbed on the sample surface and with silicon for@:1$i The four steps defined in theactor

are:

T

1

1

1

A 0.005 sec pulse of an aluminum precursor, trimethylaluminégno[O  HYD 6, reacts with
hydroxyl groups OH.

The excess precursor and reaction products)&te purged out of the deposition chamber via a 5 sec
purge with inert N

The coereactant, KO, is introduced into the chamber and reacts with the adsorbed TMA molecules
during 0.015 sec to form a monolayer of@lbridges and hydroxyl surface groups

Non-reacted HO and CH are purged out of the deposition chamber via a 5 segepvith N.

The amount deposited per cycle (step 1 to 4) is expressed as growth rate, GPC (Growth per cycle) and is
1.1 A. Reaction cycles are repeated until the desired amount of material is been deposited.

[In this thesis] The ALD machine used in thBhD is a Savannah S200 from Cambridge Nanotech and is
in the MNT lab at UPC, Barcelona.
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2.1.5 Thermal oxidation

Thermal oxidation is a way to passivate silicon wafer by growing a thin layer of silicon didxide
technique forces an oxidizing agent to diffuse into the wafer at high temperature and react with it. It is
usually performed at a high temperature between 800 and31200

It allows an excellent surface passivation which is mainly attributed to haghygof the cSi/SiQinterface
that reduces the density of states at the interfad€’(cnieV?). Furthermore positive charge densities
within the dielectric layer (up to 3Bcm?) [117] cause a weak field effect passivat[@d8] and lead t&«
values as low as 2 cm/s (substratgpe) and 12 cm/s {type)[119].

There are two methods of thermal oxidation:

Dry oxidation, wherein the wafer is exposed to oxygen at 2008nd a high quality oxide is produced.
The oxidation reaction is the following:

10 Feodi k 8

Wet oxidation, when a mixture of highurity oxygen and hydrogen at 1080is used, giving watevapor
environment. A higher growth rate can be achieved in this case, but with a lower quality compared to dry
oxidation, therefore this oxide can be used to form thicker oxide layhesoxidation reaction is the
following:

10 7 FedE 3 8

Thermal oxide incorporates silicon consumed from the substrate and oxygen supplied from the gas phase.
Therefore, it grows both down intbe wafer and up out of it. If a bare silicon surface is oxidize&p 44
the oxide thickness will lie below the original surface, an&®b&bove it, as can be shown on Fig.2.6.

SiO, surface

o on.44x

/— Original Sisurface .
Si()z ---------------------- L7

Silicon substrate

Fig.2.6 : Growth of silicon dioxide by thermal oxidatifir20].

Thermal oxidation can also be used as a good diffusion mask for common silicon dopants like Boron (B),
Phosphorous (P), Arsenic (As) and Antimony (Sb).

[In this thesis] In this PhD, dry thermal oxidation is carried out to grow ax$ager that is mainly used to
mask the boron diffusion, as will be seen in chapter 5.
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2.1.6 Thermal evaporation

Thermal evaporatio is a physical vapor deposition that allows depositing materials, mostly metals, at
relatively high deposition rate (up tgun/min).

Evaporation involves two basic processes: a hot source material evaporates and condenses on the substrate.
The evaporatio takes place in a vacuum, which means that vapors other than the source material are almost
entirely removed before the process begins.

The evaporator consists of a vacuum vessel where the samples are facing down, in front of a crucible filled
with smallpieces of the metal that will be evaporated. The vessel is later pumped down to a pressure around
U p 1 mbar. This process is based on Jeffect to heat the source material by applying a high current

on the crucible, until the metal pieces melt (around®60r Al), evaporate and condense on the surface

of the sample. Since this process occurs in vagtigrparticles have a long mean free path allowing them

to reach the sample surface directly without reacting with the background gas. The thickness of the

deposited metal is controlled by a quartz crystal microbalance.

[In this thesis] Thermal evaporatin was used in this PhD to evaporate aluminum on NPs of polystyrene,
as will be shown in chapter 3. As this technique is an anisotropic deposition, this will result in a shading
effect when evaporated on the NPs, which will lead to an easier removalNPshefterwards.

2.1.7 RF magnetron sputtering

Sputtering depositiois aphysical vapor depositiofPVD) method othin film that involves ejecting

material from a "target" onto a substrate. The power is supplied by a RF generator operating at a frequency
of 13.56 MHz, connected to the cathode with an impedance matching network withevaaphtitors. It

is based on the creation of a plasma between a cathode which is the target and an anode which is the vacuum
chamber. The plasma is created by applying a voltage to the target, as seen in Fig.2.7.
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L

Fig.2.7: Schematic representation of REgnetron sputtering systqa?1].

The ionized gas usually used is inert such as Ar for ar@active sputteringeposition, or a mixture of

Ar+0O; for a reactive sputtering deposition. The feature of the magnetron discharge is the use of a closed
magnetic field to trap electrons, enhancing both the efficiency of the initial ionization process and allowing
a plasma tde generated at lower pressures.
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The Ar"ions are accelerated towards the cathode by the electric field and bombard the target. The neutral
species sputtered from the target are deposited on the substrate after alisteaigipectory.

[In this thesig] This technique was used to deposit indium tin oxide (ITO), silver (Ag) and ZnO using an
Alliance concept DP650 sputtering system.

2.1.8 Reactive lon Etching (RIE)

Reactive lon etching (RIE) is a high resolution (when a mask is used) dry etching technioagefdal

etching using a chemically reactive plasma. It is a highly controllable process that can process a wide variety
of materials, including semiconductors, dielectrics, and some metals. The advantage of RIE, compared to
other etching techniques, isttthis process can be highly anisotropic due to the vertical delivery of reactive
ions that reach the sample, allowing for much finer resolution and higher aspect ratios.

A typical RIE system may use an inductively coupled plasma (ICP) to generategh&CiBrprovides a

high ion density; hence fast etch rates, while allowing separate control of ion density and ion energy, giving
a low damage capabilit@ne such system is the Oxford Instruments Plasma Technology Plasmalab System
100 ICP etcher in ICFOhe institute of Photonic Sciences, Spaischematic of this etch chamber is given

in Fig.2.8.
Axially sy trical gas inlet
N

Water cooled
ICP Coil RF Coil
1O P
Generator
Quartzor _J
alumina
ICP tube

-150 to +400°C

controlled
Ii clectrode
RF bias gencrator @_' L High conductance

pumping port
Fig.2.8: Schematic of Plasmalab System100 ICP18(1aal.

RF power of 13.56 MHz is applied to both the ICP source (up to 3000 Watts) and the substrate electrode
(600 Watts) to generate the etch plasma. By measuring the DC biaatgdrar the lower electrode, the

ion energy at the substrate is monitored, and it is further controlled by the RF power supplied to this
electrode. The lower electrode holding the sample can be thermally controlled. The substrate temperature
can be contrddd to an accuracy of p 3 over a temperature range -&f3 to 4003 . This range can be
extended te1503 to 4003 with the addition of a supply of liquid nitrogen. The etch result is affected by

the substrate temperature as it controls the volatilith@®tch species, affecting the etch rate, selectivity,
profile and the surface roughness. The pressure range of the system can be variedliyaiiveed 100

mT [123].

[In this thesis] The above ICP etcher was used to etch the Bi€lly by masking it with an aluminum
layer; more details will be found in chapter 4.

Another RIE system was also used, namely a Nextral NE 110 located in the Thales Laboratory in Palaiseau,
France. It was used to etch local dielectrics of silicon oaitk silicon nitride. It is a CCP reactor with
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almost equal area electrodes, and a plasma source generated at 13.56 MHz. Its maximal power is 300 W
and the pressure range is from 10 to 100 mTorr. More details about the etching will be present in chapter
4.

2.1.9 Doping

Doping refers to the process of intentionally introducing impurities into a semiconductor to change its
electrical properties, namely to vary the number of electrons and holes.

Doping creates type material when semiconductor materials from griMimre doped with group V

atoms. The materials from group V elements in the periodic table have 5 valence electrons in their atoms.
As only 4 valence electrons are needed from each atom to form the covalent bonds around the silicon atoms,
there will reman an extra free valence electrdrhus, the number of electrons present will increase.
Phosphorous, Arsenic, Antimony, Bismuth, and Lithium can be usedtygse rdopant of silicon. The
schematic of the-doped silicon is present in Fig.2.9.a.

Doping create ptype material when semiconductor materials from group IV are doped with group I
atoms. The materials from group Il elements in the periodic table have 3 valence electrons in their atoms.
As not enough electrons are present to form 4 covalent boodsdasilicon, there will remain an extra

hole. Thus, the number of holes present will increase. Boron, Aluminum, Nitrogen, Gallium, and Indium
can be used gstype dopant of silicon. The schematic of thdaped silicon is present in Fig.2.9.b.

Fig.29: (a) Schematic of n doped silicon, afid of p doped silicof124].

Doping was done during this PhD by both diffusion and ion implantation.

2.1.9.1 Doping by diffusion

Diffusion of impurities is typically done by placing semiconductors wafers in athigperature quarz
tube furnace. The dopants can be introduced in several ways, including solid sources, liquid sources and
gaseous sources. The process temperature yisaadles between 830 and 120G for Si.

Diffusion in a semiconductor can be visualized as the atomic movement of the dopant atoms in the crystal
lattice by vacancies or interstitials. Figure 2.10 shows the two basic atom diffusion models in a solid (Th
open circles represent the host atoms occupying the equilibrium lattice positions, and the solid dots
represent the impurity atoms).
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