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Introduction

In a World where energy demands associated to living standards are steadily
increasing over the years, and the high concentrations of Green House Gases
(GHGsS) in the atmosphere present a serious threat to the health, prosperity,
and stability of human communities [1], the use of sustainable energy sources
must be considered a vital necessity.

Solar photovoltaic (PV) systems represent a sustainable and clean source
of power generation, which can be applied in both residential and indus-
trial infrastructures. An illustrative measure of the potential of solar energy
is obtained as follows [2]: The World current energy consumption is 4.1x10%°
Joules/year, which is equivalent to a continuous power consumption of 13 TW.
Thus, considering that the earth surface receives an average of 120000 TW from
the sun, the entire global energy needs can be satisfied covering 0.16 % of earth

surface with solar panels with 10% efficiency.

The wide variety of solar cell technologies are commonly divided into three
main families: 1) 15t generation solar cells are mainly based on crystalline-
silicon (c-Si) wafers, whether single- or multi-crystalline. This is the most
common and mature technology, and efficiency of current c-Si PV panels has
reached values above 20%. 2) 2" generation solar cells are presented in form
of 1-2 um-thick films and avoid the use of silicon wafers. The combination of
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Chapter 1. Introduction

using less material and lower cost manufacturing processes allows to produce
panels at a much lower cost. However, their efficiency (10-15 %) is lower than
18t generation solar cells. Typically, amorphous silicon (a-Si), Cadmium Tel-
luride (CdTe), and Copper Indium Gallium Selenide (CIGS) are the main solar
cells considered in this category. 3) 3" generation solar cells are made from a
variety of new materials besides silicon and may include novel nano-structures
such as nanotubes, nano wires and quantum dots. One interesting example in
this category are organic PV (OPV) cells, which are deposited from solution
and exhibit interesting properties like low-cost and flexibility.

As shown in Figure 1.1, the global PV capacity has shown an exponential
growth during the last years. This growth is projected to continue until reach-
ing values of 4600 GW of installed PV capacity by 2050 [3]. By far, global
PV market is currently dominated by 15 generation c-Si modules, and the re-
duction of production costs can be considered one of the key reasons of the
significant growth of PV capacity over the last years. In particular, the cost of
PV modules has been divided by five in the last six years.

In order to expand this position and to improve the competitiveness of solar
technology in front of other energy production alternatives, the generation cost
of solar electricity must reach grid parity. This is, the net amortized cost for the
production of solar electricity must be equal to the price of electricity generated
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Figure 1.1: Global cumulative growth of PV capacity from 2003 to 2013 [3].



by today’s conventional sources. In order to achieve this goal, the cost per
produced watt (€/Wp) must be further reduced. Hence, in parallel with the
reduction of production costs, the increase in PV modules efficiency also plays
an important role.

During the last years, PV technology has experienced an important evolu-
tion, resulting in the design of more complex and efficient architectures. In
this context, material and device characterization becomes an important task
not only for quality control in an expanding industry, but also remains at the
very heart of further technological progress. This scenario is clearly captured
by Figure 1.2. In this figure we represent the number of scientific publications
during the last years that, in addition to the term ’solar cell’, contain other
words like ‘characterization’, "Atomic Force Microscopy (AFM)” or "high res-
olution’, in their tittle or abstract. As we can observe, a steadily increase of
scientific works during the last years have been focused on solar cell character-
ization.

In addition, since ultimate PV technologies are based on thinner architec-
tures and smaller structures, also high-resolution characterization techniques
such as AFM, which can be considered the workhorse technique of high-
resolution microscopies, are progressively getting more importance in the sci-
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Figure 1.2: Number of publications from 1990 that in addition to the term “solar
cell’, contain other words like ‘characterization’, "AFM’ or ’high resolution” in
their title, abstract or key word list.
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entific production in the PV field.

The effects and results of this increased number of scientific works are evi-
dent. For instance, in the case of c-Si, the recent and tremendous evolution in
PV technology has lead to achieve efficiencies up to 25% [4], which are closer
to the theoretical limit, i.e. 29.8% [5]. In this sense, the study of PV materials
and devices by novel and advanced experimental techniques should be also
considered the base of further technological progress of less-mature solar cell
technologies.

1.1 Thesis objectives

This Thesis is focused on the application of advanced characterization tech-
niques such as scanning probe microscopies, or micro-Raman and micro- pho-
toluminescence spectroscopies to carry out a detailed and comprehensive study
of PV materials and devices. The high-resolution and spatially-resolved capa-
bilities of these techniques, allow us to obtain unique and exclusive informa-
tion of material properties and device operation, which can not be deduced by
other conventional (macroscopic) techniques. Thus, the obtained information
will help to determine some key insights for the improvement and optimiza-
tion of the studied PV devices.

The work is mainly focused on the study of two specific parts of current
p-type c-Si solar cell architectures:

* rear passivation layer: In this case, the experiments are focused on study-
ing the properties of the dielectric/silicon interface.

¢ laser-processed rear local base contacts: Here, we study two important
features of the laser-processed contacts. First, we evaluate the impact of
the laser processing on the passivation layer. Second, we characterize the
properties of the highly-doped regions created below the contacts.

Additionally, in the appendix of this work, the same characterization tech-
niques are nimbly applied for the study of micro-structural properties of or-
ganic PV (OPV) thin films. With this, we intend to demonstrate the versatility
of the different experimental tools used in this Thesis.

4



1.2. Thesis outline

1.2 Thesis outline

In Chapter 2, some of the most important features about the operation princi-
ples of c-Si solar cells are introduced. Emphasis has been put on two specific
parts of PV devices that are of interest for this work: 1) the rear surface passiva-
tion layer and 2) the rear local point contacts, the so-called Laser-Fired Contact
(LFCs).

In Chapter 3, the different characterization techniques used in this Thesis
are presented. Special importance has been given to those features and pe-
culiarities which make these techniques suitable tools to obtain unique and
valuable information about PV devices and materials.

Chapter 4 and Chapter 5 are focused on the study of rear passivation layers
employed in p-type solar cells. In Chapter 4, we use Kelvin Probe Force Mi-
croscopy (KPFM) to perform a high-resolution spatially-resolved study of the
potential profile across the Metal-Oxide-Semiconductor (MOS) structure we
can found at the rear side of many solar cells. On the other hand, in Chapter
5, we present a low-temperature micro-Photoluminescence (PL) spectroscopy
study of Al,O3-passivated c-Si wafers.

Chapter 6 presents an extensive and exhaustive study of local base con-
tacts typically used in the rear side of p-type c-5i solar cells. In particular, their
characterization by micro-Raman and micro-PL spectroscopies with lateral res-
olutions down to 1 um, has allowed us to obtain for the first time unique and
relevant information about specific key features of LFCs.

In Chapter 7, the most important conclusions concerning the characteriza-
tion of c-Si devices are summarized.

Finally, in the appendix A, we present our study on organic thin films. As
introduction, in the first part to the appendix, the most important peculiar-
ities of OPV systems are introduced and compared with inorganic PV (IPV)
systems.
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Crystalline-Si photovoltaics

In this chapter, some important concepts concerning the operation principles of crysta-
lline-Si (c-Si) solar cells are introduced. The goal is to give to the reader an useful
conceptual background that will serve to understand the studies and results presented
in this thesis. In the first section, important c-Si solar cells technologies such as the
screen-printed solar cell and the Passivated Emitter an Rear Cell (PERC) concepts are
addressed. This will serve as an introduction to the different fundamental parts of a c-Si
solar cell, as well as to present the importance of surface passivation to develop high-
efficiency c-Si solar cells. In the second section, the different recombination losses that
can be present in a c-Si solar cell are reviewed, and also, the different available strategies
to reduce such recombination losses. In particular, we focus on the use of Al,O3
passivation layers. Finally, in the third section, we introduce the most important
features of the Laser-Fired Contact (LFC) approach which is one of the most promising
alternatives to develop base local contacts through the rear passivated surface of PERC
solar cells.



Chapter 2. Crystalline-Si photovoltaics

2.1 Introduction

Crystalline-silicon (c-Si) photovoltaics is the working horse of the photovoltaic
market since their invention in the 1950’s. Nowadays, c-Si solar cells represent
by far the largest share to the World’s Photovoltaic (PV) facilities, reaching up
to 90% of the World” s PV market for terrestrial applications [6].

The raw and most basic structure of a ¢-5Si solar cell is based on the junction
of a p-type and a n-type c-Si layer, the so-called p-n junction. Basically, a p-
n junction is obtained by the diffusion of dopant atoms through one of the
surfaces of a base c-Si wafer. Thus, phosphorous is usually used for creating
n+ zones in p-type c-Si wafers, whereas Boron is employed for creating p+
regions in n-type c-Si wafers.

Three main processes take place in a solar cell for converting solar energy
into electricity. These are: 1) absorption of photons and generation of electron-
hole pairs, which at room temperature are immediately separated by the effect
of thermal energy, 2) collection of photo-generated minority carriers (electrons
in the p-type layer and holes in the n-type layer) by the p-n junction, and
conversion to majority carriers by the effect of the p-n junction built-in electric
field, and finally 3) movement of carriers towards their respective electrodes.
Taking these processes into consideration, as depicted in Figure 2.1, the most

front electrode
[i=] .
- SrRE | _— n-type emitter
@ —
external
load @ | __— ptype base

+

| s rear electrode

Figure 2.1: Sketch showing a cross-section of the basic structure of a c-Si solar
cell. This is, front electrode/p-n junction/rear electrode.
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basic structure that is required in a c-Si solar cell is the following: electrons
electrode/n-type c-Si layer/p-type c-Si layer/holes electrode. Starting from
this basic solar cell scheme, commercially-available solar cell concepts show
much more complex structures with a significant increase in the number of
layers. The main goal of these complex cell architectures is to increase the
device conversion efficiency. Some of these solar cell structures are introduced
in the following sections.

2.1.1 Commercially produced c-Si solar cells

Among the large number of different solar cell concepts, the so-called screen-
printed solar cells, have been one of the most used alternatives. This cell con-
cept was developed in the 1970’s and has dominated the terrestrial PV market
in the last three decades. Since costs reduction has been always considered a
paramount requirement for PV manufacturers, the low fabrication cost of this
cell structure associated to a simple structure and a technologically feasible
fabrication process, can be considered one of the most important reasons for
the commercial success of the screen-printed c¢-Si solar cells.

Figure 2.2 shows a scheme of a standard screen printed p-type c-Si solar
cell [7]. Its key features are the following: concerning the front side it features
a surface textured highly doped n** emitter coated by a silicon nitride (SiNx)
films that acts as Anti-Reflection (AR) and passivation coating. Screen-printed
metal grids are used as front electrode. Concerning the back side of the cell,

Screen-printed Ag contacts
Random pyramids
SiNx ARC

n* phosphorous-doped emitter

T p-type c-Si base

p* Al BSF
Al rear contact

Figure 2.2: Scheme representing the structure and different parts of a screen-
printed solar cell [7].
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a complete Al film is screen-printed onto the back c-Si base. The cell is subse-
quently fired to enable the alloying of Al with c-Si. This creates a p+ Al-doped
Si region below the back surface, which induced back surface passivation by
the so-called Back-Surface Field (BSF) mechanism [8]. The BSF passivation is a
key feature of the screen-printed solar cell concept.

2.1.2 Decreasing wafer thickness

In order to improve the competitiveness of solar technology in front of other
energy production alternatives, the total cost per produced watt (€/Wp) must
be reduced. This can be achieved by improving the energy efficiency conver-
sion, as well as by reducing the production costs of the solar panels. As the
cost of the c-Si wafer is an important part of the complete solar cell module
cost, an immediate solution for reducing PV panel costs consists on reduc-
ing the thickness of the wafers used for producing solar cells. Moreover, the
emergence during the last decades of new and advanced cutting techniques
have greatly contributed to the use of thinner wafers as an effective solution to
reduce production costs.

21 I I LN R
Oback = 10 cm/s s e 0 S
m
20 —
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13 I 1T 1T 1171
10 100 1000

Wafer thickness [um]

Figure 2.3: Simulated efficiencies at 1-sun as a function of the wafer thickness of
an n*p ¢-Si solar cell. The influence of both the carrier diffusion length and the
back surface recombination velocity is represented. Extracted from [9].
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2.1. Introduction

For a long time, most of commercial c-Si solar cells were based on low-
quality c-Si. In such devices, the conversion efficiency was limited by bulk
recombination, hence, new and better strategies to reduce surface recombi-
nation were not required. However, by the progressive reduction of wafer
thickness, the surface to volume ratio increased, and surface recombination
started to limit the device conversion efficiencies. Thus, for solar cells based
on thinner wafers, the use of high-performance surface passivation strategies
is considered of paramount importance in order to achieve reasonable conver-
sion efficiencies. Such scenario is clearly illustrated in Figure 2.3, where the
efficiency at 1-sun for a n+p c-Si solar cell as a function of the wafer thickness
[9] is depicted. As it can be observed, for solar cells with a thickness below 200
um, conversion efficiencies above 18% can only be achieved if recombination
velocities at the back surface are in the range of 10 cm/s.

2.1.3 Passivated Emitter and Rear Cell (PERC) concept

The use of efficient rear passivation strategies is mandatory for the develop-
ment of new high-efficiency solar cells structures. Among them, the so-called
Passivated Emitter and Rear Cell (PERC) concept [10], and its improved ver-
sion, the Passivated Emitter and Rear Locally diffused (PERL) cell [11], are the
most promising alternatives as demonstrated by the fact that the current world
record efficiency for c-Si solar cells has been achieved by a PERL structure
[12]. Due to the presence of the back surface passivation layer, an important
difference between these solar cells structures and the screen-printed solar cell
concept (Section 2.1.1), is the necessity to create rear point contacts at the rear
side with the aim to contact the metal electrode with the c-Si base throughout
the back dielectric passivation layer. Figure 2.4 shows a scheme of a standard
p-type PERC solar cell featuring local rear contacts. The key characteristics
of this solar cell structure are the following: regarding the front side, the cell
shows the same architecture than that observed by the screen-printed cell (Sec-
tion 2.1.1). This is, a surface textured highly doped n** emitter coated by
a silicon nitride (SiNy) films and screen-printed metal grids that act as front
electrode. Respect the back side, it features a rear surface passivation layer and
an Al rear contact deposited onto the rear dielectric film. In addition, local
base contacts are processed through the passivation layer in order to contact
the rear Al electrode and the p-type c-Si base. Both, the rear surface passi-
vation layer and the rear local contacts, are considered features of paramount

11
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Screen-printed Ag contacts
Random pyramids
SiNx ARC

n+ phosphorous-doped emitter

T p-type c-Si base

Rear passivation layer
Al rear contact
Laser-fired contacts (LFCs)
Local pt Al BSF

Figure 2.4: Scheme representing the structure of a PERC solar cell with rear
local contacts processed by laser firing [7].

importance for the good operation of these promising solar cell structures. It is
worth to mention that the detailed study of these two important solar cell parts
by high-resolution experimental techniques is the main goal of the first part of
this thesis. The most relevant concepts concerning the features and operation
principles of both the rear surface passivation layer and the rear local contacts
are addressed in the following sections.

2.2 Surface passivation

Surface passivation is the strategy employed to reduce the recombination rate
of photo-generated charge carriers (electron and holes) at the surface, and
therefore, it is used to increase the conversion efficiency of solar cells [13].
Before to introduce the different technological approaches that can be used to
passivate the surface of a c-Si wafer, the fundamental aspects of the different
recombination mechanisms in c-Si are presented in the following sections.

2.2.1 Description of bulk recombination mechanisms

Under a constant light illumination and assuming steady state conditions,
charge carriers in excess, electron and holes, are photo-generated in c-Si. The
opposite mechanism to that photo-generation is the annihilation of electrons
and holes. The rate at which such charge carriers are annihilated, i.e. the

12
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recombination rate, is defined by:

U=—, 2.1)

T

where 1 is the characteristic lifetime of the photo-generated charge carriers, and
An is the excess minority carrier density, which as we will see in the following
lines it can be referred to both electron or hole excess carrier densities.

In c-Si, recombination between electron and holes takes place by three dif-
ferent fundamental mechanisms:

1. Band-to-band radiative recombination
2. Auger recombination
3. Recombination via defects (Schockley Read Hall theory)

Hence, taking into account the three different recombination mechanisms,
the recombination rate at the Si bulk (Uy,j;) can be defined as:
An An An

Upbutk = Urad + UAug + UsrH = + + ’ (2.2)
8 Trad TAug TSRH

where Uy,q, Uayg and Uggryy are the recombination rates assigned to the three
different recombination mechanisms, and 1,4, Taug and tsry are the corre-
sponding lifetimes. Then, the lifetime within the c-Si bulk (ty,)) is defined
by:
1 1 1 1
= + + . (2.3)
Tbulk Trad TAug TSRH

From Equations (2.2) and (2.3) we can deduce that the process with a shorter
lifetime will roughly determine the recombination rate. The two first mecha-
nisms depend exclusively on the number of electrons and holes, hence, for a
given doping density and a given illumination level they are intrinsic to the
material. In contrast, the later mechanism depends on the level of defects,
so it can be reduced by reducing the level of defects during the manufacture
process.

The free carrier concentration are given by:

n=nyg+An~Np+An for n-type material, (2.4)

and
pP=pyg+Ap~Np+Ap for p-type material, (2.5)
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where ng (pg) is the electron (hole) concentration at equilibrium, Np(Ny4) is
the donor (acceptor) density and An (Ap) is the excess carrier density (also
called injection level) for electron (holes). In the absence of trapping effects or
any electric field, both excess carrier densities are equal, i.e. An = Ap, since
generation involves the creation of electron-hole pairs.

2.2.1.1 Radiative recombination

Radiative recombination is the inverse process of optical generation. It occurs
when an electron from the conduction band recombines with a hole in the
valence band, resulting in the creation of a photon with an energy close to the
band gap energy. The radiative recombination rate (U,,4q) depends explicitly
on the availability of electrons and holes and it is given by:

U,.q=BAn(An+N,), (2.6)

where B is the coefficient of radiative recombination and Ny is the doping
density. As silicon is an indirect band-gap semiconductor, the process must be
assisted by a phonon to conserve energy and momentum. Since the process
involves four particles (one electron, one hole, one phonon and one photon)
its probability is low. B coefficients in the range between 1.1x107'# [14] and
4.7x1071 ecm3 s71 [15] have been experimentally determined. These low val-
ues of B lead to a negligible recombination rate compared to the other two
recombination mechanisms that are going to be introduced below. It is worth

O Ec

photon

-
O E

Figure 2.5: Scheme representing the radiative recombination between an elec-
tron and a hole.
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to mention that the photon emitted as a result of the electron-hole pair recom-
bination can be reabsorbed before escaping from the silicon, which is called
photon recycling effect.

2.2.1.2 Auger recombination

Auger recombination takes place when the excess energy resulting from the
band-to-band recombination between an electron and a hole is transferred to
a third charge carrier, being this third carrier an electron in the conduction
band or a hole in the valence band [16]. Thus, we have two ways of Auger
recombination depending on if the process involves two electrons or two holes,
known as Uggp, and Ugyy,, respectively. In its simplest analysis, the carriers are
assumed to be non-interactive free carriers [17]. Hence, the recombination
processes are proportional to the involved carrier densities:

Ueeh = Cn(n2 pP- n(2) Po) ’ (2.7)
Uehn = Cp(np®—ngp?), (2.8)

where Cp (Cp) is the Auger coefficient for electrons (holes), n (p) is the electron
(hole) density and ng (pg) is the electron (hole) density at equilibrium. The total
net Auger recombination (U Aug) must be the addition of these two processes:

UAug =Ueeh + Uehh = Cn(nzp - n% Po) + Cp(np2 -y P%) . (2.9)
——0 O Eg
v '\
O O—0O =

Figure 2.6: Scheme representing the two possible Auger recombination process
between an electron and a hole.
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2.2.1.3 Recombination via defects

Imperfections in the crystalline structure of silicon such as impurities, vacan-
cies or dislocations, lead to a determined number of states within the band-gap
that act as carrier traps for free electrons and holes. Recombination via de-
fects is the recombination process that takes place through one of these defect
states. In this case, the excess of energy is delivered by phonons. Band-to-
band recombination can be considered quite improbable, since electron and
holes involved in the recombination process are free, i.e. not coupled to the
lattice. The probability is even lower for indirect band-gap semiconductors,
because recombination must be assisted by phonons. In contrast, recombina-
tion via defects involves a defect state in the forbidden energy band-gap that is
strongly coupled to the crystalline lattice. Hence, in this case, the probability
of the process dramatically increases, resulting in the dominant recombination
mechanism in indirect band-gap semiconductors.

Figure 2.7 depicts the four fundamental interactions between a defect centre
and a charge carrier: (1) capture of an electron, (2) emission of an electron, (3)
capture of a hole and (4) emission of a hole. A recombination process occurs
when step (1) and (3) takes place. When a free carrier trapped in the defect
releases its excess energy by a multi phonon emission process and is emitted
into the same original energy band where it was captured from (steps (1) and
(2), or (3) and (4)), the defect is called a trap and it does not contribute to carrier
recombination.

Ec

o
(1)1 (2)‘|l

— i A — e A —
<3>T (4)1

Ey

Figure 2.7: Fundamental possible interactions between a defect center and a
charge carrier (electron or hole): (1) capture of an electron, (2) emission of an
electron, (3) capture of a hole and (4) emission of a hole.
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The calculations of the net recombination rate was developed indepen-
dently by Shockley and Read [18] and Hall [19] in the early 50’s. This analysis
on the probability of every possible interaction of the carrier with the defect.
Considering different assumptions which were made to simplify the calcula-
tions, the net recombination rate (Ugryy) for one trap located at an energy level

of E; is:
Uy = Y NEOP -n?) , 210)
n+n; p+p;
Op - On
being
(Bt —-Ej)
ny=nje kT , (2.11)
and
(Ei —E)
p;=nje kT (2.12)

where n; is the intrinsic carrier density, E; is the intrinsic energy level, on
(op) are the capture cross sections of the defect for electron (holes), vy, is the
thermal velocity of charge carriers (107 cm s™! in ¢-Si at 300 K) and N is the
defect concentration per unit volume. Notice that under any injection level,
Ugry is proportional to the defect density N, as it was expected. In addition,
the capture cross sections op and on represents the efficiency of the defect to
capture electrons and holes. Hence, the higher the op and op, values, the higher
the net recombination rate.

2.2.1.4 Dependence of the excess carrier density on lifetime

As deduced from Equation, in the c¢-Si bulk, the recombination lifetime can
be governed by different recombination mechanisms. The predominance of
one or another mechanism can be determined, among others, by the level of
excess carrier density. Such a dependence is shown in Figure 2.8, where the
lifetime of a n-type c-Si wafer with B=4.7x10715 cm3s71, Cp=2x10‘31 cmbs~! and
different tgryy is represented as a function of the excess carrier density. As it
can be observed, for low carrier densities, bulk lifetime is mainly governed by
recombination via defects. In contrast, for high carrier densities, bulk lifetime is
mainly controlled by Auger recombination since the later is the predominant

recombination process. The role of radiative recombination is significantly
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Figure 2.8: Recombination lifetime as a function of excess carrier density for
n-type c-Si with B=4.7x107"% cm3s7! and Cp=2x10‘31 cm®s!. Extracted from
[20].

lower in the case of c-Si. Whereas recombination via defects is controlled by
the quality of the material, Auger recombination is an intrinsic property of the
semiconductor. Another important difference between low and high injection
regimes is that for high excess carrier densities the high Auger recombination
rate leads to a significant decrease of the recombination times. As we will see
in the following chapter, most of the spectroscopic experiments shown in this
thesis were carried out using a micro configuration setup, hence, were done at
high injection conditions due to the strong focalization of the excitation light
beam. It is important to remark that the high level of carrier densities achieved
and the corresponding high level of Auger recombination rate has important
implications in therms of the carrier diffusion length. It is worth to mention
that despite data of Figure 2.8 was calculated for n-type c-Si, the main trends
observed in the plot are also valid for p-type c-Si.

2.2.2 Surface recombination

At a semiconductor surface, the crystal lattice is broken. The termination of
the crystalline network leads to a high density of defects within the forbidden
band gap of the semiconductor, hence, a high recombination rate via defects is
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expected. As mentioned in section 2.2.1.3, recombination via defects is math-
ematically described by the Schokley-Read-Hall theory. Thus, in analogy to
equation 2.10, the net recombination rate per unit area (Us) via a single-level
surface state located at an energy E; is given by:

_ vin Nst(nspg —n?)

n5+n1+ps+p1

Op On

Us (2.13)

where Nt is the density of effects per unit area and ns (ps) is the density of
electron (holes) at the surface. This equation is often presented as follows:
ngp, —n?
Us = 5 1 , (2.14)
Ms+N1_ Ps* Py

SpO Sno

where S0 =V Nston and Sy =vi, Nistop are the so-called fundamental recom-
bination velocity of electron and holes, respectively.

2.2.2.1 Surface Recombination Velocity

In analogy to the bulk expression (see Equation (2.1)), a surface recombination
velocity (S) can be defined in the form:

Us =SAns, (2.15)

where Us is the surface recombination rate and Ang is the excess minority
carrier density at the surface. However, in contrast to the flat band conditions
at the bulk where An=Ap, an electric field is always present at the surface,
and there is no analytical expression for the surface recombination velocity
since Ang is far away from Ap,. Due to the band bending conditions at the
surface, it is useful to rewrite equation 2.15 by considering an effective surface
recombination velocity (Seff) as follows:

Us = Seff An , (2.16)

where in this case An=Ap corresponds to the minority carrier density at the
limit of the space charge region created at the surface.
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Brief description of effective lifetime

In analogy to Equation 2.3, and taking into consideration the recombination
that takes place at the surface, the effective lifetime of the minority carriers in
the Si wafer (tof) can be expressed as:

1 1 1 1 1
1 ( AR ) NN (2.17)
Teff Trad TAug TSRH/ s

where 15 is the lifetime at the surface. For a wafer symmetrically passivated
showing low values of S, i.e. below around 250 cms™!, Equation (2.17) can
be read as:

1 1 N PASHY:

Teff  Thulk W

(2.18)

where W is the wafer thickness.

2.2.2.2 Reduction of surface recombination

From Equation (2.14) that gives the dependence between the surface recombi-
nation rate and the physical parameters of the surface, the two different tech-
nological strategies to reduce surface recombination can be deduced. These
are: (1) the reduction of recombination velocities of electron and holes, and (2)
the reduction of the concentration of one type of carriers:

1. Reduction of S,y and Sp,o: This strategy is based on decreasing directly
the fundamental recombination velocities of electron and holes. Since
Vi, in Equation 2.13 is a constant of the semiconductor material and on
(op) are parameters intrinsically related to the type of defect, the reduc-
tion of Spp and Sy is mainly based on decreasing the density of surface
states (Ngt). As schematically represented in Figure 2.9, a reduction of
Nst would reduce the number of recombination processes marked by A
arrows. From a technological point of view, this is achieved by the depo-
sition or grown of a passivating layer over the c-Si surface.

2. Reduction of electron or hole concentration: As recombination via de-
fects involves one electron and one hole, the higher recombination rate
will be achieved in case of equal electron and hole densities at the sur-
face. In contrast, if density of one type of carriers is drastically reduced
at the surface, then surface recombination will be strongly reduced. As
electrons as well as holes carry electrical charge, such a reduction of one
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Figure 2.9: Band diagram within 300 nm below a p-type c-Si surface under the

influence of a negative surface fixed charge of Q;=2x101? cm™2. Extracted from
[21].

charge carriers can be achieved by the presence of an internal electric
field below the semiconductor surface. This method is known as field-
effect passivation and its effects are qualitatively described in Figure 2.9 by
B arrows. Obviously, since the concentration of minority carriers is pro-
portionally lower, the field-effect passivation will be more efficient if the
built-in electric pushes away the latter charge carriers from the surface.
Technologically there are two different methods to create an electric field
at the sub-surface region:

o Implementation of a doping profile below the silicon surface: In this
case, the built-in electric field is achieved by the non-uniform concentra-
tion of dopant atoms in a crystal lattice. The standard method to create
such a doping profile is based on a diffusion process at high temperature
(~900 °C). In case of doping impurities with the same polarity than c-Si
wafer, a high-low junction (p*p or n™n) is created. The most common
application of a p*p high-low junction can be found in the back contact
of a solar cell for reducing the rear surface recombination. This specific
structure is also known as Back Surface Field (BSF). Equivalently, if the
high-low junction is located at the front surface of the solar cell, it is
referred as Front Surface Field (FSF). In contrast, if the profile doping
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impurities have a different polarity respect the dopant atoms of the c-Si
wafer, then a p-n junction is implemented. In most cases, these junctions
are contacted, so a part of passivating the semiconductor surface, they
also separate the photo-generated charge carriers and work as injection
junctions. In these cases, they are called emitters. In contrast, if the p-n
junctions are not contacted, the resulting surface passivation scheme is
known as floating-junction passivation.

¢ Presence of electrostatic charges on an overlying insulator: In prac-
tice, most insulator systems used for c-Si surface passivation such as
silicon dioxide (SiO) or silicon nitride (SiNy) lead to the formation of
electrostatic charges within the insulator. These are generated by dan-
gling bonds of Si atoms at/near the silicon-insulator interface. Apart
from these materials, an extra fixed charge density can be introduced
within any dielectric material deposited onto c-Si surface by using the
corona charge technique consisting in an implantation of external ions
on the insulator surface.

2.2.2.3 Surface passivating materials

The two fundamental passivation approaches mentioned above are often com-
bined in order to achieve minimum surface recombination rates. For instance,
the use of thermally grown SiO, layers strongly reduces the number of surface
states (Nst) specially after their annealing in forming gas (H,/Nj), in which
the introduced hydrogen passivates the electronically active defects [22]. In
addition, due to fixed positive fixed charges, S5iO, also leads to a field-effect
passivation mechanism which further reduce the recombination velocity at the
surface. The combination of both passivation strategies in SiO, layers provides
excellent surface passivation, as demonstrated by very low S values below 10

cm S_1

in n- and p-type c-Si wafers with resistivities in the range between 1-100
Q2cm [23]. Despite the excellent c-Si surface passivation provided by thermally
grown SiO,, there are two important drawbacks associated to the required el-
evated processing temperatures that difficult the industrial implementation of
thermally grown SiO,. One is the high production costs associated to such as
elaborate processing, and two is the possible bulk lifetime degradation induced
by the use of high-temperature steps.

Another widely employed passivating dielectric material is hydrogenated

amorphous silicon nitride (a-SiNx:H), for brevity, SiNy, synthesized by Plasma
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Enhanced Chemical Vapor Deposition (PECVD) [24]. Due to the fact that a
wide range of the material optical properties can be varied, SiNy is the stan-
dard antireflection coatings in solar cells [25]. Films with higher nitrogen con-
tent exhibits refractive indices around 2, which results in optimal antireflection
properties when applied on the front side of a solar cell. In addition, the ni-
trogen content is also determinant for the passivation mechanisms exhibited
by SiNx films. While for lower contents of nitrogen, the high levels of pas-
sivation are governed by chemical passivations, films that exhibit higher con-
tents of nitrogen induce a significant amount of field-effect passivation with
positive fixed charge densities in the order of 101> cm™. This high positive
fixed charge provides good field-effect passivation for lowly doped and highly
doped n-type silicon [24]. However, passivation performance of SiNy decreases
for p-type silicon, specially for highly doped substrates.

During the last years, Al,O3 is becoming one of the most studied materials
for the rear surface passivation of p-type crystalline silicon (c-5i) wafers [21,
26]. Al,Oj3 offers a high negative fixed charge which induces a high field-effect
surface passivation [27]. Furthermore, its field-effect passivation mechanism
is combined with a relatively high level of chemical passivation (low level of
surface defect density) [28, 29]. The good combination of both passivation
processes leads to very low surface recombination velocities below 10 cms™!
[30]. Since most of the experiments carried out in this thesis are focused on
the study of p-type c-Si wafers passivated by a thin film of Al,O3, a detailed
description of the features of this passivating insulator material is presented in
the following section.

2.2.3 Surface passivation by Al,O3

The passivation properties of Al,O3 were reported for the first time in 1989 by
Hezel and Jaeger [31]. However, it was not until almost two decades after when
Al;O3 was demonstrated to be an excellent passivation material. In particular,
it was in 2006 when Hoex et al. [32] and Agostinelli et al. [33] reported that
Al;O3 layers synthesized by Atomic Layer Deposition (ALD) could equalize
the passivation performance of thermally grown SiO,, which had been con-
sidered for a long time the workhorse material for surface passivation. Al,O3
can be considered an exceptional passivating material as it uniquely features a
combination of:

¢ field effect passivation by negative fixed charge

23



Chapter 2. Crystalline-Si photovoltaics

* low interface defect density
¢ good stability during processing,

being the former the key condition that has boost to Al,O3 as the most promis-
ing and studied passivating material during the last decade. This fact can be
explained by two trends. The first one is that due to cost-drive reduction of
the solar cell thickness, the well-established rear passivation scheme by Al-
based BSF was required to be replaced by novel and more efficient passivation
strategies such as dielectric passivating layers. Due to inversion layer shunting,
a-SiNx:H was not a suitable candidate for the rear side of p-type wafers. On
the other hand, thermally grown SiO, was also not a suitable choice due to el-
evated fabrication costs, and possible adverse impacts associated to the use of
high processing temperatures (~950-1100 °C). Thus, attention of PV manufac-
turers rapidly shifted to Al,O3 as an ideal candidate for passivating the p-type
Si rear surface. The second trend, which has a direct implication from the first,
is that the negative fixed charge offered by Al,O3 represented also a suitable
solution to passivate p+ emitters in n-type Si solar cells. Figure 2.10 represents
the influence of a negative fixed surface charge on the electron and hole density
distribution within 300 nm below the surface. The corresponding band bend-
ing is also shown. As it can be seen, in case of p-type c-Si, the increase of holes
near the surface leads to accumulation conditions. As minority carrier density

10" I
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Figure 2.10: Electron and hole carrier densities within 300 nm below a p-type
¢-Si surface under the influence of a negative surface fixed charge of Q=2x1012

cm~2. Extracted from [21].

24



2.2. Surface passivation

ng decreases strongly close to the surface, surface recombination is drastically
reduced. In addition, the good chemical passivation offered by Al,O3 further
reduces recombination by decreasing recombination via interface states.

2.2.3.1 Origin of intrinsic negative charge

Despite the origin of the negative fixed charge (Qf) formation in Al,O3 has
not been clearly established yet, the presence of point defects as vacancies and
interstitials is believed to be the most probable origin of charge traps [34]. Ex-
perimentally, it is difficult to determine the presence and type of point defects
in ultra thin films. Nevertheless, various simulation studies have given an in-
sight about the possible formation of such a charge traps. In particular, some
reported calculations have proven that Al vacancies and O interstitials pro-
duce levels in the Al,O3 bandgap below the midgap, and therefore, are likely
candidates to trap negative charges [35, 36].

2.2.3.2 Increase of passivation performance by annealing

As-deposited Al,Oj3 layers synthesized by thermal-ALD show reasonable good
level of surface passivation, as demonstrated by values of surface recombina-
tion velocities (S) down to 30 cms™'. However, after annealing at temperatures

1 were obtained

around 400 °C, low S values down to 5 cm st and 2 cms™
for p-type and n-type c-Si, respectively [37]. Thus, it is clear that annealing
treatments are required to activate passivation of Al,O3 layers.

A standard annealing treatment consists on anneal the Al,Oj3 layer in form-
ing gas (a gas mixture of N, and Hj) at a temperature range between 350
and 450 °C for 10-30 min. Shorter annealing times of 2-5 min have demon-
strate to be sufficient to fully activate the passivation capabilities [21]. In its
as-deposited state, Al,O3 layers evidence relatively low interface trap density
(Djt) values in the order of 3x10M1 ev-1lem—2, which explains the moderate level
of surface passivation prior to annealing [38]. Thus, the key effect induced by
annealing is the increase of negative fixed charge (Qf). Before annealing treat-
ment, Al,O3 layer exhibits Q; values in the order of -1x10'! em™2, which in-
creases up to values around -5x1012 cm™2 after annealing [39, 40]. The increase
in Qs is observed to happen during the initial annealing step between 300 and
400 °C, and after that appeared to be relatively independent for annealing
temperatures above 400 °C [41].

Despite of less importance than that observed for field-effect passivation,
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annealing treatments also induce improvements in the chemical passivation of
Al,Oj layers. It is well known that Si/Al,O3 interface exhibits defect states
correlated to trivalent bonds in Si atoms [42]. Such trivalent Si interface traps
are chemically active, but they can be passivated by hydrogen. In fact, it has
been shown that hydrogenation of the interface play an important role in the
chemical passivation of the AlyO3/c-5i interface [43]. In contrast to field-effect
passivation which is expected to be relatively stable at temperatures above 400
°C, chemical passivation has been shown to be sensitive to the annealing tem-
perature [44]. For annealing temperatures below a critical value, diffusion of
hydrogen atoms to the Al;O3/c-Si interface is expected to take place, inducing
a reduction of the interface states. However, the use of higher temperatures
that optimum, could eliminate those passivating hydrogen atoms form the in-
terface, inducing a drastic increase of the surface recombination velocities.

2.3 Laser-Fired Contact (LFC) approach

Since novel high-efficiency c-Si solar cell technologies feature rear surface pas-
sivation, local point contacts are required to extract the photo-generated charge
carriers through the rear dielectric film. In this sense, the so-called Laser-Fired
Contact (LFC) approach [45, 46] has emerged as a very promising alternative
for the creation of back contacts in PERC solar cells. LFC process is based
on firing the predeposited rear Al metallization layer using a laser beam with
the finality to create a local point contact through the passivation layer and
contact electrically the rear Al layer with the silicon substrate. As depicted in
Figure 2.11, this method is intended to be used to create a rear point contact
pattern without the necessity of using photolithography which is a cost- and
material-intensive process that involves several handling steps. Hence, LFC
approach represents an easy, rapid and cost-effective method that significantly
eases the implementation of both laboratory and industrial scale PERC solar
cells. In addition, as LFC technology is a room temperature process, it avoids
the possibility of wafer warping that has becoming a major drawback when
combining thin wafers and high-temperature firing steps associated to screen-
printed solutions [47].
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Figure 2.11: Comparison between a conventional photolithographic process and
the LFC technology for creating the rear point contacts in PERC solar cells [45].

2.3.1 Key features of Laser-Fired Contacts (LFCs)

From an electric point of view, an interesting feature of LFC process is the for-
mation of an Al-doped p+ region under the contacted surface region if proper
laser conditions are used. This is achieved by the thermally-assisted diffusion
of Al atoms from the top Al layer into the melted Si. This p+ region not only
creates a local BSF that induces a relatively low recombination velocity below
the contacts, but also ensures a low-contact resistance independently of the
substrate resistivity. These two features are supposed to strongly influence the
final solar cell performance. Hence, the p+ region formed under the Laser-
Fired Contacts (LFCs) is considered a key feature for the good operation of the
LFC approach.

LFC approach can be applied by using any of the dielectric layers that have
demonstrated excellent c-Si passivating properties such as SiO, [48], silicon
nitride (SiNy) [49], amorphous-silicon carbide (a-SiCx) [50], and most recently,
aluminum oxide (Al,O3) [51]. In the case of using the later dielectric material
as rear passivation layer, an interesting alternative to the conventional LFC
process can be applied [48]. In this case, the Al,O5 layer itself acts as Al-dopant
source for the p+ region formation, and therefore, the contact can be done
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directly onto the Al,O3/c-Si, instead of being done onto the Al/dielectric/c-
Si stack. This approach enables the use of lower laser powers in comparison
to the conventional LFC process where high laser powers are needed to fire
the aluminum through the dielectric layer. Thus, this process involves a softer
laser treatment which can be important for reducing the possibility to undergo
structural defects, such as cracks, in the Si structure.

Laser firing concept has been also extended to develop local emitter on the
front side of c-Si solar cells [52]. Despite this is a very promising technology
for developing novel high-efficiency c-Si solar cell concepts, this approach is
out of the scope of this thesis and it is not going to be addressed in the present
document.

We would like to underline that all LFCs studied in this work have been
processed in Al,O3/c-Si samples (without Al layer on top), hence by using
the low-laser power process mentioned above. From now on, all introduced
concepts concerning the LFC approach will be related to this variation of the
process.

1) Laser irradiation 2) c-Si liquation and diffusion
of Al atoms
Al;03 layer
e Nas%
p-type c-Si
3) Ablation of Al,O3 layer 4) Recrystallization of liquid

phase

Figure 2.12: Schematic representation of the LFCs formation steps.
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2.3.2 Considerations of LFCs formation

A single LFC process can be roughly described as a rapid melting and re-
crystallization cycle that usually takes place in less than one microsecond. The
detailed steps that occur during this rapid process are the following (see Figure
2.12):

1. Laser irradiation and thermal energy absorption: the laser beam hits the
Al,Os-passivated c-Si laser and laser thermal energy is absorbed by the
illuminated material region.

2. ¢-Si melting and Al atoms diffusion: As a consequence of the thermal
energy absorption, the material temperature rises and when it overcomes
the material melting temperature, the material starts to melt. Since the
melting point of Si (1414 °C) is lower than that of the Al,O3 (2071 °C),
and moreover the Al,Oj is transparent at the used laser wavelength (in
our case 1064 nm), Si material fraction is expected to melt firstly. In
contrast, Al,O3 layer is not expected to melt during the first part of the
process. However, the progressively increase of temperature is believed
to induce a thermally-assisted dopant atoms diffusion from the Al,O3
layer to the melted Si fraction.

3. Al,O3 melting: If the temperature of the liquid phase fraction continues
to rise, it can overcome the Al,O3 melting point. Once this happens, the
Al, O3 layer will also start to melt.

4. Liquid phase solidification: When the laser pulse stops, thermal energy
is progressively dissipated and liquid phase starts to solidify. Solidifi-
cation is expected to take place from the bottom of the liquid fraction
towards the silicon surface via epitaxial growth. If laser processing is
carried out in air, the upper most surface of the molten silicon is believed
to react with ambient oxygen and subliming to the air. Hence, a small
fraction of silicon is lost during the process.

2.3.3 Optimization of LFC

LFCs are usually processed on a sample surface drawing a squared matrix
array distribution. As represented in Figure 2.13, such an array of LFCs is
geometrically determined by both the radius of the contacts (r) and the dis-
tance between them, the so-called pitch (p). From these two parameters, the
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contacted area fraction (fc) defined as the percentage of the laser-processed
sample surface is obtained by:

fo="" . (2.19)

Because the radius of LFCs usually shows very small variations (characteristic
radius values range between 20 and 40 um), p is the key parameter to achieve
a proper optimization of the LFC approach. Short p values (high f.) induce a
lower specific base series resistance, i.e. higher fill factors. Conversely, long p
values (low f¢) results in lower surface recombination velocities, i.e. high open
circuit voltages. Hence, there is a trade-off for this parameter that results in an
optimum performance of the LFC approach.

2r pitch, p

© O O
o O O
© O O

O Spass il Scont

Figure 2.13: Scheme of an array of LFCs. Geometrically, it is defined by the
radius of contacts (r) and by the distance between them, the so-called pitch (p).
Spass defines the surface recombination velocity at the non-processed region,
whereas Scont corresponds to the surface recombination velocity at the contacts.

2.3.3.1 Recombination at the laser-processed surface

As it has been shown, LFC approach is used to open local apertures through
the passivation layer. Hence, the surface recombination velocity at the laser-
processed region is expected to increase considerably respect the recombina-
tion velocity before the laser processing. However, the formation of a p+ region
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below the laser-processed surface region increases locally the surface passiva-
tion by BSF and helps to achieve moderate levels of surface passivation at
the contacts. According to the analytical model described by Fischer in 2003
[53], the impact of laser processing on surface passivation can be determined
assuming that non-processed surface keeps its initial good passivation, and
therefore, the increase in surface recombination velocity is only attributed to
the contacts. Thus, as we can qualitatively observe in Figure 2.13, an effec-
tive surface recombination velocity (Sef) at the laser-processed surface can be
determined by both the surface recombination velocity at the non-processed
area fraction (Spass) and the surface recombination velocity at the processed
contacts (Scont). According to Fischer, an S.¢ in the surface processed by laser
is defined by the following analytical expression:

Rs-—pW 1 > -1 Spass
Seff = + + , 2.20
eff ( e De fcScont 1-fc ( )

where ¢ is the resistivity of the wafer, W is the wafer thickness, De is the
electron diffusion coefficient and Rg is the base series resistance. The latter can
be obtained from the following expression:

2
_P it (2W cexo (WY
Rg = 2mﬁ’can ( » ) +oW {1 exp ( b )1 , (2.21)

where r is the radius of the spots.

However, as described above, the LFC formation is characterized by a lo-
cal melting and solidification step of the bulk c-Si. In such a rapid high-
temperature cycle, the surface around the LFC is believed to suffer high ther-
mal gradients during the contact formation. This could induce important dam-
age on the passivation capabilities around the contacts, since as mentioned in
Section 2.2.3, high temperatures can reduce the chemical passivation mecha-
nism of Al,O3 films. A comprehensive analysis about the effect of the laser
processing at the LFCs vicinity is presented in Chapter 6.
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Characterization techniques

In the present chapter, the different characterization techniques used in this thesis
are presented. Special importance has been given to those features and peculiarities
which make these techniques suitable tools to obtain unique and valuable information
about PV devices and materials. A common denominator in all these techniques is
the elevated spatial resolution achieved. In the first section, Photoluminescence (PL)
spectroscopy is briefly introduced. From this basic introduction, the most important
aspects of micro-PL measurements and cryogenic micro-PL measurements have been
subsequently described. In the second section, important aspects of micro-Raman spec-
troscopy measurements for silicon-based systems analysis are explained. In the third
section, different variations of Scanning Probe Microscopies (SPM) such as conductive-
Atomic Force Microscopy (c-AFM) and Kelvin Probe Force Microscopy (KPFM) are
addressed. Finally, in the last section, we give a brief summary about other macro-
scopic techniques that have been applied in order to obtain specific material or device
parameters, such as effective lifetime or dielectric fixed charge.
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3.1 Photoluminescence (PL) spectroscopy

Photoluminescence (PL) is the spontaneous emission of light from a material
under illumination. The emitted light is the result of the radiative recombi-
nation between photo-excited electrons in the Conduction Band (CB) and the
corresponding holes in the Valence Band (VB) (see Section 2.2.1.1). Hence, PL
is a selective and extremely sensitive probe of discrete electronic states. The
features of the emission spectrum can be used to identify surface, interface
and impurity levels. Moreover, the intensity of the PL signal provides infor-
mation of the quality of surfaces and interfaces. PL analysis is nondestructive,
so the technique requires very little sample manipulation.

In the present thesis, PL spectroscopy has been used to carry out two spe-
cific studies in PV materials. On the one hand, micro-PL spectroscopy mea-
surements have been applied to characterize the local impact of the laser pulse
in LFC processes. On the other hand, low-temperature micro-PL experiments
applied to the study of Al,Os-passivated c-Si wafers have been used to obtain
important information about the Al,O3-5i interface. Prior to introduce in more
detail the basis of these techniques, a brief state of the art about PL experiments
for characterizing PV materials and devices is addressed.

3.1.1 PL for the study of passivated c-Si

PL spectroscopy has been extensively used for the rapid and non-invasive char-
acterization of the performance of passivation materials at a qualitative level
[54]. Moreover, by further combining PL spectroscopy and photo-current mea-
surements, it is possible to obtain reliable quantitative results regarding the
lifetime of the photogenerated carriers [55, 56], namely the efficiency of the
passivation system under study.

3.1.1.1 Brief description about steady-state conditions

With a time dependent photo-generation rate of electron-hole pairs (G(t)), the
excess carrier density (An(t)) obeys the continuity equation as:

dA
= =G~ Uetr @)
being
Ui = L(t) (3.2)
et e (An(D) '
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where U, corresponds to the effective recombination rate and t¢(An(t)) cor-
responds to the injection level dependent effective lifetime.
However, assuming steady state conditions where:
dAn(t)
dt

the generation rate (G) and the recombination rate (Ugg) in Equation (3.1) are

=0, (3.3)

balanced and the expression can be rewritten thereby:

An An
G=Uggf=— = Teff =

con (3.4)
Teff G

3.1.1.2 Qualitative determination of passivation efficiency

As mentioned in Section 2.2, recombination of photo-generated carriers in a
semiconductor material such as c-Si takes place via radiative, Auger or recom-
bination via defects mechanisms. These three recombination mechanisms can
be divided at the same time in two types: radiative and non-radiative pro-
cesses. Thus, the total recombination rate, Uy;,], defined in Equation (2.2), can
be expressed as the sum of both radiative and non-radiative recombination

mechanisms:
Utotal = Urad + Unonrad - (3.5)
Resolving for the lifetime (ty,1), Equation (3.5) can be also expressed by:
LI + L (3.6)

Ttotal Trad Tnonrad

From the ratio of measured lifetime to radiative lifetime, the PL efficiency of a
material can be expressed as:

T
np = -2l . (3.7)

Trad

In general, indirect band gap semiconductors as c-Si show low PL response.
This is due to the fact that non-radiative recombination is the dominant re-
combination mechanism, and therefore, has associated a much lower lifetime.
However, since both radiative and non-radiative processes are mutually ex-
cluding mechanisms, the PL signal can be used to infer the level of non-
radiative recombination. Thus, for samples with the same doping level and
assuming steady-state conditions under identical excitation conditions, the de-
tected PL intensity can be employed to asses, at a qualitative level, the passiva-
tion performance of different materials.
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3.1.1.3 Quantitative determination of lifetime

The photoluminescence intensity is proportional to the radiative recombination
rate (U,,q) defined in Equation (2.6), and repeated thereby:

Ipp, ¢ Urag = Brag An(An +Ny), (3.8)

where B, .4 is the coefficient of radiative recombination and N, is the doping
density. Due to screening effects, B,,q is reduced for higher charge carrier
densities. However, for An < 10" ¢cm™ and doping concentrations of Ny >
10'° cm™3, B,,4 is a constant, and Equation (3.8) can be rewritten thereby:

Ip(An) = CN An +CAR?, (3.9)

where C is a calibration constant that depends on the experimental setup
(power, optical filters, detector) and sample properties (thickness, surface mor-
phology). In principle, one single measurement of the PL intensity (Ip;) and
the excess carrier density (An) under identical excitation conditions and us-
ing the same experimental setup is enough to obtain the calibration constant
C. This, for instance, can be done by the simultaneous application of PL and
photo-conductance (PC) measurements. Once calibration constant C is known,
we can convert the detected Ipy into absolute values of An of the silicon sample
under study by means of Equation (3.9).

Finally, if measurements are carried out under steady-state condition, the
obtained absolute values of An can be converted into effective lifetime values
by Equation (3.4). For that, we need to know generation G that can be obtained
by:

1
W ’
where W is the wafer thickness, R¢ is the reflectivity of the sample at the illu-

G=3(1-Ry) (3.10)

mination wavelength and @ is the photon flux that is usually measured in the
experiment by a calibrated solar cell.

3.1.2 Micro-PL spectroscopy

As already mentioned, the objective of the present thesis is focused on the
study of PV materials and devices at the sub micron level. In order to achieve
such a high spatial resolutions, PL measurements have to be performed using a
micro-setup configuration [57]. As observed in Figure 3.1, micro-PL measure-
ments are carried out by focusing the excitation light beam onto the sample
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Figure 3.1: Experimental setup for a micro-PL spectroscopy experiment. The
excitation light beam is typically focused onto the sample surface by microscopic
objectives. The light emitted from the material is also collected by the same
microscopic objectives, and after its collection is sent to the detector.

surface by focalization lenses, i.e. conventional microscopic objectives, leading
a light spot diameter of few microns. The final dimensions of the light spot
onto the sample surface depends on the experimental setup. Basically, it de-
pends on the laser beam diameter before being focalized, and the magnification
of the focalization lens used.

An important difference between macro- and micro-PL spectroscopy exper-
iments relies on the injection level at which these measurements are performed.
In macro-PL measurements where illumination level is assumed to be in the
order of 1 sun, the injection level takes values around 1015 em™3. In contrast,
in the case of micro-PL measurements, the focalization of the light beam in a
very small spot leads to high values of injection level. For instance, levels in
the order of 10!8-101” cm™3 can be easily reached.

The difference on the injection levels between the two measurement config-
urations has important implications in terms of the experimental parameters
and physical conditions at which the measurements are developed. According
to Figure 2.8 (Section 2.2.1.4), for excess carrier densities around 1015 em3,
bulk recombination is mainly determined by recombination via defects, result-
ing in values of recombination lifetime in the order of 1000 us. In contrast,
for excess carrier densities above 1018 cm™, bulk recombination is controlled
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Figure 3.2: Simulated electron and hole carrier profiles below the illuminated
material surface for representative macro- and micro-PL spectroscopy measure-
ments.

by Auger recombination and lifetime decreases dramatically down to values
below 1 us. Since the diffusion length (Ljengy) depends quadratically on the
lifetime (<) as:

Llength =D T)l/z ’ (3.11)

where D is the diffusivity, the low recombination lifetime associated to micro-
PL experiments leads to a small diffusion length. Hence, the large light beam
focalization associated to micro-PL experiments has implicitly correlated a very
high spatial resolution. An example of this phenomenon is illustrated in Fig-
ure 3.2, where simulations by PC1D have been used to obtain representative
electron and hole carrier density profiles below the illuminated surface for
typical macro- and micro-PL experiments. Calculations were done assuming
a monochromatic 633 nm illumination. For macro-PL measurements, a light
irradiation of 0.1 W cm™2, a bulk recombination lifetime of 1000 us, and a sur-

1

face recombination velocity of 30 cms™ were used. In the case of micro-PL

measurements, the light irradiation, the bulk lifetime and the surface recombi-

nation were assumed to be 3x10° W cm™2, 0.5 us, and 1x10° cms™1

, respectively.
Such high surface recombination and low bulk lifetime are typically achieved
under high injection conditions, i.e. ~1x10'® cm™ [58]. As it can be seen,

macro-PL measurements show a moderate carrier density of around 1x101
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that is constant along the material thickness. The obtained profile is corre-
lated to a large diffusion length, L, of about 1000 um. In contrast, due to the
large focalization of the light beam, carrier profiles linked to micro-PL mea-
surements give a significantly higher carrier concentration below the surface,
which decreases rapidly as a consequence of the lower carrier diffusion length.
A remarkable observation in the micro-PL profiles is the local decay of the
curve at the points very close to the surface. This feature is correlated to the
high recombination velocity at the surface under strong injection levels, and it
is going to be a common peculiarity in all the simulated carrier concentration
profiles presented in the next section.

It is worth to mention that the characterization by micro-PL spectroscopy
does not allow the conversion of relative PL signal to absolute An values
through PC measurements calibration (see Section 3.1.1.3). At the high car-
rier densities achieved by micro-PL measurements, B.,4 is not constant due
to screening effects and the quantitative determination of lifetime is not pos-
sible. Nevertheless, despite only qualitative results concerning the quality of
passivation systems can be obtained by micro-PL measurements, its associated
high lateral resolution allows to obtain unique and exclusive information about
particular features of the material systems and devices under study.

3.1.2.1 Spatially-resolved carrier profiles in micro-PL experiments

As explained in the previous section, the use of a micro setup configuration
in PL spectroscopy experiments intrinsically leads to high carrier densities.
The level and volume distribution below the illuminated surface of such high
carrier densities is highly affected by different experimental parameters such
as:

* power level
* lense magnification
* excitation wavelength

In order to analyze the effect of these parameters on the charge density profile
below the sample surface, we have simulated the electron density in a 0.5 {2cm
p-type c-Si wafer under different illumination conditions correlated to the pa-
rameters listed above. On the one hand, the carrier concentration profile along
z direction (wafer depth) was simulated by PC1D. On the other hand, the car-
rier profile in the xy plane (corresponding to the sample surface and, as we will
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Figure 3.3: Simulated electron density maps below an illuminated Si surface
originated by 1 mW (a) and 15 mW (b) 633 nm light beam focalized onto the
sample surface by a x100 objective. The carrier profiles along the indicated
(white arrow) depth z direction are also represented (c).

see, perpendicular to the represented maps) was considered to draw a Gaus-
sian decay. To carry out the simulations we have considered a bulk lifetime of
0.5 us and surface recombination velocities ranging from 1x10* to 1x10° cms™!.

The more evident parameter affecting the carrier density profile below the
sample surface is the power level of the incoming light beam. Figure 3.3 shows
the electron density profiles corresponding to a ImW (a) and a 15 mW (b)
633 nm monochromatic light beam focalized onto the sample surface by a x100
microscopic objective. Because of the high focalization level, electron densities
018 cm=3

around 3x1 are achieved with moderate power levels of 1 mW. In

the case of using higher power levels, the electron density can reach values
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Figure 3.4: Simulated electron density maps below the illuminated Si surface
assuming a 5 mW illumination from a 633 nm light beam being focalized onto
the sample surface by a x20 (a), x50 (b) and x100 (c) objective. The carrier profiles
along the indicated (white arrow) depth z direction are also represented (c).

above 1x10" ecm™3. As it can be clearly observed in Figure 3.3c, the 15 mW
electron density curve shows a higher decay respect the 1 mW curve, specially
along the first 20 um below the surface. Hence, the difference between carrier
concentrations is larger the closer to the surface. This is induced by the low
carrier lifetime at the bulk, and the corresponding low diffusion length, which
tend to equalize the carrier densities at deeper points of the wafer thickness. As
mentioned in the previous section, another important observation is the local
decay of the carrier density observed at the first 5 um below the free-surface as
a result of the elevated surface recombination velocity.

Concerning the effect of the focalization lense magnification, we illustrate
in Figure 3.4 the carrier density distribution associated to micro-PL measure-
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Figure 3.5: Silicon absorption coefficient and corresponding penetration depth
against wavelength.

ments in which the excitation light beam is focalized onto the sample surface
by a x20, x50 and x100 objective. For these calculations, the excitation wave-
length and the laser power onto the sample surface were considered to be 633
nm and 5 mW, respectively. In terms of electron density level and electron
density profile, the results here show a similar trend than that observed in
Figure 3.3. Since for a given power level the power density (incoming pho-
tons per unit area) increases as the objective magnification increases, i.e. the
illuminated area decreases, the use of objectives with higher magnifications
intrinsically leads to higher carrier densities.

Nevertheless, an even further important feature observed in these calcula-
tions is the dependence of the objective magnification on the resultant lateral
dimensions of the light beam. As it can be clearly observed in maps a, b and ¢
of Figure 3.4, there is a systematic decrease of the x distance being illuminated,
the higher the magnification of the objective. Thus, in addition to an increase
of the charge density achieved, the use of higher magnification objectives also
leads to a decrease of the material volume in which carriers are photo gen-
erated. This fact has important implication in terms of the lateral resolution
achieved by micro-PL measurements.

Finally, also the wavelength of the excitation light beam affects the profile
shape of the photo-generated carrier density. This is basically due to the de-
pendence of the c-Si absorption coefficient on the wavelength (see Figure 3.5).
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Figure 3.6: Simulated electron density maps below the illuminated Si surface
originated by a 5 mW light beam focalized onto the sample surface by a 100x
objective with a corresponding wavelength of 488 nm (a) and 785 nm (b). The
carrier profiles along the depth z direction are also represented (c).

Keeping this dependence in mind, we can analyze the calculations of the elec-
tron density distribution in micro-PL measurements for both 480 nm and 785
nm illumination (Figure 3.6). Since the penetration depth linked to the 488 nm
illumination is significantly lower (1 um) in front of the one related to the 785
nm excitation (10 ym), the 488 nm photons are absorbed much closer to the
surface. As we can observe in Figure 3.6c¢, this fact has important implications
in the the carrier density profiles at the sub-surface region. The electron den-
sity profile of the 488 nm illumination shows a slightly higher electron density
at the very close region of the free-surface. From this region with a carrier
density maximum, the curve draws a strong decay along the first 10 um below
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the illuminated surface. In contrast, the 785 nm electron density profile shows
a much lower decay. Moreover, it evidences respect the 488 nm curve an even
higher electron density maximum point around 5 um below the surface. Since
785 nm photons are absorbed across a deeper material volume, such a max-
imum electron density maximum can be explained by a lower affectation of
the surface recombination, which enlarges the total number of photons below
the surface. All these facts, explain well the much higher resolution in Z di-
rection associated to micro-PL measurements that are performed with shorter
wavelengths.

In conclusion, for the design and development of micro-PL measurements,
it is important to bear in mind two important features: 1) the use of focalization
lenses with higher magnification leads to higher lateral resolution, and 2) the
use of lower excitation wavelengths leads to much more sensitivity to surface
phenomena.

3.1.3 Low-temperature micro-PL spectroscopy

Low-temperature micro-PL measurements have been also used in this work for
the characterization of AlyO3-passivated c-Si wafers. With decreasing temper-
ature, phonon population decreases abruptly and both thermal ionization of
impurity-bounded carriers and thermal dissociation of excitons is increasingly
suppressed. As schematically depicted in Figure 3.7, radiative recombination
processes at room temperature are dominated by band-to-band transition be-
tween free carriers. However, with decreasing temperatures, both free-bound
transitions and radiative recombination of excitons (i.e. free exciton as well as
bound excitons) subsequently set in. This fact leads to a qualitative change in
the PL emission of bulk Si. In comparison to room-temperature PL measure-
ments, where quantitative information concerning the conversion efficiency of
PV materials can be obtained (see Section 3.1.1), low-temperature PL measure-
ments are used to obtain qualitative and fundamental information about the
material properties.

3.1.3.1 Free-bound (FB) transitions

In non ideal semiconductors, the presence of donor or acceptor impurities in-
trinsically leads to the existence of localized states which can give rise to the
so-called free-to-bound (FB) transitions. In particular, these transitions are de-
scribed by recombination processes between free carriers in the bands and
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Figure 3.7: Scheme showing the different type of PL transitions as a function of
the temperature.

carriers bounded to the localized states within the band gap. Thus, for p-type
materials, conduction-band-to-acceptor transitions (e-A") may occur, whereas
for n-type materials, valence-band-to-donor transitions (p-D’) may be present.
The luminescence yield of transitions involving localized states generally in-
creases with decreasing temperature owing to the suppression of the thermal
emission of trapped carriers to the conduction band. The dependence of the
FB transitions luminescence yield on temperature is described by:

1
yield = —Ea 4
1+Cexp < ke T >

where C is a constant which is proportional to T3/2 and E, is the activation

PL

(3.12)

energy, which in this case represents the ionization energy of the impurity
state.

3.1.3.2 Excitons

At temperatures below 80 K, the thermal energy is so low that it is not enough
to thermally dissociate the photo generated excitons. Hence, recombination
events arising from electron-hole pairs bound to each other by their Coulomb
interaction, the so-called free excitons (FE), can be observed. The thermal de-
pendence of the FE luminescence yield can be described again by Equation
(3.12), where in this case the activation energy corresponds to the exciton bind-
ing energy. For instance, for silicon, a FE binding energy of 15 meV has been
experimentally and theoretically obtained [59].
The transition energy of FE (Egg) can be simply expressed by:

Epg =Eg—Ex, (3.13)
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Figure 3.8: Different optical transitions that can take place in a PL experiment.
Scheme adapted from [60].

where Eg is the band gap and Ex is the exciton binding energy.

Free excitons can get easily bound to impurities, leading to the so-called
bound excitons (BE). Due to the interaction with the impurity, their binding
energy changes slightly, and therefore, also changes their transition energy. In
analogy with Equation (3.13), the transition energy for bound exciton (Egg)
emission is given by:

Egg =Eg —Epy , (3.14)

where Eyp,, corresponds to the binding energy of the complex. Since the exciton-
impurity interaction has typically associated a slightly higher energy than the
exciton itself, the Egg PL emission line typically appears in the PL spectra at
slightly lower values of energy.

A summary of the different optical transitions that can take place in a PL
measurement is illustrated in Figure 3.8.

3.2 Raman spectroscopy

Raman spectroscopy is based on the analysis of the Raman scattering effect
discovered by C. V. Raman in 1928 [61]. The Raman scattering process is the
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result of an exchange of energy between an incident light beam and certain vi-
brational, rotational or other low-frequency modes of the system under study.
Thus, the frequency of the inelastic scattered light is shifted respect to the
incident light frequency, allowing the determination of such fundamental ex-
citation modes of the material. Because only one photon out of the 10°-10'2
incident photons is inelastically or Raman scattered, high intensity excitation
lasers and very sensitive detectors are required to study the Raman effect. Ra-
man spectroscopy can be fundamentally used to identify materials by means of
the determination of material vibrational levels, as well as to detect structural
changes that alter the crystal symmetry, hence alter the material vibrational
modes. In the latter case, real-time measurements while changing physical
parameters such as temperature or pressure are commonly used.

In analogy to micro-PL spectroscopy, the term micro-Raman spectroscopy is
employed when the excitation light beam is focused on the sample surface by
microscopic objectives, allowing much greater lateral resolution than conven-
tional Raman spectroscopy setups. Micro-Raman spectroscopy can be applied
for an enormous number of different types of studies. In the present work,
micro-Raman spectroscopy has been used to carry out a spatially-resolved
characterization of LFCs processed in Al,O3-passivated c-Si wafers.

3.2.1 Fundamentals of Raman spectroscopy

From a quantum mechanical point of view, the Raman process can be described
as follows: A photon k;, w; (being k; the direction and w; the frequency) is ab-
sorbed by the material and an electron is excited from a ground energy state
to a higher energy state. In a very few number of cases, such an excited elec-
tron interacts with a phonon qj, w;j (wWhere g; is the wave-vector and wj is the
frequency), resulting in a gain or a loss of energy. Then, when this electron
recombines coming back to the ground state, a photon ks, ws is emitted. For
anti-Stokes Raman scattering we have ws=w;+w;, whereas for Stokes Raman
scattering ws=w;-wj. The stokes Raman scattering has a higher probability, so
in most cases, it is the signal measured and analyzed. The relation between
scattered photons frequency and wavelength is described by the following ex-
pression:

_1 _ 1 1 7
Aw(cm™ ) = (XO ) - » (nm)) x107, (3.15)
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where ) is the wavelength of the incident photons and 11 is the wavelength of
the scattered ones.

3.2.2 Raman spectrum of c-Si

The Raman spectrum of c¢-Si is characterized by a main Raman line positioned
at 520.9 cm™! (see Figure 3.9a). This peak is correlated to the zone-edge opti-
cal phonon at k=0 (being k is the wave-vector of the mode) [62, 63, 64]. This
is the only one Raman active Si phonon, and will be referred as first-order
silicon Raman peak throughout the this section. Behind its apparent simplic-
ity, the study of some specific features of the line shape of this Raman peak
can give us very important information about certain c-Si properties such as
mechanical stress, doping, composition and crystallinity, among others. This
fact, together with the high lateral resolution associated to micro-Raman spec-
troscopy, convert this technique as a very powerful tool for the characterization
of c-Si based photovoltaic devices. The different Raman peak features and the
related information that can be extracted from them are represented in Figure
3.9 and described below:

¢ Shift of the peak position (Figure 3.9b): It was in 1970 when Anastas-
sakis et al. [69] observed that first order c¢-Si Raman peak suffered a cer-
tain shift under uniaxial external stress. The work triggered the applica-
tion of Raman spectroscopy for measuring internal stress in semiconduc-
tor material structures. A tensile stressed structure leads to a Raman peak
shift towards lower frequencies, whereas a compressed stressed structure
results in a peak shift towards higher frequencies [65].

* Broadening of the peak left flank (Figure 3.9c): Changes on the left
shoulder of the c-Si Raman peak are related to variations on the Si crys-
talline fraction. A decrease of the crystalline fraction, which takes place
for instance in micro-crystalline Si, is qualitatively observed by a broad-
ening of the peak left flank. Compared to c-Si, the Raman spectrum of
amorphous-Si is characterized by a less intense Raman peak positioned at
480 cm™~!. Hence, the broadening observed in less crystalline silicon sam-
ples is consequence of the transition from the c-Si state to the amorphous-
Si state [66, 67]. Despite being a less importance feature, microcrystalline
Si Raman peak also evidence an increase of the peak FWHM.
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Figure 3.9: The c-S5i Raman spectrum is characterized by the first order Si Raman
peak positioned at 520.9 cm™! (a). Variations in the Raman peak line shape such
a shift of the peak maximum (b) [65], a broadening of the left peak plank (c)
[66, 67], and the presence of asymmetric features in the right peak flank (d) [68]
are associated to changes on specific c-Si properties.

¢ Asymmetry of the Raman peak (Figure 3.9d): Asymmetric features ap-
pearing on the right side of the c-Si Raman peak are associated to the
so-called Fano resonance. This phenomenon is observed in samples with
a substantial increase in the doping density, i.e. above 1x1010 cm™ [68],
and it results from the resonant interaction between the discrete phonon
states and a continuum of hole states. Due to its doping dependence,
Fano resonances can be used to monitor doping density variations in c-
Si. Since this approach is used in this thesis for studying the doping
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density profiles in LFCs, details about the Fano effect are addressed in
Chapter 6.

* Widening of the peak half-width (not shown in Figure 3.9): By defini-
tion, the half-width of the Raman peak, known as Full Width at Half Max-
imum (FWHM), is reciprocally related to the lifetime of the phonon par-
ticipating in the electron-phonon scattering. Different parameters have
been proven to affect the Raman peak FWHM. For instance, the temper-
ature dependence of the Raman peak FWHM has been widely studied in
GaN [70] and Si [64]. Concerning the dependence of Si properties that
are of interest in this thesis, an increase of the first order Si Raman peak
FWHM can be observed by an increase of the doping density and/or by
a decrease of the Si crystalline fraction.

3.3 Scanning probe microscopies

The invention of the Scanning Tunneling Microscope (STM) in 1985 and the
Atomic Force Microscope (AFM) in 1986 by Binning and Rohrer redefined the
concept of microscopy and gave rise to a new family of characterization instru-
ments known as Scanning Probe Microscopes (SPMs). SPMs are used in the
study of surface properties of materials from the micron to the atomic level.
The operation principle of SPMs is represented by the scheme of Figure 3.10.
In such, the material surface under study is scanned by a sharp tip, which
senses different properties of the material. For instance, STM, was the first
instrument to atomically resolve real-space images of surfaces, and is based on
the measurement of a tunneling current between a sharp conducting tip and a
conducting sample. On his behalf, AFM has become one of the most popular
SPMs. In this case, a very sharp tip of few microns long and often less than
10 nm in diameter is located at the free end of a cantilever. This cantilever
scans the sample surface (or the sample surface is scanned over the cantilever)
and the cantilever deflection that changes according to the surface shape is
monitored to generate a map to of the surface topography. Magnetic Force
Microscopy (MFM) and Scanning Near-field Optical Microscopy (SNOM) are
other examples of the many SPMs which use different interactions to probe
different properties of the surface. In the present thesis, three different types
or variations of SPM techniques have been used. First, Kelvin Probe Force Mi-
croscopy (KPFM) has been used to characterize the band bending of a Metal-
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Figure 3.10: Representation of operation principle of scanning probe micro-
scopies (SPMs).

Oxide-Semiconductor (MOS) interface at the rear part of a passivated emitter
solar cell. In addition, conductive-AFM (c-AFM) has been employed to obtain
conductive maps of point contacts processed in Al,Oz-passivated c-Si wafers.
Finally, as we will see in a supplementary study presented in the appendix A,
conventional AFM measurements were applied in real-time during heating of
different organic PV thin films. This methodology, referred as temperature-
dependent AFM, was used to determine the cold-crystallization transition of
organic thin-films. The details about its application and operation will be ex-
posed in the mentioned appendix

3.3.1 Kelvin Probe Force Microscopy (KPFM)

KPFM uses the same fundamental principle as the macroscopic probe tech-
nique [71]. KPFM was first introduced by Nonnenmacher et al. [72] for mea-
suring the local contact potential difference (CPD) between a conducting AFM
tip and the sample. In particular, this CPD is measured by sensing an electro-
static force between tip and sample, which results from the difference between
tip and sample work functions [73, 74, 75, 76]. Figure 3.11 depicts the operation
principle of KPFM by means of representing the variations on the energy level
diagram of the tip and sample surface. Figure 3.11a shows the energy levels of
tip and sample when they are not electrically connected. When the two materi-
als are in electrical contact through their back side (Figure 3.11b), Fermi levels
of tip and sample line-up and electrons flow from the material with the lower
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work function (weak electron binding) to the one with the higher work func-
tion (strong electron binding). This generates opposite charges on the materials
surface, and therefore, an electrostatic force of magnitude Vcpp is generated
on the contact area between tip and sample. This force can be compensated
by applying an external bias (Vpc) with the same magnitude and opposite
direction as Vcpp (Figure 3.11c). KPFM is based on monitoring the applied
voltage Vpc that eliminates the surface charge in the tip-sample contact area.
The CPD appearing between tip and sample is equal to the difference between
their respective work functions and is defined as:

Ptip ~ Psample

3.16
i (3.16)

Verp =
where Oy, is the tip work function, @sample is the sample work function, and
q is the electronic charge.

Since its introduction, KPFM has been widely used to study a wide range
of material surfaces and real devices. For instance, it has been used to char-
acterize the surface band bending of thin films [77] and also to obtain surface
potential (SP) maps of pn junction diodes [78] or organic solar cells (OSC)
[79]. Moreover, as KPFM combines a very high spatial resolution (up to tens of
nanometers) with the possibility to develop electronic band-related measure-
ments, cross-sectional KPFM measurements can be considered a unique and
powerful tool to perform a local study of potential profiles across multi-layer
devices. For instance, KPFM has been used to characterize pn junction cross-

sections [80], or also to study the internal potential profile across solar cells
[81, 82].
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Figure 3.11: Band diagram of tip and sample representing the operation princi-
ple of kelvin probe force microscopy (KPFM).
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3.3.2 Conductive atomic force microscopy

One of the simplest ways for studying electrical properties at the sub micron
level is by applying a voltage between the sample and a conductive AFM tip,
and measuring the resulting current flowing between them. Two different
types of measurements, dynamic and static, can be applied. In the former both
topography and current maps are simultaneously recorded while the tip scans
the sample surface at a constant force. In the later, the tip is kept statically at a
specific point of the sample surface and an I-V characteristic is recorded. In the
last case, the obtained values of current are more reliable since the tip-sample
force is easily maintained at a constant value.

Conductive probes are usually obtained by coating standard Si probes by
conductive thin films. These can be based on metals (Pt/Ir is one of the most
common), doped diamond or highly doped Si. The choice of a specific con-
ductive coating frequently depends on the work function matching between
the tip and sample.

3.4 Other characterization techniques

3.4.1 Quasi-steady state photoconductance

Quasy-steady-state photoconductance (QSSPC) is a contact-less non-invasive
technique introduced by R. A. Sinton and A. Cuevas in 1996 [83, 84] for mea-
suring the effective lifetime (t.¢) from the absolute value of the photoconduc-
tance generated by a flash lamp illumination. The experimental setup of the
QSSPC technique is illustrated in Figure 3.12. In this technique, the decay
time of the light source is slow enough to allow the photo-generation rate be
balanced by the total recombination within the wafer at every instant of time
(this is the origin of the term quasi-steady state). Thus, as described in Section
3.1.1.1, for a tef much greater than the light decay time, the derivative term of
the continuity Equation (3.1) is negligible, and therefore, to¢ depends exclu-
sively on An and G (see Equation (3.4)). These are the parameters measured
experimentally by the QSSPC technique.

The average excess carrier density An=Ap is calculated by the photocon-
ductance signal (Ac), which is sensed by a coil that is inductively coupled to
the sample under study. Thus, An,y can be determined via:

NG Ao(t)

- W (3.17)
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where W is the wafer thickness and un and pp are the electron and hole mobil-
ities.

On the other hand, G(t) is calculated using appropriate calibration func-
tions from the averaged illuminated intensity I yv(t), which is measured from a
calibrated reference solar cell. Thus, the generation rate within the sample can
be determined by:

Lav(}) fabs CI)l sun
W ,

where ®15U7 js the flux of photons corresponding to an irradiance of 1 sun,

and f,;, is the fraction of the total irradiated photons absorbed by the material.

G(t) = (3.18)
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Figure 3.12: Experimental setup of the QSSPC technique.

3.4.2 Capacitance-Voltage curves

The capacitance-voltage (C-V) technique is a powerful and widely used tool for
studying the oxide quality of metal-oxide-semiconductor (MOS) structures, as
the one we can found at the front or rear side of passivated c-Si solar cells. In
particular, the C-V technique is exclusively used in this thesis in order to deter-
mine the charge level associated to different Al,O3 passivation layers. Before
discussing the oxide charge calculation procedure, both the C-V relationship
and the C-V curve are introduced.
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Figure 3.13: Scheme illustrating a C-V measurement setup [85].

The C-V curve is usually measured with a C-V meter (see Figure 3.13),
which applies a DC bias voltage and a small sinusoidal signal (1 kHz-10 MHz)
to the MOS capacitor. The resulting charge variation gives rise to the capaci-
tance which is defined as:

— ng

C= ,
dV,

(3.19)

where Qg and Vg are the gate charge and gate voltage, respectively. Capac-
itance is commonly given in units of farad/unit area. Figure 3.14 illustrates
a high-frequency C-V curve corresponding to an Al/Al,O3/p-type c-S5i MOS
capacitor. A C-V curve can be divided in the three characteristic operation
regions of a MOS capacitor: accumulation, depletion and inversion. As it can
be seen, having a p-type c-Si base, accumulation occurs at negative polarities,
whereas inversion occurs at positive polarities. Important and diverse infor-
mation about MOS capacitor features such as gate oxide thickness, substrate
doping concentration, threshold voltage, flat-band voltage and oxide charge
can be deduced from C-V characteristics. Here, we focus on the determination
of the oxide charge.

3.4.2.1 Oxide charge determination

The effective oxide charge (Q.fs) is defined as the sum of the different charge
types we can find in a MOS structure. These are: the oxide fixed charge (Qy),
the mobile charge (Qm) and the oxide trapped charge (Qtrap). Simple room
temperature C-V measurements do not distinguish the three components of
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Figure 3.14: An example of a C-V curve.

Qefs- Since the charge profile in the oxide is not known, the calculation of
Qeff is based on the assumption that the charge is located in a sheet at the
silicon-oxide interface and is given by:

(3.20)

where Vy, is the flat band voltage, ¢ms is the metal-semiconductor work func-
tion and Coyx is the capacitance corresponding to the oxide. Qualitatively, we
can identify the presence of oxide charge by a shift of the C-V curve respect
V=0. For positive oxide charges, C-V shifts towards negative voltages. In con-
trast, for negative charges, C-V curve shifts towards positive voltages.
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Cross-sectional KPFM study of
Al/SiO5 /c-Si stacks

In this chapter, we use Kelvin Probe Force Microscopy (KPFM) to perform for the
first time a high-resolution spatially-resolved surface potential (SP) study of a cleaved
Al/Si0,/Si Metal-Oxide-Semiconductor (MOS) cross-section. In the first section, SP
maps of MOS cross-section have been used to study different MOS features such as
Si band bending and depletion width. In the second section, KPFM measurements
have been performed varying the bias applied to the Al gate. This has allowed to
study other important MOS features such as the flat band voltage and the amount of
charges at the MOS interface. Due to the complexity of the measurement procedure,
and to the observation of some unexpected features in the obtained results, we present
this chapter as an exploratory introduction of a KPFM methodology to characterize
MOS structures. With further improvements, the presented procedure could represent
a valuable methodology to study the different MOS features with a spatial resolution
down to few tens of nanometers.
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41 Introduction

The Metal-Oxide-Semiconductor (MOS) capacitor is an important structure
that is present in a very wide range of semiconductor devices. For instance,
it forms an essential part of a MOS Field-Effect Transistor (MOSFET), which
in turn, is the fundamental part of many electronic and optoelectronic devices
such as Integrated Circuits (ICs) or Charge Coupled Devices (CCDs). Also,
it can be found on the front or rear side of c-Si solar cells. The study of the
MOS capacitor behavior under a varying bias applied between the substrate
and the gate is a powerful way to investigate the quality of both the oxide layer
and the oxide-silicon interface. One of the most common techniques in order
to do so is the measurement of Capacitance-Voltage (C-V) curves (see Section
3.4.2). Through a deep analysis of C-V curves one can obtain an insight about
the most relevant MOS features such as the flat band voltage, the threshold
voltage or the level of interface charge. However, an important limitation of
these macroscopic-type measurements is that no detailed or spatially-resolved
information can be obtained. In the present chapter, we use Kelvin Probe
Force Microscopy (KPFM) (see Section ) in order to carry out a high-resolution
spatially-resolved characterization of a cleaved Al/SiO,/c-Si MOS stack.

4.2 Experimental details

4.2.1 Materials and samples

MOS structures under study were based on 2.5 (2cm boron-doped Float Zone
(FZ) crystalline silicon (c-Si) wafers with a crystal orientation of (100) and a
thickness of 250 um. MOS oxide barrier consisted of a 100 nm-thick silicon
dioxide (5iO,) layer, which was grown on both sides of the c-Si wafer by ther-
mal oxidation. After the oxidation process, a 2 um-thick top Al layer was de-
posited onto the previously obtained SiO,/c-5i/5iO, sample in order to form
the gate electrode. Furthermore, a second Al contact was deposited at the
bottom of the Al/SiO;/c-Si/SiO; sample. This back Al electrode was electri-
cally connected to the Si base by means of the creation of laser-processed local
base contacts. Thus, the Si base could be easily connected to the ground by
this back Al electrode. Figure 4.1 shows the sample architecture and the ex-
perimental setup of cross-sectional KPFM measurements. As it can be seen,
KPFM measurements were performed on top of the Al/SiO,/c-Si MOS. It is
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Figure 4.1: Experimental setup of KPFM measurements in MOS cross-sections
based on Al/SiO,/c-Si stacks. As it can be observed, KPFM measurements can
be performed under a varying bias applied to the Al gate. SP maps of MOS
cross-section and SP vs Bias curves at selected points of the sample surface can
be obtained..

worth to mention that samples had to be perfectly cleaved in order to obtain a
clean and completely flat cross-section. Since drastic changes in sample height
can decrease the stability of KPFM measurements, the obtention of a perfectly
cleaved cross-section was an indispensable requirement in order to obtain con-
sistent KPFM results.

4.2.2 Measurement modes

KPFM microscopy offers two different measurement modes. The most com-
mon, the so-called single-pass KPFM, is based on scan the material surface
to be studied and record simultaneously both the topography and the SP sig-
nal. This measurement procedure can also be employed while applying a DC
voltage to the sample. In our case, the voltage is applied to the Al gate and
the Si is connected to the ground. Moreover, there is the possibility to use a
second measurement procedure, the so-called KPFM spectroscopy. This is a
static measurements mode where the tip is kept at a certain point of the sam-
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ple surface, and the SP signal is recorded as a function of the applied sample
bias.

4.2.3 Equipment and measurement details

KPFM measurements were performed using a Pico+ SPM (Agilent Technolo-
gies) equipped with a three lock-in module setup. SP maps were recorded in
single-pass KPFM by means of AM (amplitude modulation) mode. In order
to reduce capillary forces, measurements were performed in a nitrogen-rich
atmosphere using an environmental chamber. Pt/Ir coated silicon tips with a
force constant of 5 N/m were used to carry out the measurements.

4.3 Towards reaching the MOS interface

Due to the small thickness of a MOS stack, the method employed to reach
the MOS cross-section is not trivial. The complexity relies on the fact, that
the AFM tip has to reach the MOS interface without getting the end of the Al
electrode, i.e. the end of the cleaved sample. In case of the tip would fall out of
the sample, the piezo-tube of the KPFM equipment would loss the feedback,
then the AFM tip could break when trying to scan in the reverse direction.
The procedure followed to properly reach the MOS cross-section is de-
scribed in Figure 4.2. First, the AFM tip is engaged on the c¢-Si bulk cross-
section. Once the tip is engaged, the scanning surface area is progressively
moved towards the MOS interface until the Al electrode is observed. The dis-
placement of the scanning surface area has to be done in steps with a maximum

a) AFM tip is engaged at the b) Scanning surface area is c) Finally the MOS interface is
c-Si bulk progressively moved towards reached
the Al gate

Figure 4.2: Sketch illustrating the different steps of the procedure used to reach
the Al/SiO;/c-Si MOS interface.
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distance of 2 ym, i.e. the distance between the end of the bulk Si and the end
of the sample cross-section. Hence, this part of the procedure can require high
amounts of time. Usually, the Al electrode is identified by a drastic increase of
the SP signal. A change in the surface morphology can be observed in some
cases.

4.3.1 Orientation-induced Si work function variations

An interesting observation throughout the localization of the MOS interface
was the identification of different Si crystallographic planes. We believe that at
local and specific surface regions of the Si wafer cross-section, the cleavage of
the Si followed different crystallographic directions, leading to the presence of
different crystallographic planes at specific points of the sample cross-section.
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Figure 4.3: 2D (a) and 3D (b) topography maps of a cleaved Si wafer cross-
section. Each one of the 4 identified planes has a characteristic SP correlated
value, as deduced from the SP map (c). Topography and SP profiles (d) across
the selected horizontal lines are also represented.
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Figure 4.4: SP against applied bias to the Al gate of the two selected points in
Figure 4.3c.

The topography (a) and SP (c) maps of a cleaved Si cross-section showing
different cleavage planes are represented in Figure 4.3. For clarity, a 3D topog-
raphy map (b) is also depicted.

As observed in the topography and SP profiles of Figure 4.3d, the scanned
surface area shows 4 different planes with two correlated specific orientations.
Each one of the two observed orientations has a specific SP correlated value,
which is constant with-in the planes. The horizontal planes show a character-
istic SP value of 0.53 V approximately, whereas tilted planes show a SP value
of around 0.48 V. This results in a work function difference between planes of
about 0.05 eV. The work function variation between different crystal orienta-
tions is produced by the presence of surface dipoles (induced by the breaking
of the crystal network) and by the different atomic packing correlated to the
different crystal planes. For c-Si, differences in work function ranging from
0.05 to 0.15 eV have been experimentally reported between (100), (110) and
(111) crystal orientations [86].

The hypothesis about cleavage plans identification is strengthen by results
presented in Figure 4.4. This panel represents the SP variation against Al gate
bias of the two selected points in Figure 4.3c. As it can be seen, the SP value is
constant, and therefore, not dependent with the applied bias. This fact demon-
strates that the recorded points are far away from the MOS interface, and there-
fore, all plans observed in Figure 4.3 correspond to the bulk c-5i.
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44 MOS cross-section SP map

Figure 4.5 shows the topography (a) and the SP (b) maps of an Al/SiO,/Si
MOS cross-section. In addition, the corresponding topography and SP profiles
(c) are also represented. The larger and lower plane on the right-hand side
of the topography profile corresponds to the Si wafer. The SiO,/c-Si interface
(vertical dashed line) could be precisely identified by a drastic change of the
slope in the topography profile. Hence, the SiO, layer should belong from the
Si0,/c-Si interface until 100 nm towards to the left. The hypothetic location of
the SiO; layer was represented in the plot by a gray colored area. As observed
from the SP profile, the SP signal shows a lower value (right part of the dashed
line) of about 0.15 V which corresponds to the Si substrate. Also, it can be
identified a higher SP value corresponding to the Al (the very left part of the
SP profile) that reaches a value of 0.85 V. The observed SP difference between
the bulk Si and Al is therefore about 0.7 V. With this, we compare the observed
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Figure 4.5: Topography (a) and surface potential (b) maps of an Al/SiO,/c-Si
cross-section. Corresponding topography and surface potential (SP) profiles (c)
are also represented.
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Figure 4.6: Energy band diagram of both the MOS structure and the KPFM tip.
MOS structure is formed by an Al gate and a p-type Si body. Eyac: vacuum
energy; Ec: Conduction band energy; Ep: Fermi level energy; Ey: Valence band
energy; ¢ip: KPFM tip work function; ¢sc: semiconductor work function; ¢m:
metal work function; ¢s: Band bending-related potential; ¢o: Oxide-related
potential. The gray colored area represents the measured surface potential.

work function difference with the theoretical one. The work function of a
semiconductor (¢sc) is defined by:

Eg
CPSC=X+7+<PF/ 4.1)
being
kgT <NA>
=——In(—=), 4.2)
PF q ng

where y is the electron affinity, Eg is the band gap, ¢f is the Fermi potential, kg
is the Boltzmann constant, i.e. 8.617x107° eVK_l, T is the temperature, N4 is
the density of acceptor impurities and n; is the density of intrinsic impurities
at the given temperature. For our 2.5 (dcm boron-doped FZ c¢-Si we obtain a
work function of 4.9 eV. Taking the work function of Al i.e. ~4.1 eV [87], we
have a theoretical work function difference between Si and Al of 0.8 eV which
roughly agrees with the measured one, i.e. 0.7 eV.

An interesting feature observed in Figure 4.5 is the slight bending of the
Si SP signal when reaching the SiO,/Si interface. The reasons of such SP
signal bending can be deduced by observing in detail the sketch of Figure 4.6.
This sketch represents the band diagram of the MOS cross-section during the
KPFM measurement at 0 V of applied external bias, where the MOS structure
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is at depletion regime. According to Equation (3.16) (see Section 3.3.1) the SP
is defined by:

SP = Ptip ~ Psample ) (4.3)

-q

where ¢y, is the tip work function, ¢gample is the sample work function and q
is the electronic charge. During the KPFM measurement, the work function of
the KPFM tip acts as a reference, and therefore, the measured SP is defined by
the gray colored area of Figure 4.6. Thus, the small Si SP upward bending at
the vicinity of the S5iO, /Si interface observed in Figure 4.5c is correlated to the
downward Si band bending induced by the MOS depletion. In this sense, the
band bending (¢s) across the depletion region can be determined by rewriting
the expression (4.3) in the form:

. —_— . +
SP = Ptip ~ Pbulk.Si (PS, (4.4)

-q

where ¢p ik s; is the bulk Si work function. According to Equation (4.4) and
the SP profile of Figure 4.5¢ it can be deduced a Si band bending at the MOS
junction of about 0.15 V.

4.5 SP under a varying bias

We have also carried out KPFM measurements across the MOS junction by
varying the bias between the c-Si substrate and the Al contact (the Si substrate
is connected to the ground). With these bias-dependent KPFM measurements
we want to study the response of the MOS capacitor and the possible pres-
ence of charges at the MOS interface. Figure 4.7 shows the SP profiles of the
MOS cross-section at different bias applied to the Al gate. Note that here the
SiO, /Si interface has been positioned at x=0 um to compare the different SP
profiles. The SiO, /Si interface is defined by the vertical dashed line. Again, an
estimation of the 100 nm-thick oxide layer is represented by the gray colored
area on the left side of the vertical dashed line.

As previously observed in Figure 4.5, when no external bias is applied to
the gate, we observe a small upward SP bending, i.e., downward Si band bend-
ing, corresponding to the depletion situation of the MOS structure under study
(look at the scheme of Figure 4.6). When positive bias are applied to the Al
gate (i.e. gate Fermi level goes down), the upward SP bending observed in the
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Figure 4.7: SP profiles of the MOS structure at different applied bias to the Al
gate (left part of the oxide layer). As it can be observed, the differences of the Al
gate surface potential are roughly the same than the differences of the applied
bias.

plot of Figure 4.7 increases as a result of the enlargement of the downward
Si band bending. Conversely, when negative potentials are applied to the Al
contact (i.e. gate Fermi level goes up) the SP bending decreases progressively
until the flat band situation takes place around a bias of -0.5 V. From this point
on, if we apply more negative potentials, the SP bending reverses and bends
downwards (i.e. Si band bending bends upwards). This means that the accu-
mulation situation of the MOS structure is achieved. It is important to remark
that the observed flat band voltage (Vg,) is not in agreement with the ideal
Vi, (without considering charges at the oxide layer nor at the semiconduc-
tor/dielectric interface), which should take place at a bias of about -0.8 V. The
observed shift of around 0.3 V between the theoretical and the measured Vg,
is linked to the charge correlated to the oxide layer. In fact, when the flat band
situation is observed at -0.5 V, the SP curve across the SiO, layer (gray colored
area) evidences a remaining potential of roughly 0.3 V. The potential drop ob-
served across the oxide layer flats when the theoretical Vy, is applied, i.e. -0.8
V. We can observe two further observations that demonstrate the consistency
of these measurements. The first one is that the SP potential of the Al gate
changes in the same proportion than the applied external bias. The second
one is that the SP signal across the SiO, layer draws an exponential-like decay,
corresponding to the potential drop through the dielectric layer.

We would like to highlight that the SP profiles show an unexpected be-
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4.5. SP under a varying bias

havior. As marked by the dashed circle, the SP curve at the very far region
from the MOS interface do not reach the SP value corresponding to the bulk.
This observation is specially evident for the 0.5 V curve. We do not have a
detailed explanation about this behavior, and despite the results are consistent
in general, it is appropriate to be cautious when extracting conclusions.

4.5.1 KPFM spectroscopy

The Al/SiO, /Si-based MOS structure has also been studied by means of KPFM
spectroscopy measurements. As stated above, KPFM spectroscopy consists on
measuring the SP signal variation at certain points of the sample surface as
a function of the voltage applied to the Al gate (Si substrate is connected to
the ground). Figure 4.8a shows a SP map of an Al/SiO, /Si-based MOS cross-
section showing the positions where SP vs Bias curves (b) were obtained. In
particular, the curves were recorded at a distance of 0.1 (p1), 0.5 (p2) and 1

a) 0.0um 05 1.0
0.0 [ 8 0.9V
0.1
b)
1.0 - -
20 v
08 >
a 10} Al ] p1
s 08?00 ] >
o | 1.0 00 1.0
n D4 Gate bias (V)
0.2 |
00t é\"'rb

10 -05 00 05 1.0
Gate bias (V)

Figure 4.8: SP map of an Al/SiO,/Si MOS structure (a) that shows the position
where the SP vs bias curves (b) were obtained. SP vs bias curves were obtained
at a distance of 0.1 (p1), 0.5 (p2) and 1 um (p3) from the SiO, /Si interface. The
inset shows the SP vs Bias curves obtained at point 3 and at the Al gate. The
vertical dashed line labeled as Vg, corresponds to the theoretical position of the
flat band voltage.
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um (p3) from the SiO,/Si interface. Moreover, the inset depicts a comparison
between the SP-Bias curve recorded at point p3 and the one recorded when the
tip is positioned onto the Al gate. In both plots the theoretical position of Vg,
is depicted by the vertical dashed line. Notice that the latter was calculated for
an ideal MOS, i.e. without considering charges associated to the oxide layer.

As it can be seen in the main plot, the closer the point to the MOS interface
the larger the SP variation when external bias is applied to the Al contact.
Since the points located close to the SiO, /Si interface have associated a higher
band bending, their corresponding SP variation as a result of a certain gate
potential change is higher. On the contrary, the farther the points from the
Si0,/Si interface, the lower the SP variation as a result of changes in the Al
gate. A second observation to be mentioned is that all the curves cross at a
voltage around -0.5 V. This bias value (in agreement with the one observed in
Figure 4.7) corresponds to the Vg, of the MOS structure under study. When
the flat band situation is achieved for a certain value of external bias, then
no band bending should exist, and therefore, all the points (independently
of the distance from the SiO,/Si interface) should show the same SP value.
As also seen in Figure 4.7, the Vg, deduced from Figure 4.8 shows a shift of
approximately 0.3 V in front of the theoretical Vg, of an ideal MOS (vertical
dashed line labeled as Vy,). We correlate this shift to the charges associated to
the oxide layer (and/or semiconductor/oxide interface). In fact, as evidenced
by the inset of Figure 4.8, the SP-Bias curves of Al and the one related to the
further point from the interface (p3) (being the later roughly associated to the
c-Si bulk and therefore without effect of the oxide layer charging effects), cross
at the theoretical Vg, represented by the vertical dashed line. The change of
Vg, induced by the existence of charge in the oxide layer is described by the
following expression:

Qox
Cox
where Vg, is the flat band voltage without the effect of the oxide charge, Qox

Vfb = Vbe - (4-5)

is the oxide charge and Cox is the oxide capacitance. Since Vg, is -0.8 V and
Vg, is observed at -0.5 V, the charges at the oxide layer must be negative. In
SiO; layers the existence of mobile charges induced by the presence of ions is
relatively common. However, these mobile charges are usually positive. Thus,
we believe that the observation of a net negative charge at the SiO, layer should
be correlated to the presence of fixed charges or acceptor states at the SiO, /Si
interface [88]. The presence of acceptor surface states could be induced by the
cleavage of the Si sample.
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Theoretically, SP vs Bias curves should reduce their slope at higher positive
applied potentials as a result of the band bending reduction that takes place
due to the proximity of the inversion regime of the MOS capacitor. In partic-
ular, the theoretical threshold voltage (Vy,) of the MOS system under study
is calculated to be around 1.1 V. Hence, above this voltage value, the band
bending at the oxide/semiconductor should not increase any more. Neverthe-
less, we observe that the slope of SP vs Bias curves continues increasing above
threshold voltage. Despite we do not have a consistent explanation of this be-
havior, the imperfect cleavage of the MOS stack, and the subsequent possible
presence of current leakage across the oxide layer, could be a possible reason
of this unexpected observation. Finally, another feature to remark is that the
slope of SP vs Bias curves is not constant. In particular, curves show an inflec-
tion point around 0.25 V. In this case, the presence of interface states (perhaps
induced by the sample cleavage) could be a possible cause of this phenomenon.

4.6 Chapter summary

In this chapter, we have investigated the applicability of KPFM for characteriz-
ing MOS cross-sections. On the one hand, SP maps recorded by conventional
single-pass KPFM measurements have been successfully used to identify the
band bending at the semiconductor interface. On the other hand, by voltage-
dependent KPFM measurements, other MOS features such as the flat band
voltage and the amount of oxide charges have been also characterized.

The obtained results have demonstrated the potential and applicability of
this methodology to study MOS structures. However, the results show specific
unexpected features, i.e. the non-saturation of SP signal above threshold volt-
age, we do not understand at this moment. Due to such specific features have
been observed while applying an external bias, the possible imperfect cleavage
of the MOS structure could be a possible reason. Despite the results are con-
sistent in general, it is appropriate to be cautious when extracting conclusions.

69



Chapter 4. Cross-sectional KPFM study of Al/SiO, /c-Si stacks

70



Low-temperature micro-PL in
Al,Ogs-passivated c-Si wafers

In this chapter, we present a low-temperature micro-Photoluminescence (PL) spec-
troscopy study of AlyOs-passivated c-Si wafers. Surprisingly, low-temperature PL
spectra exhibit clear signature of the formation of the so-called Electron-Hole Liquid
(EHL) in spite of using low excitation intensities for which the EHL is not usually
observed in bulk Si. Besides of its mere but important observation, we have found
an interesting correlation between the EHL emission intensity and the passivation ef-
ficiency of AlyOg layers annealed at different temperatures. We show that the EHL
emission intensity variation is correlated to the changes induced by annealing in the
AlyOg/c-Si interface.
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5.1 Introduction

With decreasing temperature, both thermal ionization of impurity-bounded
carriers and thermal dissociation of excitons is progressively suppressed (see
Section 3.1.3). This leads to a qualitative change in the Photoluminescence (PL)
spectra where band-to-band transitions become more improbable and novel PL
emission lines involving trapped charges and excitons set in.

In highly excited semiconductors, as it is typically the case in micro-PL
measurements (see Section 3.1.2), low temperatures can also favor the forma-
tion of a condensed phase of electron-hole pairs, the so-called Electron-Hole
Liquid (EHL) [89]. Thus, optical transitions from such a condensate phase may
be observable. In the next section, we explain the main features of the EHL
concept and the requirements for its formation.

5.1.1 Electron-Hole Liquid (EHL)

In a semiconductor material under optical excitation, electron-hole pairs, i.e.
excitons, are generated. The number of such photo-generated electron-hole
pairs increases steadily with increasing optical pumping. Under this scenario,
provided the number of electron-hole pairs is beyond a critical value, they can
start to aggregate, leading the formation of a condensed phase of excitons, the
so-called EHL [89, 90]. The EHL phase formation is triggered by many-body
effects, and only takes place below a critical value of temperature. Figure 5.1a
illustrates the phase diagram of exciton systems in c-Si. As it can be seen, the
critical density and the critical temperature for the EHL formation are 3x10'8
em™3 and 25 K, respectively. Figure 5.1b represents the formation process of
EHL in a highly illuminated crystal.

EHL condensation was first predicted by L.V. Keldysh in 1968 [91]. The
discovery leads to a large number of works during the next two decades in
which general properties of this metallic degenerate Fermi liquid were studied
[92, 93, 94], mostly in Si and Ge. For such bulk semiconductors materials, the
carrier lifetimes are so short that in conventional (macro) PL measurements
the critical density for the condensation could only be observed under strong
(pulsed) optical pumping [95, 96, 97]. A reintroduction of the EHL concept
took place at the end of the "90s, this time promoted by the charge carrier con-
finement in different micro- and nano-structures such as Silicon-On-Insulator
(SOI) layers [98], trenched structures [99], nanowires [100, 101] or quantum
wells [102]. In this case, since the limited diffusion of e-h pairs favors to reach
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Figure 5.1: Phase diagram of exciton systems in c-Si (a) [103] and sketch repre-
senting the formation of EHL droplets under the illuminated crystal surface (b)
[89]. When the exciton density reaches a critical value, excitons start to aggre-
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the EHL critical density, the condensed phase could be observed even using
relatively low excitation powers (e.g. 1-5 mW).

In this chapter, we present a low-temperature PL spectroscopy study of
AlyO3-passivated c-Si wafers, where the passivation efficiency of the alumina
layer was varied by the use of different annealing temperatures. Taking into
consideration the EHL concept, and in analogy to Figure 3.7 (see Section 3.1.3),
we schematically illustrate in Figure 5.2 the different PL transitions that are
believed to take place in low-temperature micro-PL studies in c-Si.

' free-bound
band-to-band =

- excitons '-IL
!

300 K

Figure 5.2: Scheme showing the different entities that participate in the PL re-

combination as a function of temperature.
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Table 5.1: List of the sample parameters, including the corresponding fixed
charge at the Al,O3 layer and the charge carrier lifetime obtained by C-V and
QSSPC measurements, respectively.

Resistivity (2cm) Annealing (°C) Charge (cm™2) Lifetime (us)

0.4 - -1.80x 1012 73

0.4 325 -2.05% 1012 504
0.4 375 -2.35% 1012 662
0.4 425 -3.20x 1012 146
2.5 - -1.65x1012 303
25 325 - 1130
2.5 375 -2.65%1012 1740
25 425 -3.05x1012 1180

5.2 Experimental methodology

5.2.1 Materials and samples

Samples were made from both 0.4 and 2.5 Q2cm boron-doped Float-Zone (FZ)
crystalline silicon wafers with (100) crystal orientation and thickness of 250 um.
Both sides of the c-Si wafers were passivated by a 25 nm-thick layer of alu-
minum oxide (Al,O3), which was deposited by thermal Atomic Layer Deposi-
tion (ALD) at 200 °C. In order to have samples showing different passivation
efticiencies, the resulting Al,Os-passivated Si wafers were annealed in form-
ing gas (Np/Hj) at temperatures of 325, 375 and 425 °C for 20 min. Table
5.1 provides the main specifications of the eight samples under study. The
level of annealing-induced fixed charge (Qf) in the Al,Oj3 layer and the re-
sulting effective lifetime (to¢) are included. The former was calculated from
Capacitance-Voltage (C-V) measurements, where an Al contact was deposited
onto the mentioned Al,Os3-passivated samples to form the required Metal-
Oxide-Semiconductor (MOS)-Al/Al,O3/Si structure (see Section 3.4.2). The
later was determined by Quasi-Steady State Photo-Conductance (QSSPC) mea-
surements at a injection level of 1x 101 cm™3 (see Section 3.4.1).

The evolution of both the fixed charge Q; and effective lifetime 1.4 with an-
nealing temperature for the four 0.4 2cm c-Si wafers under study is depicted
in Figure 5.3. Notice from Table 5.1 data that Qf and t.¢ for the 2.5 Qcm c-
Si wafers follow the same trend. The only difference is that t.¢ for the 2.5
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Figure 5.3: Fixed charge at the Al,O3 layer and effective lifetime against anneal-
ing temperature of Al;O3-passivated 0.4 Q2cm c¢-Si wafers annealed in forming
gas (N2 /Hp).

Qdcm c-Si wafers is systematically higher due to the lower recombination rate
resulting from a lower impurity concentration. As deduced from Figure 5.3,
and supported by previous reports [21, 28], the effective lifetime increase that
takes place up to an annealing temperature of 375 °C is mainly induced by an
increment of the fixed charge at the alumina layer (enhancement of field-effect
passivation). However, despite the fact that the fixed charge at the alumina
layer further increases for the highest annealing temperature of 425 °C, the
harsh heat treatment degrades the Al,O3/c-Si interface (i.e. decrease of chem-
ical passivation), and the charge carrier lifetime decreases again. It is worth to
mention that for a better and easier understanding of the results and conclu-
sions presented in this chapter, it is important to keep in mind the evolution of
Q¢ and 1.4 shown in Figure 5.3, and the conclusions extracted from it concern-
ing the Al,O3/c-Si interface.

5.2.2 Measurement details

Low-temperature PL spectroscopy measurements were carried out with a Lab
Ram HR Raman spectrometer (Horiba Jobin Yvon). A diode-pumped solid
state laser with a wavelength of 785 nm was used as excitation source and the
light beam was modulated by an optical chopper at a frequency of 130 Hz.
Due to the low modulation frequency, steady state conditions were ensured.
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The PL signal was recorded by a single-channel, infrared photodiode detector
using phase-sensitive lock-in amplification. PL measurements were carried
out in micro-setup configuration by focusing the laser beam onto the sample
surface by microscopic objectives. Two levels of incoming photon flux (®)
on the sample surface of 4.5x10?% and 2.4x10?° photons-s™'-cm™ were used.
These photon fluxes resulted from an excitation power of 5.7 and 8.5 mW and
a spot diameter of 8 and 133 ym, respectively.

5.2.3 Cooling procedure

Low-temperature PL experiments were performed using a gas flow-type cryo-
stat where the sample to be studied is located. The laser beam enters through
an optical quartz window (1 mm thickness) located at the top side of the
cryostat. During measurement the samples are under High Vacuum (HV)-
conditions. These are obtained by a vacuum pump unit consisting of a turbo-
molecular pump coupled to a rotary vane pump. For performing measure-
ments at low temperatures the cryostat was cooled down using liquid He (see
Figure 5.4). The gas flow of liquid-He passes throughout the cooling circuit in

tank valve B

temperature measurement
and control unit i |

transfer tube

'_ _______ s
: Cryostat with
: HCfNZ gas Sample holder

1 block valve

~ i

o o

P;\:;;CE:::? He/N: tank

Figure 5.4: Setup for cooling. The liquid He leaves the tank and passes through
the cryostat where it is evaporated. Both the tank valve and a gas pump at the
end of the circuit control the He gas flux.
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order to cool the sample chamber down to the desired temperature. The flux
of the cooling liquid can be regulated by the tank valve, while the evaporation
pressure is controlled by a gas pump located at the end of the circuit. A tem-
perature control unit with an installed heater linked to a temperature sensor in
the cryostat is used to regulate the cooling-down and heating-up process of the
samples. The temperature range goes from 3.5 K to 325 K, and its temperature
stability is within 0.1 K.

5.3 PL down to 40 K

Figure 5.5 illustrates the PL spectra recorded at temperatures from 300 to 40 K
for a 0.4 Qcm c-Si wafer passivated by a 25 nm-thick layer of Al,O3 annealed at
375 °C. PL spectrum obtained at room temperature (~300 K) reveals a wide PL
emission centered around 1.1 eV. This PL emission line is correlated to the (in-
direct) transverse-optical (TO) phonon-assisted band-to-band transitions. With
decreasing temperature, energy of phonons decreases. Then, the phononic en-
ergy contribution to the phonon-electron scattering process in band-to-band
transition become less important. This phenomenon is evident in the PL spec-
tra recorded between 300 and 80 K as a significant and progressive narrowing
of the PL emission band, the lower the temperature. Additionally, we also
observe a progressive PL intensity enhancement with decreasing temperature,
which is related to decrease of the non-radiative recombination due to a reduc-
tion of the phonon population [104]. We can observe two further phenomena
induced by the decrease of temperature. One is the observation in the PL
spectrum recorded at 180 K of the PL emission from Free-Bound (FB) tran-
sitions involving carriers chained to boron impurities. Moreover, below ~80
K, thermal energy kgT is lower than the exciton binding energy and thermal
dissociation of excitons is progressively suppressed. Due to this fact, recombi-
nation from both TO-phonon assisted (indirect) Free Exciton (FE) and Bound
Excitons (BE) starts to take place. The PL emission from BE recombination
is observed in the PL spectra by a small shoulder on the left side of the FE
PL emission line. Since the complex has an extra binding energy due to the
exciton-impurity interaction, the BE has associated a slightly lower emission
energy.
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Figure 5.5: PL spectra between 300 and 40 K of a 2.5 {dcm c-Si wafer passi-
vated with a 25 nm-thick layer of Al,O3 annealed at 375 °C. Spectra were
recordered with a photon flux of 4.5x10%? photons-s™!
to TO-phonon assisted band-to-band (TOgg) recombination, free-bound (TOgg)
recombination, free excitons (TOgg) recombination and bound excitons (TOgg)

-.cm~2. Peak assignment

recombination is indicated.

54 PL below 40 K

Figure 5.6 shows representative PL spectra recorded at temperatures from 40
to 4 K for both a 0.4 and a 2.5 Q2cm c-Si wafers passivated by a 25 nm-thick
layer of Al,O3 annealed at 375 °C. At 40 K the PL spectra are characterized
by an emission line at 1.098 eV and a low energy shoulder, which are related
to the indirect TO phonon-assisted transition of FE and BE, respectively. The
excitonic emission dominates the PL spectra down to about 25 K, where the
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Figure 5.6: PL spectra between 40 K and 4 K of a 0.4 and 2.5 Qcm ¢-5i substrates

passivated with a 25 nm-thick layer of Al,O3 annealed at 375 °C. The spectra

1

were recorded with a photon flux of 4.5x10?? photons-s™!-cm™. Peak assign-

ment to TO-phonon assisted recombination of free excitons (FE), bound excitons
(BE) and Electron-Hole-Liquid (EHL) is indicated.

appearance of an additional PL band at (~1.088 eV) sets in. This broader band
increases gradually in intensity, becoming the most prominent feature below
15 K. In addition, the observed increase in intensity is also accompanied by
a significant redshift with decreasing temperature. We emphasize that such a
marked temperature behavior cannot be ascribed to a stiffening of the optical
phonon involved in the indirect transition, since below 80 K both FE and BE
excitonic transitions occur essentially at the same energy. The observed vari-
ation with temperature of the peak energy and intensity is clear signature of
the influence on the optical transition of many-body effects which are strongly
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temperature dependent. As mentioned above, at such low temperatures, pro-
vided that the lifetimes of the photo-generated carriers (electrons as well as
holes) are long enough, it is possible to build up carrier densities beyond the
critical value at which many-body effects arising from exchange and correla-
tion interactions would trigger the formation of droplets of the condensed EHL
phase [105]. The droplets grow at expenses of free and bound excitons as well
as band electrons and holes. Since the exchange terms of the Coulomb interac-
tion yield a negative nonlinear contribution to the total energy of the electronic
system, there is a pronounced bandgap renormalization (reduction) associated
with the formation of the condensate. This renormalization manifests itself
in a reduction of the optical transition energy, as observed, for example, in
doped GaAs single quantum wells [106]. The higher the carrier density, the
stronger the reduction. With decreasing temperature we expect an increase
in the photo-generated carrier density mainly due to the enhancement of the
carrier lifetime. For all these reasons and supported by previous results [89],
we assign the broad PL feature to TO phonon-assisted radiative recombination
processes from a condensed EHL. Incidentally, emission from the Transverse-
Acoustical (TA) phonon-assisted EHL recombination is also detected at 1.12 V.
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Figure 5.7: PL spectra of the Al,O3-passivated 0.4 Qdcm c-Si wafer recorded at
8 K using a photon flux of 4.5x10?% and 2.4x10%° photons-s™!-cm™. Note that

the PL spectrum recorded with the higher photon flux is depicted with a scaling
factor of 0.4.
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For a given incident photon flux per unit time ®, every absorbed photon
within a distance d from the Si surface, determined by the absorption coef-
ficient of Si at low temperature for the given laser wavelength («=550 cm™)
[107], would generate an electron-hole (e-h) pair. In order for the condensed
phase to form, the effective concentration of photo-generated e-h pairs has to
reach the EHL critical density (pc =3 x 10'8 cm™3) [108], which can be roughly
estimated according to:

oc = @Tg"c (1-ed) (5.1)
where texc corresponds to the average lifetime of photo-generated e-h pairs.
Two important deductions can be extracted from Equation (5.1). First, we can
observe that the stability of the EHL phase mainly depends on both the lifetime
(intrinsic to the material) and the incident photon flux. This fact is clearly
revealed by Figure 5.7. The panel shows two PL spectra recorded at 8 K in an
Al;Oz-passivated 0.4 Qcm c-Si using two different levels of incoming photon
flux. As it can be seen, the PL spectrum recorded with the lower photon flux
exhibits a significantly less intense EHL feature (either the one assisted by TO
phonons as well as the one assisted by TA phonons). This is because for the
weaker photon flux, the photo-generated carrier density is close to the critical
value and the EHL becomes thermally unstable [109, 110]. In addition, for
the higher photon flux it is also observed a higher band-gap renormalization
(i.e. lower energy associated to the EHL optical transition). This is because for
a higher carrier density the EHL has associated higher Coulomb interaction
exchange terms. The second insight about the EHL behavior can be deduced
by isolating the distance d from Equation (5.1):

d:%(1_ s ) (5.2)
o P Texca

In this case, Equation (5.2) further tells us that for the distance d to be posi-

tive but non-zero, texc should be larger than about 120 ns, which is typically
achieved at low temperatures in high-quality, indirect-gap semiconductors,
where the carrier lifetime is largely determined by the radiative recombina-
tion time.

The variation with temperature of the integrated intensity for both the EHL
and the FE emission peaks is depicted in Figure 5.8 for the two c-Si wafers with
different resistivity. At temperatures above 30 K, PL emission mainly proceeds
from the FE (and BE, of course) recombination, slightly increasing in intensity
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Figure 5.8: Integrated PL intensity against temperature of the phonon-assisted
FE emission and the EHL emission of the 0.4 and the 2.5 Q2cm c-Si substrates
passivated by an Al,Oj3 layer annealed at 375 °C.

from 60 K to 40 K as a result of the decrease of the non-radiative relaxation
rate due to less electron-phonon scattering processes. The intensity of the FE
emission, in contrast, begins to fade as soon as the EHL emission sets in. The
steep intensity rise of the latter with decreasing temperature in the range of
coexistence is a clear indication that both are mutually competing radiative
recombination mechanisms. Below 20 K, the EHL recombination increasingly
becomes the dominant process in detriment of any excitonic emission, since
the condensate is the lowest excited state. It is also worth to mention that the
0.4 Qcm substrate shows a significantly higher intensity of the EHL emission
than the 2.5 Q2cm substrate. This effect is related to the different doping levels
of the samples, since the (substitutional) doping impurities act as nucleation
centers for the condensation of the EHL. The formation of an EHL droplet is
more likely to proceed from excitons bound to the doping impurities due to
their extra binding energy (BE transition). Hence, the EHL is thermodynami-
cally more stable in the wafer with higher residual doping.

5.4.1 Correlation between EHL PL intensity and passivation
efficiency

Figure 5.9 shows the EHL emission intensity of the two sets of samples with
different resistivity as a function of the annealing temperature of the Al,O3
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Figure 5.9: Variation of the integrated EHL emission intensity between 8 and
25 K as a function of the annealing temperature of the alumina layer for both
the 0.4 and the 2.5 Qcm c-Si substrates.

layer. For clarity, we show data only for selected temperatures between 8 and
25 K. Both sets of samples exhibit the same general behavior. Up to an an-
nealing temperature of 375 °C, the EHL emission intensity shows a decreasing
trend, whereas for the highest annealing temperature of 425 °C the trend is
reversed (EHL intensity increases). As it can be seen, the observed variation
is more marked the higher the temperature. Interestingly, the EHL intensity
evolution with annealing temperature is the opposite to that of the photocon-
ductivity carrier lifetime (see Table 5.1 and Figure 5.3).

We attempt to explain this striking result with the help of the sketches in
Figure 5.10, which illustrate the expected band profile close to the surface un-
der steady-state illumination. As the effect of annealing consists in a variation
of the charge balance between the Si surface charge and the one thermally
created at the thin alumina layer, the extension D of the hole accumulation
region at the Si sub-surface region would also change in the same proportion.
Since photo-generated e-h pairs dissociate immediately in the band-bending
region, thus, impairing any radiative recombination, the EHL emission can
only stem from a sub-surface region delimited by the depth d of e-h pair photo-
generation (see Equation 5.1) minus the extension D of the band-bending re-
gion.

For annealing temperatures up to 375 °C, the induced increase of the fixed
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Figure 5.10: Sketches illustrating the band profile under steady-state illumina-
tion and the variation of the accumulation region of photo-generated holes (D)
induced by changes in the net interface charge with annealing. Ep,, denotes the

quasi-Fermi level of holes. Quasi-Fermi level of electrons is omitted for the sake
of clarity.

charge in the alumina leads to a more pronounced surface accumulation region
(larger band bending) and thus to a larger D. This, in turn, leads to a reduc-
tion of the active EHL radiative recombination volume given by d -D, and
therefore, the EHL emission intensity diminishes. However, for the highest
annealing temperature of 425 °C, despite the further increase in the fixed neg-
ative charge at the alumina layer, degradation of the Al,O3/Si interface starts
to occur, as suggested by the decrease of the QSSPC carrier lifetime (see Table
5.1 and Figure 5.3). By interface degradation is meant the generation of surface
defect states at elevated annealing temperatures, which partially counteract the
negative charges at Al,O3, reducing D. Hence, the active EHL recombination
region as well as the EHL emission intensity increase again for the highest
annealing temperature.

To strengthen the proposed hypothesis, it is instructive to take a closer look
at Equation (5.2) and its implications. At very low temperatures (T<15 K),
exciton lifetimes (texc) of about 200 ns [103] lead to a large depth d of roughly
14 ym. This value of d is too large compared to a band-bending extension D
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in the order of 100 nm, therefore, little influence of the charge accumulation
region is expected. In contrast, texc decreases with increasing temperature and
can reach values close to the EHL critical lifetime of 120 ns at temperatures
around 25 K [103]. For this case, Equation (5.1) yields rough estimates of d
below 1 um, which are now of the same order of D. These simple facts explain
well the data points depicted in Figure 5.9.

For a better clarity and understanding of this behavior, the evolution of the
EHL PL intensity as a function of temperature is represented in Figure 5.11 for
both the as deposited sample and the one annealed at 375 °C. For both samples,
the measured integrated PL intensity of the EHL emission is systematically
lower, the higher the temperature. This is interpreted as a reduction of d
(and d - D, of course) with increasing temperature. Since D is larger for the
sample annealed at 375 °C than for the as-deposited one, the reduction of the
EHL PL intensity with increasing temperature, is proportionally higher for the
annealed sample. This is observed as a higher slope for the annealed sample
curve. This fact brings us to the conclusion that the sensitivity of the EHL PL
intensity to variations of D increases with increasing temperature.
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Figure 5.11: Variation of the integrated EHL PL against temperature for the
as-deposited Al,O3-passivated c-Si wafer and the one annealed at 375 °C. Ad-
ditionally, the difference between both PL signals (AEHL) is also shown.
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5.4.1.1 Al,O3 charge density under illumination

It is worth to mention that the charge density of Al,O3 has been reported to
suffer changes under certain optical excitation conditions. Recently, Liao et al.
[111] reported an increase of AlyO3 negative fixed charge due to light soaking
from 1-sun illumination. Moreover, Gielis et al. [112] observed multiple photon
induced charge trapping when studying the charging dynamics of Al,O3 by
Second-Harmonic Generation (SHG) measurements. In any case, as suggested
by the band diagram of Si/Al,Oj3 illustrated in Figure 5.12, excitation condi-
tions should provide photons with an energy of at least 3.12 €V in order to
promote electrons from the Si valence band up to the Al,O3 conduction band.
Notice that the representation of an interfacial SiOx layer between Si and Al,Og3
is simply due to the fact that some authors have reported its existence in c-Si
wafers passivated by ALD Al,O3 [28]. In the work of Liao et al., the 3.12 eV
barrier could be exceeded by photons from the UV part of the solar spectrum,
whereas in the work of Gielis et al., the process could be completed by multi
photon mechanisms as a result of the high-level non-linear excitation. It is im-
portant to remark that under our Continuous Wave (CW) 1.58 eV excitation, we
have no experimental evidence of such charging effects. In fact, all measured
PL lines were stable in time and reproducible in terms of their intensity, even
upon changes in temperature.

=1 ©
it-t-»
L E : Figure 5.12: Band diagram of an
CB T : o AlyO3/c-Si interface illustrating the hy-
1.12eV pothetic photon induced charge injec-
VB tion into Al,Oj3 layer under illumination
Si > ? [112]. Notice that an extra SiOy interfa-
$ 3 cial layer between Si and Al,O3 is con-
sidered.
i | AlLO;
SiO
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5.5 Chapter summary

Two main conclusions can be drawn from the work presented in this Chap-
ter. First, we have shown that the use of micro-PL measurements at low-
temperatures can favor the formation of the so-called EHL phase in Si even
using moderate excitation powers for which the condensed phase is not usu-
ally observed in bulk Si. The elevated focalization linked to micro-PL mea-
surements allows to reach the EHL critical density without the need to use
elevated optical pumping. Second, we have shown that the intensity of the
EHL emission is correlated to the net electric field at the Al,O3/c-Si interface.
This finding opens the possibility to use this approach to monitor local varia-
tions in the surface and sub-surface interface properties.
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High-resolution spatially-resolved
characterization of LFCs

In this chapter, micro-Photoluminescence (PL) and micro-Raman spectroscopy mea-
surements are used to carry out a comprehensive analysis of Laser-Fired Contacts
(LFCs). In the first section, we take advantage of the high spatial resolution and the
lifetime-sensitivity capabilities of micro-PL measurements in order to characterize the
impact of laser processing on the performance of the passivation layer at the regions
around the contacts. In the second section, high-resolution spatially-resolved Raman
and PL measurements are used to study in detail the inner part of different LFCs pro-
cessed in Al O3-passivated c-Si wafers. Relevant information about LFC features such
as the doping profile and the structural properties of the laser-processed region have
been obtained by a detailed study of the recorded PL and Raman spectra.
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Chapter 6. High-resolution spatially-resolved characterization of LFCs

6.1 Introduction

LFC processes have already been used to create rear base contacts in solar cells
with efficiencies well above 20% [51, 45]. Despite the evident success in the
implementation of the LFC approach in real devices, there is still a lack of
information about specific features of LFCs such as the impact on the passiva-
tion layer at the contacts vicinity, the level and doping profile of the p+ region
and/or the structural properties of the laser-processed region. The most likely
reason for that is the difficulty to find experimental techniques that match a
high-lateral resolution (below 10 um) and sensitivity to the parameters to be
studied. In the present chapter, we use micro-Raman and micro-PL spectro-
scopies with a lateral resolution down to 1 ym in order to perform a detailed
spatially-resolved study of LFCs. The chapter has been divided in two main
sections: the study of the induced impact at the LFC vicinity, and the study of
the doping profile and the structural properties of the inner part of LFCs.

6.2 Local impact at the LFCs surroundings

As described in Section 2.3.1, the formation of LFCs is characterized by a local
melting and solidification step of the bulk ¢-5i [113]. In such a rapid thermal
cycle, local temperature can reach values above the silicon melting tempera-
ture, i.e. 1414 °C. Hence, the material fraction around the LFC is believed to
suffer high thermal gradients during contact formation. This could induce im-
portant damage on the passivation capabilities around the contacts, decreasing
the effective rear surface passivation in such area.

In this section, we use micro-PL spectroscopy measurements with a spatial
resolution of 7 ym in order to study how the laser processing affects the passi-
vation capabilities of dielectric layers deposited onto the c-Si. In particular, we
demonstrate that the passivation efficiency decreases at the nearby regions of
the laser-processed base contacts. Such a decrease in passivation efficiency is
studied in terms of laser power, laser wavelength, and type of dielectric stack
system. Both laser processed SiCx/Al,O3/c-Si and Al,O3/c-Si samples have
been studied. Finally, from the obtained micro-PL information, we have es-
timated the impact of the laser processing on the passivation efficiency as a
function of the pitch of the processed spots.
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a) SiCy b)

p-type c-Si

Figure 6.1: Sample structures studied in this chapter: laser processed
SiCx/Al)Os3 stacks (a), laser processed Al,Os/c-Si (b) and laser processed
Al;O3/¢-Si + immersion in hydrofluoric (HF) acid (c).

6.2.1 Experimental details
6.2.1.1 Sample details

As schematically illustrated in Figure 6.1, three different sample structures
were used to carry out the present study:

* A:laser processed SiCx/Al,O3/c-S stacks
¢ B: laser processed Al,O3/c-Si stacks
¢ C: laser processed Al,O3/c-Si + immersion in hydrofluoric (HF) acid

All the samples were based on p-type 2.5 {2cm (boron-doped) float zone (FZ)
crystalline silicon wafers with (100) crystal orientation and thickness of 250 um.
After a RCA ! cleaning sequence, a 25 nm-thick layer of Al,O3 was deposited
on both wafer sides by thermal Atomic Layer Deposition (ALD) in a Cambridge
Nanotech Savannah S200 system at a temperature of 200 °C. During the process
the surface of the substrate was alternatively exposed to trimethylaluminium
(Alp(CH3)g) (TMA) and H,O as precursors, which reacted until the surface
was saturated. The reactions were cyclical and each reaction was purged by
means of N, to remove the reactants and the reaction products.

To obtain sample structure A, a 50 nm-thick capping layer of SiCx was sub-
sequently deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD)

IThe RCA clean is a standard set of wafer cleaning steps performed before high-
temperature processing steps of silicon wafers in semiconductor manufacturing. Werner Kern
developed the basic procedure in 1965 while working for RCA, the Radio Corporation of
America.
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Table 6.1: Specifications of the two types of laser used to process the LFCs
studied in this section.

Manufacturer Type A (nm) Pulse (ns) Freq. (KHz)
StarMark Nd:YAG 1064 100 4
Spectra-Physics Nd:YVO, 355 12 20

on both sides of the AlO3/c-Si/Al,O3 stack. Next, a forming gas annealing
(375 °C, 15 min in Hy /N, atmosphere) was applied.

To obtain structure B, an AlyO3/c-Si/Al,O3 sample was directly annealed
in forming gas (N, /Hj) at a temperature of 375 °C for 15 min.

To obtain sample structure C, sample B was immersed in an HF (Hydrofluo-
ric acid) 1% solution bath. The etching process took around 40 s approximately
or until a hydrophobic silicon surface was obtained.

Two types of laser were used to process the LFCs (Table 6.1). In the majority
of the samples, LFCs were processed by a 1064 nm Nd:YAG lamp-pumped
Solid State Laser (SSL) working at 100 ns and 4 KHz of pulse duration. In
this case, LFCs were processed using a laser power of 0.83, 0.98 and 1.43 W.
Additionally, in order to study possible differences of using a different laser
wavelength to process the contacts, other LFCs were processed by a 355 nm
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Figure 6.2: Spot diameter against laser power for the different LFCs studied in
this work.
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Nd:YVO, diode-pumped SSL working at 12 ns and 20 KHz of pulse duration.
Here, LFCs were processed at a laser power of 0.90, 1.24 and 1.53 W.

Figure 6.2 shows the evolution of the contact diameter as a function of the
laser power. Spot diameter of Infrared (IR)-processed contacts increases with
increasing laser power, whereas spot diameter of Ultraviolet (UV)-processed
contacts does not. In addition, spot diameter of UV contacts is significantly
lower than diameter of IR LFCs. However, taking into account that power is
defined by energy per unit of time, and the laser pulse used to process UV
spots is one order of magnitude lower than that used for the IR spots, we have
that the amount of energy used to process the UV spots is approximately one
order of magnitude lower. In these sense, if we normalize the spot diameter
by energy, the diameter of UV spots is proportionally higher. We attribute
this fact to the higher absorption coefficient of silicon at the UV part of the
electromagnetic spectrum.

6.2.1.2 Measurement procedure

Topography maps of LFCs were obtained by optical profilometry using a Micro-
Xam 100 profilometer (KLA-Tencor). Micro-PL and micro-Raman spectroscopy
measurements were carried out with a Horiba Jobin Yvon LabRam HR Raman
spectrometer. For micro-PL measurements a diode-pumped solid state laser
with a wavelength of 785 nm was used as excitation source. The light beam
was modulated by an optical chopper at a frequency of 130 Hz to amplify the
generated PL signal by a Lock-in amplifier. Due to the relatively long lifetime
of the photo-generated carriers, the light beam modulation at 130 Hz ensured
steady state conditions. The PL signal was recorded by an IR photodiode detec-
tor. PL measurements were carried out in a micro-setup configuration where
light excitation beam was focused onto the sample surface by a 50x microscope
objective (Leica) with a numerical aperture of 0.55. The mentioned configura-
tion resulted in a light spot (and therefore a spatial resolution) of 7 um of
diameter. In the case of micro-Raman measurements light excitation was made
by the same diode-pumped solid state laser (wavelength of 785 nm) and again
the light beam was focused onto the sample surface by a 50x microscope ob-
jective. Here, the inelastic scattering signal was collected by a charge-coupled

device (CCD) cooled at 135 K.
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6.2.2 Impact of the laser pulse on the passivation layer

Figure 6.3 shows both topography (a) and PL (b) maps of a LFC processed
at 1.44 W in a SiCx/Al,Os-passivated c-Si wafer. The physical dimensions of
the LFC are represented in the PL map by a dotted circle. The corresponding
topography (a) and PL (b) profiles correlated to the green horizontal lines of
Figure 6.3 are depicted in Figure 6.4. The topography profile shows the mor-
phology of the contact cross-section and allows the precise identification of the
LFC borders (black vertical dashed lines). This has allowed the accurate corre-
lation between both the topography and PL profiles for studying in detail the
PL signal associated to the different points of the contact cross-section.

As c-Si is an indirect band gap semiconductor in which non-radiative pro-
cesses are dominant mechanisms, and taking into account that radiative and

a) - |
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Figure 6.3: Optical profilometer topography map (a) and PL map (b) of a LFC
processed in a SiCyx/Aly,O3-passivated c-Si wafer at 1.44 W. The green line de-
fines the horizontal cross-section from which topography and PL profiles of
Figure 6.4 were obtained. In the PL map, the physical dimensions of the LFC
are defined by the white dotted circle.
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Figure 6.4: Topography (a) and PL (b) profiles corresponding to the green lines
represented in Figure 6.3. The gray area depicts the inner part of the contact. PL
profile is normalized by its maximum value at x=-150 (and x=150 um), which
corresponds to surface points non-affected by laser.

non-radiative are competitive processes (see Section 3.1.1.2), a maximum value
of PL implies a minimum rate of non-radiative processes [114]. Thus, as-
suming that bulk recombination is negligible in front of surface recombina-
tion processes (as it is the case in our FZ c-Si samples), the higher the PL,
the better the performance of the passivation layer [115]. As it can be seen,
the PL profile of Figure 6.4 shows a maximum PL value at the further points
(x =-150 and x=150 um) from the LFC border. This maximum value of PL is
correlated to a non-affected point of the sample surface with a maximum passi-
vation quality. Notice that the PL signal has been normalized to this maximum
value of the PL profile. This will allow us to compare measurements from
different samples showing different passivation quality.

From this maximum value of PL intensity, the PL signal decreases progres-
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sively when it gets closer to the contact border as a result of the reduction
of the passivation performance around the contact. This reduction of the PL
intensity can be semi-quantified by a PL loss (dashed shaded area of Figure
6.4b). In particular, this amount of PL loss can be considered as the level of
passivation efficiency reduction induced by the laser firing process in the vicin-
ity of the spots. Thus, from now on, the integration of this PL loss will be used
to semi-quantify the impact of the laser processing and to compare data from
different measurements. Concerning the integration limits in the x-axis, the in-
tegral was calculated from the physical border of the contact (vertical dashed
line) up to 100 ym away from this contact limit.

6.2.2.1 Laser power dependence

LFCs processed in SiCy/Al,O3/c-Si stacks at different laser powers, i.e. 0.83,
0.98 and 1.44 W, have been studied in order to evaluate the effect of the laser
power on the impact induced by the laser pulse. The obtained PL profiles
are represented in Figure 6.5. For the sake of clarity, the PL profiles plotted
here only show one half of the complete contact cross-section shown in Figure
6.4. In addition, the contact border depicted by the vertical dashed line has
been positioned at x=0 um for helping to the comparison among different PL
profiles. Thus, the left part of the vertical dashed line defines thee inner part of
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Figure 6.5: PL profiles recorded across LFCs processed at 0.83, 0.98 and 1.44 W
in a SiCx/Al,O3-passivated c-Si wafer. The limit of the contact is defined by the
vertical dashed line at x=0 ym.
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the LFC, whereas the right side determines the region out of the contact. From
now on, PL profiles of this section will be presented in this format. As already
observed in Figure 6.4, the PL profiles here show a significant PL loss around
the contact that we attribute to a reduction of the passivation quality. An
increase of this PL loss, and therefore, an increase in the passivation quality
reduction is observed for higher laser powers. In particular, a decay of the
surface passivation quality up to approximately 100 ym away from the spot
border limit is observed for the most powerful laser process explored here.

6.2.2.2 Laser wavelength dependence

The observed local reduction in passivation efficiency induced by laser process-
ing is believed to be linked to the thermal diffusion that takes place during the
laser pulse and the contact formation. Since such a thermal dissipation strongly
depends on the Si absorption coefficient and, as illustrated in Figure 3.5 (Sec-
tion 3.1.2.1), the latter depends on the wavelength of the irradiation light, we
have considered appropiate to study the dependence of the laser wavelength
on the laser-induced impact. In order to do so, we have carried out micro-PL
measurements in LFCs processed by a 355 nm laser in SiCx / Al,O3/c-Si stacks.
The obtained PL profiles are represented in Figure 6.6a, and the PL loss quan-
tification (b) is compared to results obtained from LFCs processed with IR laser
(Section 6.2.2.1). Two important particularities are observed. First, in contrast
to the LFCs processed with the IR laser, the PL loss here does not increase
with increasing the laser power. Interestingly, the same behavior was observed
regarding the diameter of the UV LFCs (see Figure 6.2), which in contrast to
the diameter of IR LFCs does not substantially increase with increasing laser
power. A second important observation revealed by Figure 6.6b, is that the in-
tegrated PL loss for the UV LECs is significantly lower than that observed for
the LFCs processed with the 1064 nm laser. Nevertheless, as depicted in Figure
6.6¢, if we normalize the PL loss by the LFCs diameter we observe that the PL
loss, i.e. the reduction of the passivation efficiency, is proportionally higher
for the LFCs processed by the UV laser. These results suggest that the use
of UV lasers for LFC processing originates a higher reduction of passivation
efficiency in front of IR lasers.
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Figure 6.6: PL profiles recorded across LFCs processed at 0.90, 1.24 and 1.53 W
in a SiCx/Al,O3-passivated c-Si wafer with an UV laser (355 nm) (a). The inte-
grated PL loss (according to the definition of PL loss described in this chapter)
is represented as a function of the laser power, and compared to the integrated
PL loss corresponding to LFCs processed in SiCx/Al,O3/c-Si stacks using an
IR laser (b). The integrated PL loss normalized by the LFCs diameter is also
represented (c).

6.2.2.3 SiCy capping layer influence

The deposition of a SiCx capping layer onto an Al,O3 passivation layer is
a common strategy used to improve the chemical and structural stability of
Al,O3. In addition, when used on the rear side of a c-Si solar cell, a SiCx acts
as back reflector that reflects photons towards the bulk [116]. In this section,
we study the effect of the presence of such capping layer on the impact induced
by the laser pulse. For that, we compare the PL profiles of LFCs processed in
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Figure 6.7: PL profiles recorded at the vicinity of LFCs processed at 0.83, 0.98
and 1.44 W (1064 nm laser) in an Al,O3-passivated c-Si wafer (a). The inte-
grated PL loss is represented as a function of the laser power and compared to
the PL loss corresponding to the LFCs processed with the same conditions in
SiCx/AlyOsz-passivated c-Si wafers (b). The integrated PL loss normalized by
the LFCs diameter is also represented (c).

SiCx/AlyO3/c-Si stacks (presented in Section 6.2.2.1) with micro-PL measure-
ments recorded across LFCs processed in Al,O3/c-Si stacks. Results are shown
in Figure 6.7. Again, we observe a significant reduction of the PL at the contact
vicinity, which enlarges with increasing laser power. This enhancement of the
PL loss is even higher than for the LFCs processed in SiCx/Al,O3/c-Si stacks,
as revealed by the higher slope in Figure 6.7b. If we normalize the PL loss by
the LFCs diameter (Figure 6.7c), we observe two interesting aspects. The first
one, as revealed by the horizontality of the PL loss curves presented in Figure
6.7¢, is that the passivation efficiency reduction is much less dependent on the
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Figure 6.8: Effective surface recombination velocity at both laser-processed
Al,O3- and SiCx/Al,O3 c-Si wafers. Extracted from [48].

laser power than expected from Figure 6.7b. This behavior can be explained by
the fact that the increase of the LFCs diameter changes in the same proportion
than the increase of the PL loss. The second important aspect to mention is that
the LFCs processed in samples B, i.e. without the SiCy capping layer, show a
much higher impact, i.e. a much higher passivation efficiency reduction.

Keeping these results in mind, it is instructive to evaluate recent results
from Ortega et al. [51], who studied the effective surface recombination velocity
(Sefr) at the laser processed surface of both Al,O3- and SiCy/Al,O3-passivated
c-Si wafers. Results are represented in Figure 6.8. As it can be seen, sam-
ples with the SiCy capping layer show a lower Sy. Ortega and co-workers
suggested that the SiCx layer could help to keep Al atoms close to the c-Si
melted surface during the high temperature laser-stage, improving their dif-
fusion into the substrate. This results in a better p+ Al-doped region below
the contacted surface, and therefore, a lower surface recombination velocity at
the contacts (Scont). Our results further suggest that the lower laser-induced
impact observed in the samples that have the capping layer would be partially
responsible of the observed lower S. for the samples with SiCy. From these
findings we can conclude that the presence of a SiCx minimizes the impact of
the laser pulse on the passivation layer.
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6.2. Local impact at the LFCs surroundings

Table 6.2: Energy-Dispersive X-ray (EDX) spectroscopy data obtained in random
points of both the Al,O3-passivated sample and the sample treated by HF.

Al,O3-passivated etched by HF
element wt. (%) at. (%) wt. (%) at. (%)
Carbon 13.29 26.53 8.89 19.14
Oxygen 3.39 5.07 - -
Aluminum 0.57 0.51 - -
Silicon 78.85 67.31 87.18 80.24
Palladium 1.04 0.23 0.97 0.24
Gold 2.86 0.35 2.95 0.39

6.2.3 Impact of the laser pulse on the c-Si bulk

We also wanted to study if the reduction of the passivation efficiency observed
around the contact is only attributed to changes in the passivation layer, or
otherwise, is also related to changes in the Si bulk. In order to study so,
the same micro-PL measurements performed in Al,O3-passivated wafers have
been carried out after the Al,O3 layer was removed by HF etching (sample C).

First, in order to prove that the alumina layer has been correctly removed,
we have performed Energy-Dispersive X-ray (EDX) spectroscopy analysis on
both, the Al,O3-passivated wafers and the ones treated by HF etching. As
shown in Table 6.2, the results reveal that traces of Al and O were detected
in the Al,O3-passivated Si, whereas the HF-treated sample did not show any
trace of Al and O. Note that Au and P1 comes from the conductive coating used
in Scanning Electron Microscopy (SEM) analysis for avoiding charging effects,
and therefore, they have not to be considered. Moreover, C content (always
present in EDX data) comes from the dust on the sample surface, so again it
has not to be taken into account here.

Figure 6.9 shows the PL profiles recorded across a LFC processed in sample
C, i.e. after etching the dielectric layer. As it can be seen, PL profiles almost
do not evidence any PL loss at the contact surroundings, showing that LFC
processes do not apparently affect the c-Si bulk. This conclusion is in great
agreement with the results presented in the next section, where an extensive
micro-Raman spectroscopy analysis of LFCs reveals that c-Si structure only
suffers structural changes inside the laser processed region, but not at the sur-
rounding regions. With all these findings, we can confirm that the reduction
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Figure 6.9: PL profiles recorded at the surroundings of three LFCs processed at
0.83, 0.98 and 1.44 W in an Al,O3-passivated c-Si sample after the Al,O3 was
removed by inmersion in a HF bath.

in passivation efficiency observed at the LFCs vicinities is solely linked to a
worsening of the passivation capabilities of the dielectric layer.

An unexpected feature is observed in Figure 6.9 for the 1.44 W PL profile.
The HF-etched sample shows a region (from 10 to 130 um of the x-axis) with
a higher PL intensity than the PL value related to a non-afected point of the
sample surface (x=150 um). Supported by data presented in Figure 6.10, we
attribute this effect to a heating-induced Al crystallization from the Al,O3 layer,
which could not be eliminated by the HF etching. This Al crystallization would
take place during the LFC formation. As it can be seen in Figure 6.10, the
sample surface region far away form the LFC border, i.e. region A2, shows
a flat surface with a constant Surface Potential (SP) value of -0.15 V, which
we associate to the raw HF-etched Si surface. In contrast, when we get closer
to the LFC border (region A3), the sample surface evidence small structures
with a spherical geometry of about 200-400 nm in diameter and 10-30 nm in
height. The corresponding SP map (Figure 6.10f) reveals that these structures
have associated a higher SP value, whereas the SP of the Si substrate is kept
at the previously mentioned -0.15 V. The marked difference between SP values
suggests that such spherical structures correspond to a different phase than
Si. In addition, the fact that LFCs processed at lower laser powers, i.e. 0.83
and 0.98 W, showed neither the spherical structures, nor the higher PL signal
increase around the contacts, strengthen the suggested hypothesis about the
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6.2. Local impact at the LFCs surroundings

heating-induced Al crystallization from the Al,O3 layer.
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Figure 6.10: Optical microscope image (a) of a single LFC in a sample C, and
topography map (b) recorded by KPFM at the selected area Al. Topography
map (c), SP map (e), and the corresponding topography and SP profiles (g) of
the selected area A2 (far from the LFC border) are represented. The homologous
topography map (d), SP map (f) and the corresponding topography and SP
profiles (h) of area A3 (closer to LFC border) are also depicted.

6.2.4 Estimation of passivation performance reduction

Micro-PL results presented in the previous sections demonstrate that S.¢ in a
laser-processed surface can not be solely determined by the surface recombi-
nation velocity correlated to the unprocessed sample surface (Spass) and the
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Figure 6.11: Representation of a squared matrix array of LFCs. Regions with
a characteristic Surface Recombination Velocity (SRV) are indicated: Spass con-
cerns to the SRV of the non-processed area, Sgyr corresponds to the SRV of the
affected contacts surroundings and Scont refers to SRV inside the contact.

recombination velocity assigned to the contacts (Scont) (see Section 2.3.3.1). In-
deed, a third contribution concerning the laser affected area must be taken into
account. The surface recombination velocity at the area affected by laser pro-
cessing will be referred from now on as Ssyr. In analogy to Figure 2.13 (Section
2.3.3.1), Figure 6.11 shows a sketch of a square matrix layout of LFCs indicating
the different regions with a characteristic recombination velocity. In addition
to Spass and Scont, here Sgur is considered.

From the geometrical parameters illustrated in the scheme on the right-
hand side of Figure 6.11, we have estimated the percentage of affected area
for different values of contacted area fraction and pitch. In order to calculate
it, we have assumed a contact diameter of 50 um and a characteristic decay
of the surface passivation quality, i.e. an enlargement of the laser affected
area, of 100 um away from the spot border limit, as observed in the obtained
micro-PL profiles. In addition to the percentage of affected area, we have also
estimated the percentage of passivation performance reduction. The latter is
a semi-quantification of the loss in passivation efficiency of the dielectric layer
calculated from the local loss in PL deduced from micro-PL analysis (see Sec-
tion 6.2.2). The results of these calculations are represented in Figure 6.12. For
values of contacted area fraction below 1%, the estimated reduction in passi-
vation efficiency is kept below around 3%. In contrast, for values of contacted
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Figure 6.12: Percentage of affected area and estimation of the percentage of pas-
sivation performance reduction (calculated form the loss in PL deduced form
micro-PL analysis) against the contacted area fraction (and the pitch). Calcula-
tions have been done assuming a spot diameter of 50 um and a characteristic
affectation of 100 um away from the spot border limit.

area fraction above 1%, the amount of area affected by laser processing starts to
increase significantly and the passivation reduction reaches values above 10%
for pitch values of 300 ym.

6.2.5 Effective surface recombination velocity at the laser-processed
surface

In order to obtain a comprehensive insight about the impact of the laser pro-
cessing on the final performance of a solar cell, we have determined Sg¢ at
laser-processed surface. Since the surface having the LFCs can be considered
as the final rear surface of a solar cell, the effective surface recombination ve-
locity at the laser processed surface can be labeled as Syear. Srear was calculated
from the effective lifetime (1) at 1 sun, i.e. An=10!° cm=3, measured by Quasi
Steady State Photo-Conductance (QSSPC). To obtain Srear we should subtract
the recombination at the non-treated surface and the intrinsic bulk recombina-

tion according to:
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Figure 6.13: Effective surface recombination velocity (Sef) in a laser processed
SiCx/Al,Oj stack as a function of the contacted area fraction. The correspond-
ing pitch is also represented. Data points were adjusted to the Fischer’s model.
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where w is the wafer thickness, tj,; is the intrinsic lifetime and Sy is the sur-
face recombination velocity at the non-treated surface. The latter was deduced
from a sample without laser processing, i.e. f.=0% sample. Data points are
represented in Figure 6.13 against the pitch and the corresponding contacted
area fraction considering a spot diameter of 50 um. Results were obtained from
four SiCyx/Al,O3/c-Si samples with pitch values of 600, 400, 250 and 175 ym.
Experimental data are adjusted to Fischer’s model (see Section 2.3.3.1), which
can be used to predict So¢ of surfaces showing a squared matrix layouts of
LFCs [46]. Fischer analytical model was calculated considering a Scont of 900
cm/s, and a Spags of 15 cm/s. As it can be seen, for long values of pitch, i.e.
small contacted area fractions, the model adjusts well with the experimental
data. However, as pitch value decreases, i.e. point contacts approach each
other, the model predicts underestimated values of S,¢r. We correlate this un-
derestimation to the fact that the decay in the surface passivation at the contact
surroundings demonstrated by micro-PL measurements is not included in Fis-
cher’s model. For long pitches, i.e. low contacted area fractions, the model is
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6.3. Doping profiles in laser-fired contacts

able to incorporate this distortion by increasing the Scont parameter where all
the calculated recombination is considered. However, for short pitches there is
a strong deviation from the model resulting in invalid Scont values. Interest-
ingly, the value of contacted area fraction where the model starts to deviate,
i.e. around 2%, is in good agreement with data points of Figure 6.12, where the
percentage of passivation efficiency reduction starts to increase significantly for
values of contacted area fraction above 1%. For all these reasons, we believe
that for a correct determination of Scont, the reduction in surface passivation
around the LFCs must be considered. Then, detailed 3D simulations would
be necessary to correctly predict a pitch-dependent Scont of laser-processed
surfaces.

6.3 Doping profiles in laser-fired contacts 2

A key feature for the good operation of the LFC approach is the formation
of an Al-doped p+ region under the contacted surface area. As already men-
tioned in Section 2.3.1, this p+ region creates a local back-surface field (BSF)
that induces a relatively low recombination velocity below the contacts, and in
addition, ensures a low-contact resistance independently of the substrate re-
sistivity. Hence, the characteristics of the Al-alloyed p+ region have a crucial
effect in the performance of the final device. Nevertheless, the small dimen-
sions of LFCs difficult their study and characterization, and therefore, there is
still a lack of information about the specific features of this p+ region.

In the present section, we have carried out high-resolution micro-Raman
and micro-PL spectroscopy measurements on different LFCs processed in Al;O3-
passivated c-Si samples. Thanks to the high lateral resolution down to 1 ym
achieved in our experiments, we have been able to perform a detailed study
of relevant LFC properties such as the doping profile, induced-stress and crys-
tallinity fraction of the Si region being processed. This gives us an important
insight about the LFC formation. The study has been applied in three LFCs
processed at different incident laser power in order to analyze the influence of
the laser power on the studied features.

’The measurements presented in this section have been carried out in the Laboratoire de
Génie Electrique de Paris (LGEP) in the context of a collaboration between MatGas, the Univer-
sitat Politecnica de Catalunya (UPC) and the LGEP. The experiments have been performed
under the supervision of Dr. José Alvarez of the Semiconductor and Thin Films group led by
Prof. Jean-Paul Kleider.
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6.3.1 Experimental methodology
6.3.1.1 Materials and samples

The samples used to carry out the present study are the same as the ones used
in Section 6.2 to characterize the impact of the laser pulse around the LFCs. In
particular, all the measurements presented in this section have been performed
in laser-processed Al,O3-passivated c-Si wafers in which the Al,O3 layer has
been removed by HF etching (see Section 6.2.1 for more details). Additionally,
boron-doped FZ c-Si wafers with different doping densities, namely 1x10'4,
1x101°, 1x1017, 1x1018, 5x1018 and 1x10%2Y cm™ were used to obtain reference
Raman and PL spectra. From these reference Raman and PL spectra we have
obtained calibration curves that have been used to quantify the doping density
from the obtained Raman and PL data.

6.3.1.2 Equipment details

Micro-Raman and micro-photoluminescence (PL) experiments were carried out
with a WITEC Alpha300. A diode-pumped laser with a wavelength of 532 nm
was used as excitation source resulting in a penetration depth of about 1 ym.
Micro-Raman and micro-PL measurements were performed with a 100x VIS
(Visible), NA (numerical aperture)=0.9 and a 20x IR, NA=0.45, respectively.
The resulting beam spot size on the sample surface is in diameter below 1 um
and 2 ym for Raman and PL measurements, respectively. Raman scattering
signal was recorded through a 300 mm imaging spectrometer equipped with
both a 600 lines/mm and 1800 lines/mm grating, and a 1024 x 127 CCD cam-
era visible-optimized, whereas PL signal was collected through an additional
300 mm spectrometer composed of two gratings (150 and 300 lines/mm) and
a 1024 x 1 pixel linear InGaAs photodiode array optimized for spectroscopy
applications in the range 1-1.7 um. It is worth to mention that the incoming
laser power on the sample surface for the Raman measurements was always
kept below 3 mW in order to avoid both an excessive local heating of the sam-
ple surface, and the generation of Fano resonances induced by the free carriers
introduced by high Continuous-Wave (CW) laser power densities [117]. The
later effect is demonstrated in Figure 6.14 for laser power values above 5 mW.
From now on, in order to ease the observation of Fano effect, some of the Ra-
man spectra presented in this Section will be represented in a semi-log scale.
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Figure 6.14: Observation of Fano resonances induced by photo-generated holes
using laser power values above 5 mW.

Local electrical measurements through the Conductive-Atomic Force Mi-
croscopy (C-AFM) technique were performed using a Nanoscope Illa Multi-
mode AFM (Digital Instruments) associated with the home-made conducting
probe extension called "Resiscope". This extension allows us to apply a stable
DC bias voltage (from -10 to +10 V) to the sample and to measure the resulting
current flowing through the tip as the sample surface is scanned in contact
mode, yielding a local resistance map covering resistance values in the range
102-1012 Q. Current-Voltage (I-V) measurements are also permitted with this
extension. Highly-Boron Doped (HBD) diamond-coated Si AFM cantilevers,
with an intermediate spring constant of about 3 N/m, proved to be the most
suitable AFM tips for making electrical measurements on LFCs.

6.3.2 Characterization by micro-Raman spectroscopy
6.3.2.1 Doping profiles

As stated in Section 3.2.2, doping profiles in c-Si can be monitored by studying
both the width [118] and the so-called Fano resonance [119] of the first order
c-Si Raman peak. The Fano resonance is evident in the Si Raman peak at hole
concentrations above 1018 cm™ by a characteristic asymmetry of the Raman
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line, which results from the resonant interaction between the discrete phonon
states and a continuum of hole states [120, 121, 122]. The Raman peak line
shape can be described by the following expression:

[qF +2(w-— Wmax)/F]2
O 1+ 2(W - Wmax) /T2

Iram(w) =1 (6.2)

where Ij is a scaling factor, wy, is the frequency associated to the Raman peak
maximum, I' corresponds to the Full Width at Half Maximum (FWHM) of the
Raman peak and qg, is the asymmetry parameter, which can be used to monitor
the doping level of the sample under study. The lower the qr parameter, the
higher the doping level. Fano resonances for n-type c-Si samples has been also
observed for electron concentrations above 1020 em=3 [123].

Figure 6.15 shows the optical microscope images (left-hand side) and the
corresponding Raman peak FWHM maps (right-hand side) of the three LFCs
under study processed at 0.98 (a, b), 1.1 (c, d), and 1.43 W (e, ). The corre-
sponding LFC diameters are 43.8, 54.5 and 74.2 ym, respectively. For ensuring
a good observation of the obtained data, the microscope images and the Raman
maps of the three contacts have been represented with a slightly different scale.
Also for clarity, the physical dimensions of the LFCs have been represented in
Raman maps by a green dotted circle. As explained above, the FWHM of the
first order Raman peak can be used to monitor the doping level of the sam-
ple under study. Hence, the zones that evidence an increase of the Raman
peak width in Figure 6.15 (brighter zones) are qualitatively correlated to zones
with a higher doping level. The LFC processed at 0.98 W evidences slightly
higher levels of doping at the central part of the contact. In contrast, the con-
tact processed at 1.1 W (Figure 6.15d) evidences a brighter concentric corona
pointing out a wider Raman peak and consequently an increase of the doping
level. Following the same trend, for the contact processed using the higher
laser power (Figure 6.15f), the border of the contact is the area that evidences
a higher level of doping. The different Raman maps illustrated in Figure 6.15
demonstrate that the laser power plays an important role on the distribution
of the highly-doped regions inside the contacts. More precisely, results point
out that for higher laser powers, the highly doped regions moves towards the
border of the contact.
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Figure 6.15: Optical microscope images (left-hand side) and Raman peak width
maps (right-hand side) of the three LFCs under study processed at 0.98 (a, b),
1.1 (c, d) and 1.43 W (e, f). The physical dimensions of the different LFCs are
delimited by dotted circles. Brighter zones in the Raman peak width maps
correspond to zones with higher doping density. Horizontal line labeled as XZ
defines the perpendicular plane (to the sample surface) across the Raman maps
of Figure 6.16 were obtained.
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6.3.2.2 Vertical XZ Raman maps

Due to the formation of the contact cavity, LFC morphology shows variations
in height. In particular, as observed in the topography map of Figure 6.3 (see
Section 6.2.2), LFCs processed at 1.43 W can show differences in height of at
least 3 um. Since the Raman maps presented in this Section were recorded at
a constant height by means of confocal microscopy, and the penetration depth
of the incident 532 nm laser beam is approximately 1 um, we wanted to verify
that height variations of LFCs have not had influence on the results shown
by Raman maps of Figure 6.15. In order to confirm this, we have recorded
vertical Raman maps across a 1.43 W LFC. Such vertical Raman maps that
are perpendicular to the sample surface, have been recorded across the XZ
horizontal line depicted in Figure 6.15f. The obtained vertical Raman maps are
represented in Figure 6.16.

a) 1.6e+4 CCD cts

3.5 1/em

Figure 6.16: Confocal Raman maps recorded along the XZ plane of a LFC pro-
cessed at 1.43 W (see Figure 6.15f). The good confocality allows the precise
identification of the surface location in both the Raman peak intensity map (a)
and the Raman peak width map (b). The white vertical dashed lines define the
contact external limits.

The good confocality of the measurements is evidenced by the first order
Si Raman peak intensity map (Figure 6.16a), where we can clearly identify the
location of the sample surface by a drastic increase of the Raman signal. This
large increase of the Raman signal draws the surface morphology, and in turn,
helps to identify the complete contact morphology and the contact borders.
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6.3. Doping profiles in laser-fired contacts

The contact limits are roughly depicted by the white vertical dashed lines. The
location of the sample surface is also identified in the Raman peak FWHM
map of Figure 6.16b by a slight increase in the peak width. As it can be seen,
the peak further widens at the border of the contact, confirming that variations
in Raman peak width observed in Figure 6.15 are not induced by variations in
contact height.
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Figure 6.17: Averaged Raman spectra corresponding to the brighter zones of
maps b, d, and f of Figure 6.15. For comparison, an averaged Raman spectra
corresponding to an unprocessed surface area has been also represented (yellow
dashed line).

Discarded the idea that the contact morphology affects the results obtained
from confocal horizontal Raman maps, the correlation between the Raman
peak widening observed in Figure 6.15 and the increase in doping density
is confirmed by data shown in Figure 6.17. This figure shows the averaged
Raman spectra corresponding to the brighter zones, i.e. zones with higher
doping, of images b, d and f of Figure 6.15. An averaged spectrum corre-
sponding to an unprocessed area (outer region of LFC) is also shown (yellow
dashed line). As it can be observed, the Fano resonance is clearly identified
for all Raman spectra except for the one obtained out of the LFC, which shows
a symmetric Raman line shape. This qualitatively confirms that the brighter
zones in maps of Figure 6.15 are correlated to areas with a higher doping level.
In addition, we can also observe in Figure 6.17 that the LFCs processed with a
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higher laser power have associated a higher Fano asymmetry. Hence, the use
of higher laser powers results in LFCs with higher doping densities.

6.3.2.3 Crystalline fraction of LFCs

In order to get further insights about the LFCs formation, we depict in Fig-
ure 6.18 the Raman spectra recorded at three specific points (r1, r2, and r3)
inside two LFCs processed at 1.1 W (r1, r2) and 1.43 W (r3). A fourth Raman
spectrum corresponding to a non-processed surface area is also represented as

a reference. As it can be observed, in addition to the first order ¢-Si Raman
1

line positioned at 520.9 cm™, a second Raman line is also observed at lower
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Figure 6.18: Raman spectra obtained at specific points inside LFCs processed
at 1.1 W (r1, r2) (a) and 1.43 W (r3) (b). In addition to the first order Raman
peak, a second peak characteristic of micro-crystalline silicon sets in at lower
wavenumbers. For comparison, a Raman peak related to an unprocessed area
(outer region of LFCs) is also depicted (c).
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frequencies. This new Raman line that appears at frequencies in the range be-
tween 500 and 515 em™! is characteristic of microcrystalline silicon [124, 125].
Its observation at specific points inside the LFCs suggests that melted Si ma-
terial fraction solidify in micro-crystalline manner, at least at specific zones
inside the contacted area. The first order c-Si Raman line is the main feature of
Raman spectra of Figure 6.18, which confirms that the crystalline fraction is the
main component in the analyzed material volume. The three micro-crystalline-
related Raman lines show different features in terms of peak intensity and fre-
quency. We correlate these variations to the presence of different crystalline
fractions in the analyzed material volume.

The contribution of microcrystalline-5i components to the obtained Ra-
man spectra is further confirmed by the fact that all averaged Raman spectra
recorded inside the LFCs could be significantly better fitted using a rewriting
of Equation (6.2) that considers a second Lorentzian function related to the
contribution of the microcrystalline Si formation. In fact, the expression that
has been used to fit the Raman data is:

[qr + Z(W_Wmax)/F]2 + Amc
1+[2(W_Wmax)/r]2 1+[2(W_Wmc)/F]2

Iram(W) = IO (6.3)
where A corresponds to the Raman peak intensity related to the microcrystalline-
like component and wmc is related to the frequency of the microcrystalline-
like peak maximum. It is worth to mention that the position of the second

Lorentzian function was limited to values between 505 and 517 cm™!,

6.3.2.4 Doping level quantification

As observed in Figure 6.19 for a LFC processed at 1.1 W, the fit of Raman
spectra using Equation (6.3) shows very good adjustment paving the way to
obtain a reliable quantification about the doping level inside the LFCs.

Table 6.3 shows the qp asymmetry parameters resulting from the best fit
of Equation (6.3) to the Raman spectra correlated to the highly-doped regions
of the three LFCs under study. Data were calculated from at least two LFCs
for each one of the three values of laser power. The obtained qp parameters
decrease with increasing laser power, and therefore, the use of higher laser
powers leads to LFCs with higher doping densities. =~ The quantification of
the doping density associated to the obtained qp parameters has been calcu-
lated from the calibration curve represented in Figure 6.20. This plot shows
the relationship between the doping density and the measured g parameter
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Figure 6.19: Fit of the Raman spectrum corresponding to the highly-doped re-
gion of a 1.1 W LFC using equation (6.3). The fit resulted in a qp parameter of
61 which corresponds to a doping level of 8.4x10'8 cm.

Table 6.3: qp asymmetry parameter obtained from the fit of Equation (6.3) to
the averaged Raman spectra corresponding to the highly-doped regions of the
three LFCs under study. The resulting doping densities were calculated using
the calibration curve shown in Figure 6.20.

laser power qp parameter doping density

(W) (arb.units) (x1018 cm™3)
0.98 90+7 4.6-5.7
1.10 61+4 7.7-9.1
1.43 16+2 31.9-41.7

extracted from the reference calibration wafers showing different doping den-
sities (see Section 6.3.1.1). The obtained curve is compared to calibration curves
reported by Kunz et al. [118], Becker et al. [119] and Gundel et al. [126], which
roughly show the same behavior. According to our calibration curve, we have
obtained maximum doping levels in the range of 4.6-5.7x1018, 7.7-9.1x10'® and
3.2-4.2x101° ecm3 for the LFCs processed at 0.98, 1.10 and 1.43 W, respectively.
It is important to remark that the intensity of the second Lorentzian peak re-
lated to the microcrystalline component was observed to increase with higher
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Figure 6.20: Relationship between the doping density and the qp parame-
ter. Our calibration curve was obtained from calibration reference wafers with
distinct doping densities and is compared to different curves reported in the
literature[118, 119, 126].

laser powers. This suggests that the use of higher laser powers decreases the
crystalline fraction of the solidified Si volume.

6.3.2.5 Induced stress at the laser processed region

As stated in Section 3.2.2, the shape of the first order c-Si Raman peak can
suffer variations correlated to changes in the Si properties. For instance, a shift
of the Raman peak maximum can be associated to the presence of stress in
the Si structure. In this Section we study possible variations in the Si Raman
peak position by monitoring the center of mass of the first order c-S5i Raman
peak. The center of mass of Raman peak (wem) is obtained by calculating the
weighted arithmetic mean of the Raman spectrum points according to:

wili+wolh +...+wply
W, =
cm H+h+..+1,

, (6.4)

where wq,wy,..,wn are the frequency points of the Raman spectrum range
where the center of mass is calculated and Iy,I, ..., In are the Raman intensity
values correlated to the wy,wy,...,wn frequency points.

Figure 6.21a shows the Raman spectra center of mass map of a LFC pro-
cessed at 1.43 W. The Raman spectra of the selected points (s1, s2 and s3) are
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Figure 6.21: Raman spectra center of mass map of a LFC processed at 1.43 W
(a). The specific Raman spectra associated to points s1, s2 and s3 are also plotted

(b).

represented in Figure 6.21b. The center of mass was calculated considering
a frequency range between 480 and 560 cm™!. Thus, as confirmed by Raman
spectra of Figure 6.21b, variations of the center of mass can be correlated to
the frequency shift suffered by the first order Si Raman peak. The first or-
der Raman line of s1, s2 and s3 Raman spectra is centered at 520.8, 519.3 and
518.7 cm™!, respectively. Notice that the center of mass values represented by
the color scale bar of Figure 6.21a are shifted towards higher frequencies re-
spect the Raman peak position values mentioned above. This is induced by the
contribution of the Fano resonance which moves the center of mass towards
higher energies respect the peak maximum. As it can be seen, the Raman
peak position suffers a blue shift of about 2 cm™ at the border of the contact.
Interestingly, areas of the contact that show such a blue shift exactly match
with areas of the 1.43 W LFC that evidence higher levels of doping (see Figure
6.15f). It has been reported, that Raman spectra obtained from samples with
doping levels above 5x10'® cm™ not only exhibit the so-called Fano resonance,
but also show a blue shift in the Raman peak maximum [68]. The expected

theoretical peak shift induced by an increase in doping satisfies:

AT
W=wg+— (6.5)
29
where wy is the peak position of the bulk un-doped and stress free c-Si and AT’

is the change in the Raman peak width due to doping. The expected theoretical
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peak shift resulting from Equation (6.5) for a qp parameter of 16 correlated to
a 1.43 W LEC (see Table 6.3) takes values of about 0.5 cm™!. This theoretical
value is significantly lower than that observed in Figure 6.21, i.e. about 2 cm™..
This fact suggests that in addition to the blue shift induced by an increase
of the doping level, a second contribution in the Raman shift is also present.
We correlate this second contribution to stress possibly induced by the laser
process. LFCs processed at 0.98 and 1.1 W do not show any significant blue
shift in the first order Raman peak maximum. Thus, the level of laser power
used to process the LFCs probably plays an important role in the level of stress

induced by the laser process.

6.3.3 Doping profiles studied by micro-PL

Band-to-band photoluminescence (PL) spectroscopy senses the radiative re-
combination between photo-generated electrons in the conduction band (CB)
and the corresponding holes in the valence band (VB) (see Section 3.1). As
an increase in doping density induces a reduction of the energy gap between
CB and VB, PL has been proven as a reliable tool for monitoring the band-gap
shift in heavily doped c¢-Si [127]. In this sense, micro-PL spectroscopy is also
able to characterize the high doping levels expected inside the LFCs. For this
purpose, we have studied the position and line shape of the PL emission line
by monitoring the center of mass of the PL spectra recorded inside the LFCs.
Figure 6.22 shows the PL center of mass maps corresponding to the LFCs
processed at 0.98 (a) and 1.43 W (b). The averaged PL spectra obtained from

1122 meV 1089 meV

1124 meV

10 pm

Figure 6.22: PL center of mass maps of LFCs processed at 0.98 W (a) and 1.43
W (b). The green dotted circles delimit the physical dimensions of the LFCs.
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the brighter zones of the PL maps are illustrated in Figure 6.23. As it can be
seen, the shift of the PL spectra center of mass revealed by the color scale bars
of Figure 6.22 is linked to an increase of the PL intensity at lower energies.
In particular, the PL spectrum related to the 0.98 W LFC evidences a slight
increase of the left PL spectrum shoulder, whereas the PL spectrum related to
the 1.43 W LFC shows a significantly higher increase of the left PL spectrum
shoulder plus a blue shift in the PL emission maximum. We correlate this shift
of the PL line to a Si band-gap renormalization induced by a strong increase
of doping in the measured material volume.

)

= 1

o

3 08}

>

= 06f b

@

€ 04}

T 02} a t
E‘ ///OU
5 0 =

=

09 10 11 12 13 1.4
Energy (eV)

Figure 6.23: Averaged PL spectra corresponding to the highly-doped regions,
i.e. yellow colored regions, of PL center of mass maps a and b shown in Figure
6.22. Additionally, a PL spectra recorded out of the processed LFC regions is
also represented.

The increase in doping is further confirmed by a strong reduction in PL
intensity for the 1.43 W LFC respect the PL intensity of the 0.98 W LFC. In
particular, PL intensity goes from 16700 counts for the 0.98 W to 945 counts for
the LFC processed at 1.43 W (the PL intensity associated to a non-processed
surface point is 43000 counts). The decrease in PL for the highly-doped areas
is explained by the increase of the non-radiative recombination induced by the
high density of doping impurities. The low PL intensity associated to the 1.43
W LEFC is qualitatively observed in Figure 6.23 from the higher noise-to-signal
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ratio of the 1.43 W normalized PL spectrum.

Interestingly, the two represented PL maps greatly correlate with the ho-
mologous Raman peak FWHM maps of Figure 6.15. For all these reasons,
we confirm that the brighter zones of the PL maps of Figure 6.22 have as-
sociated a higher doping level. We consider these results a clear proof that
both micro-Raman and micro-PL spectroscopies show an excellent sensitivity
and reproducibility for studying doping-density variations above 1x10'8 cm3.
This fact together with the high lateral resolution (down to 1 um) achieved by
our micro-configuration setup makes these techniques suitable for monitoring
doping variations at such high spatial resolutions.
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Figure 6.24: Dependence between doping density and center of mass of the
PL spectra. Data points were obtained from the reference calibration wafers
showing different doping. The obtained fit has been used to quantify the doping
level corresponding to the highly doped regions of the PL center of mass maps
represented in Figure 6.22.

In order to quantify the doping level from the PL data and to compare
it with values obtained from the Raman data, we have obtained a calibration
curve that represents the center of mass position of the PL emission line against
the doping level. The calibration curve, that is represented in Figure 6.24, has
been obtained from the calibration wafers showing different doping levels. As

017

it can be observed, for low doping levels (<1x10'7 cm™) the center of mass of
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the PL spectra shows a constant value of about 1.125 meV. In contrast, for dop-

018 cm3, the center of mass decreases steadily

in energy. Data points fit well to a power function of the form: ax? + c. From

ing densities above around 1x1

the fit equation we have been able to estimate the doping level associated to
the brighter zones, i.e. zones with a higher doping level, of the two PL maps
of Figure 6.22. For the highly-doped region of the LFC processed at 0.98 W, we

018 cm™3, whereas for the highly-doped

obtain a doping density of about 1.43x1
area of the LFC processed at 1.43 W we obtain a doping level of 4.9x10!7 cm™3.
In the case of the 0.98 W LFC, the higher error expected from the small shift
of the PL spectrum leads to a slightly lower doping value respect the one de-
duced from Raman data, i.e. 4.6-5.7x1018 cm™3. In contrast, for the 1.43 W LFC
where the change in the PL spectrum are substantially larger, the estimated
doping density agrees well with the doping level calculated from Raman mea-

surements.

6.3.4 LFCs characterized by C-AFM measurements

Finally, the study of LFCs was completed by their characterization by means
of c-AFM measurements. The aim of these studies is to analyze if the laser-
processed material volume shows preferential conductive zones, and if that
is the case, to study their correlation with the highly-doped regions deduced
from Raman and PL data. C-AFM measurements have been divided in two
groups. First, we have performed electrical maps of complete LFCs with the
intention to qualitatively evidence differences in terms of electrical conduc-
tivity. In addition to the electrical maps, I-V measurements were also per-
formed. These measurements were done in static mode at various locations
onto the LFCs. In order to minimize the well-known light scattering effects
from the AFM laser, which can induce local photoconductivity [128], the laser
was turned-off for a brief moment before the I-V acquisition.

Representative c-AFM results obtained from a LFC processed at 1.43 W are
shown in Figure 6.25a. The upper part of the image shows the topography
map, whereas the lower part of the panel corresponds to the local resistance
map recorded while applying a voltage of +2 V. In the latter, the darker zones
indicate the areas with a low local resistance, i.e. high conductivity. In par-
ticular, the border of the contact shows the highest electrical conductivities
which decrease as you move to the the center of the contact. The highest lo-
cal resistance was evidenced in outer region of the LFC (region that has not
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Figure 6.25: Topography (upper half) and local resistance (lower half) maps of
a LFC processed at 1.43 W (a). The I-V characteristics of the selected points t1,

t2 and t3 are represented (b). Additionally, an I-V curve (in blue) corresponding
to a highly-conductive area in a LFC processed at 1.1 W is also shown.

been processed). C-AFM data is in great agreement with Raman and PL data
showed in the first part of the work, where highly-doped regions of the con-
tact processed at 1.43 W were detected at the border of the contact (see Figures
6.15f and 6.22b).

The I-V curves corresponding to the three points (p1, p2 and p3) depicted
in the local resistance map of Figure 6.25a are represented in Figure 6.25b. The
curves have been calculated from an average of at least 20 curves per point.
Figure 6.26 illustrates a sketch of the C-AFM measurements on the hypothetic
cross-section of a 1.43 W LFC as deduced from Raman and PL data. The
right hand side of the sketch also represents an equivalent electrical circuit of
such C-AFM measurements. Since the resistance assigned to the tip contact
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Figure 6.26: Sketch illustrating the experimental setup of C-AFM measurements.
The hypothetic highly-doped regions of an 1.43 W LFC as deduced form Raman
and PL data are indicated. The equivalent circuit of the C-AFM setup is also
shown.

(Reont) (which depends on the tip contact force), and the resistance associated
to the sample (Rgzmple) can be considered constant during measurements, the
resulting C-AFM signal will mainly depend on the resistance linked to the
LFCs (Ripc). As expected from the resistivity map, the curve recorded at
point pl is the one that shows a higher conductivity. It also shows a good
linearity evidencing an ohmic contact behavior between the diamond tip and
the sample. In contrast, the I-V curve recorded at point p2 (central part of
the contact) evidences lower conductivity than that obtained at point pl. In
addition, p2 curve shows a rectifying behavior. This can be explained by a
higher potential barrier between the diamond tip and the less doped Si region.
Of course, this scenario is even more evident for the I-V curve measured on
the unprocessed region (p3). The potential barrier between the diamond tip
and the non-processed surface (with a related doping density of about 5x101°
cm™>) enlarges, creating a schottky-like contact. In order to strengthen the
consistency of the measurements, another I-V curve obtained onto the highly-
doped region of a contact processed at 1.1 W is also shown. As it was expected,
the I-V curve shows a lower conductivity than the curve related to the LFC
processed at 1.43 W. Again, the symmetry of the curve confirms the ohmic-like
behavior of the contact between the tip and the highly-doped sample region.
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6.4 Chapter summary

In the first part of this chapter, we took advantage of the high spatial resolution
and the passivation-quality-sensitivity capabilities of micro-PL spectroscopy in
order to study the effect of laser firing process on the efficiency of the passiva-
tion layer around the contacts. A reduction of the passivation performance has
been observed up to a distance of 100 um from the contact border correlated
to the laser power. The use of UV lasers for LFC processing was observed to
produce a higher impact on the passivation layer. In contrast, the deposition
of a SiCx capping layer was observed to minimize the impact of the laser pro-
cessing on the passivation layer. The impact of the laser processing around
the LFCs was also confirmed by monitoring the effective surface recombina-
tion velocities (Sqff) in laser processed surfaces showing different pitch values.
In particular, we have observed that for short values of pitch, Sy resulted in
higher values than those predicted by conventional models which only con-
sider the recombination velocity at the contacts and the recombination velocity
at the non-processed surface.

In the second part of the chapter, we presented results concerning the dop-
ing profiles in LFCs processed between 0.98 and 1.43 W in Al,O3-passivated p-
type c-5i wafers, studied by means of micro-Raman and micro-PL spectroscopy.
The laser power used to process the LFCs was found to play an important role
in the distribution of the highly-doped regions. At powers around 0.98 W,
the highly-doped regions that reach doping levels of about 5x10'® cm™ are
preferentially located at the center of the LFCs. In contrast, for higher laser

power values, the level of doping increases (doping densities of around 5x10°

cm™ were observed for contacts processed at 1.43 W), and the location of the
highly-doped regions moves towards the border of the contacts. An important
result is the observation of microcrystalline-like features in the Raman spec-
tra recorded at specific points inside the LFCs, which suggests that the locally
melted Si fraction solidify in microcrystalline manner. Highly-doped regions
revealed by Raman measurements have been further confirmed by micro-PL
spectroscopy. Regions with a higher doping density evidenced a blue shift of
the PL emission line, which we correlate to the Si band-gap renormalization in-
duced by the strong increase in doping. Finally, both Raman and PL data were
further confirmed by local I-V curves recorded through conductive-AFM. I-V
characteristics obtained on highly-doped areas feature an ohmic-like behavior,

whereas I-V curves recorded at regions non-processed by laser, i.e. regions
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with lower doping level, revealed a schottky-like behavior.
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Conclusions and future work

In this Thesis, we have investigated the applicability of different high-resolution
experimental techniques for the comprehensive study and characterization of
various PV systems and devices. The techniques used are: Kelvin Probe
Force Microscopy (KPFM), Atomic Force Microscopy (AFM), conductive-AFM,
micro-Raman spectroscopy, and micro-photoluminescence (PL), among others.
Mainly, the experiments were applied to study the rear passivation layer, and
rear local base contacts of p-type c-Si solar cells.

7.1 Conclusions

7.1.1 Kelvin Probe Force Microscopy

KPFM technique was successfully applied for the study of potential profiles
across Al/SiO; /c-Si Metal-Oxide-Semiconductor (MOS) junctions.

¢ This technique was demonstrated to be able to characterize important
MOS features such as the semiconductor band bending at the MOS junc-
tion, as well as the amount of charge associated to the oxide layer. Hence,
the obtained results demonstrate the potential of this technique in order
to characterize MOS junctions with spatial resolution at the nanoscale.
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* We presented a suitable measurement procedure to carry out these type
of measurements. One of the most important requirements is the proper
cleavage of the MOS junction.

7.1.2 Low-temperature micro-PL

Low-temperature micro-PL was applied for the study of Al,O3-passivated c-Si
wafers.

* Unexpectedly, we identified the formation of the so-called Electron-Hole
Liquid (EHL), despite the use of low optical pumping for which the con-
densed phase is not typically observed. The elevated focalization linked
to the use of a micro-setup configuration, favored the formation of the
condensed phase. Thus, we found an easy way to observe EHL conden-
sation without the necessity to use elevated optical pumping.

¢ We found that the EHL PL intensity is correlated to the net electric field
at the Al,O3/c-Si interface. This finding opens the possibility to use
this approach to monitor local variations in the surface and sub-surface
interface properties.

7.1.3 Micro-PL for the study of LFCs

Micro-PL spectroscopy was successfully applied to study for the first time, the
impact of the laser processing at the surrounding regions of LFCs.

¢ A reduction of the passivation quality, was observed up to a distance of
100 um from the contact border correlated to the laser power. This obser-
vation demonstrates the significant effect of laser processing approaches
on the passivation layer.

¢ The quantification of the local reduction in PL intensity was used to semi-
quantify the impact on the passivation performance of the laser process-
ing. This method was used to compare and study different LFC process-
ing parameters and different passivation systems. Hence, it represents an
important tool to optimize the processing parameters of LFC approach
that induce a lower damage to the passivation layer.

* The use of UV lasers for LFC processing has been observed to produce
a higher impact on the passivation layer. In contrast, the deposition of a
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SiCx capping layer has been observed to minimize the impact of the laser
processing on the passivation layer.

¢ Conventional analytical models that not consider the observed affected
data around the LFCs, were observed to result in overestimated val-
ues of effective surface recombination velocity at the processed surface.
Since the contribution of the affected area is proportionally higher for
lower pitches, such overestimation is higher for lower values of pitch. In
this sense, 3D models that include the observed reduction of passivation
around the contacts would be necessary to correctly predict the surface
recombination velocity at the laser-processed surfaces.

7.1.4 Micro-Raman for the study of LFCs

Micro-Raman was successfully applied to study the doping level as well as the
distribution of the highly-doped region formed below the LFCs.

¢ This is the first time that such a study is carried out, and represents
an important tool to optimize the LFC approach in terms of the highly-
doped region features.

¢ The laser power used to process the LFCs was found to play an important
role in the distribution of the highly-doped regions. With our processing
parameters, for lower laser powers (around 1 W), the highly-doped re-
gions are preferentially located at the center of the LFCs. In contrast, for
higher laser power values up to 1.4 W, the location of the highly-doped
regions moves towards the border of the contacts.

¢ Other important insight about the LFCs formation was the observation
of microcrystalline-like features in the Raman spectra recorded inside
the LFCs. This suggests that the locally melted Si fraction solidify in
microcrystalline manner.

7.2 Future work

The experimental techniques used in this Thesis were demonstrated to be ver-
satile tools for studying different parts and features of current PV devices. As
we will see, a clear example of this versatility is demonstrated by the study pre-
sented in the appendix of this work. In this appendix, AFM and micro-Raman

129



Chapter 7. Conclusions and future work

spectroscopy are applied to study the molecular distribution across organic
thin films for Organic Photovoltaics (OPV) and Organic Light Emitting Diode
(OLED) applications. This study demonstrates that high-resolution techniques
can be applied for an enormous number of different purposes and studies.

In terms of c-Si-based PV devices, some possible studies are described in
the following lines:

* Cross-sectional KPFM measurements could be applied for studying po-
tential profiles across different junctions of solar cell devices. For a proper
application of the method, an appropriate previous step would be to de-
velop new KPFM measurements to further investigate those specific fea-
tures we did not understand in the results obtained in Chapter 4. For
instance, the non-saturation of surface potential signal above threshold
voltage.

¢ It would be interesting to take advantage of the PL profiles recorded
across LFCs in order to improve conventional analytical models that are
used to predict the surface recombination velocity of surfaces processed
by laser. Since obtained micro-PL profiles showed an exponential decay
across the affected-area, an interesting approximation would be to de-
velop a 3D model that would consider an exponential transition between
the surface recombination velocity of the non-affected surface and the
surface recombination velocity at the contacts.

* Another interesting study would be the application of micro-Raman spec-
troscopy for the study of selective emitters. Selective emitters are con-
sidered a promising concept to further develop technologically feasi-
ble high-efficiency c-Si solar cells. The doping-sensitivity capabilities of
micro-Raman spectroscopy make this technique a suitable tool to obtain
relevant information about the features of the highly-doped regions of
selective emitters.
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Surface vs bulk phase transitions in
organic PV thin films

AFM and micro-Raman spectroscopy are applied to obtain unique and exclusive infor-
mation of organic thin films for Organic Light Emitting Diode (OLED) and Organic
Photovoltaic (OPV) applications. With this, we intend to demonstrate that such high-
resolution experimental techniques not only can be used for the study of Si-based PV
devices, but also are versatile tools that can be applied for the study of a wide range
of material systems and devices. In this study in particular, we present a novel way
to characterize the crystallization transition temperature of a widely studied lumines-
cent polymer such as poly(9,9-dioctylfluorene) (PFO), and the workhorse system for
OPYV, consisting on poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl Cgq-butyric acid
methyl ester (PCBM) blends. The proposed experimental method is based on perform-
ing real-time AFM and Raman spectroscopy measurements during heating of organic
thin films. In the case of AFM, the crystallization temperature has been studied by
monitoring the surface roughness, whereas in the case of micro-Raman, it has been
determined by monitoring the C=C Raman peak intensity.
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A.1 Introduction

Semiconducting polymer thin films and their use in Organic Photovoltaics
(OPV) and Organic Light Emitting Diode (OLED) applications have attracted
increasing attention during the last two decades due to interesting properties
that make them suitable candidates for a broad range of novel application pos-
sibilities. Attractive properties like low cost, flexibility, semi-transparency and
the possibility to produce devices with very large effective area using the so-
called continuous polymeric printing techniques (i.e. roll to roll, ink jet print-
ing) bring to organic materials in a very promising and interesting position
into the PV and LED industry [1, 2].

Precisely, from the fabrication point of view, we found one of the most im-
portant and relevant differences between inorganic and organic PV materials.
The possibility to deposit and obtain OPV thin films from solution leads the
opportunity to process devices in a very easy and economic manner respect
to inorganic systems. However, certain fundamental and physical differences
of organic materials in front of their inorganic counterparts such as a higher
exciton binding energy and a lower carrier mobility, lead to the fact that effi-
ciency of organic-based PV systems is still far from that observed for inorganic-
based devices. A clear consequence of this fact, as mentioned in Section 2.1,
is that nowadays PV market is widely dominated by inorganic materials. In-
deed, probably, OPV materials should not be considered as competitors for
inorganic ones, but also as an interesting alternative to enlarge PV application
possibilities.

A.1.1 Semiconducting properties

Semiconducting properties of organic materials are basically related to the car-
bon bounds in their molecules. Interactions between double and triple bounds
split the 2p energy levels in the so called n (bounding) and n* (antibounding).
Therefore, 2p electrons will occupy HOMO (Highest Occupied Molecular Or-
bital) level while LUMO (Lowest Unoccupied Molecular Orbital) level will rest
without electronic occupation. Thus, as we can observe in Figure A.1, when
different carbon atoms are bounded, the formation of the so-called w orbitals
results in delocalized electrons which are distributed above and below of the o
bounding plane.
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Figure A.1: Schematic representation of the n-orbitals formation when different
carbon atoms are bounded.

A.1.2 Morphology: the key feature

In contrast to Inorganic Photovoltaic (IPV) devices, which are based on the
junction of a p-type and a n-type layer (see Section 2.1), OPV devices are based
on the mixture of a p-type and a n-type component. As mentioned above, one
of the most relevant differences between OPV and IPV systems is the value of
their exciton binding energy. Inorganic materials evidence a smaller exciton
binding energy which results in a rapid exciton dissociation and thus a most
effective transfer of electron and holes to their respective electrodes. This is one
of the main features that provides a high power conversion efficiency (PCE)
to inorganic-based devices. Conversely, organic materials evidence a much
higher exciton binding energy, and as illustrated in the detail of Figure A.2,
excitons must encounter a high energetic point, for instance the p-n interface,
to dissociate. The exciton diffusion length in organic materials is typically in
the order of 10-20 nm [3, 4]. Thus, OPV systems must show p-type and n-type
phases with a characteristic domain size smaller than the mentioned exciton
diffusion length. Once the excitons are dissociated, the resulting electrons and
holes have to reach their respective electrodes. Thus, a proper microstructure
that allows efficient transport mechanisms between organic molecules is also
necessary. For all these reasons, morphologic features related to the phase
separation degree, domain size and molecular distribution are key parameters
that can highly determine the performance of OPV devices.
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Figure A.2: Representation of an OPV thin film microstructure that is formed

by a mixture of a p-type and a n-type component. The detail shows the different
fundamental steps required to convert incoming photons into electricity.

A.1.3 Post-deposition annealing treatments

As organic thin films are deposited from solution, molecules crystallize from
the melt and appear in a glassy state. In this sense, post-depostion anneal-
ing treatments that induce the so-called cold crystallization transition, are one
of the most effective methods to enhance the performance and response of
organic-based devices [5, 6]. Heating processes lead to the reorganization of
polymer molecules causing an increase of the polymer interchain interactions.
Thus, the better ordination of molecules and a better n-orbitals overlap induce
a higher photon absorption [7] as well as an improvement on charge transport
[8]. In this sense, thermally-induced morphological changes such as phase
transitions can be considered key phenomena which can have a determinant
influence on the final properties and stability of the organic-based devices.

A.1.4 Geometric confinement

Thermodynamic properties of the thin polymer films formation can be strongly
affected by geometric confinement and interface effects. This is, local variations
induced by the proximity of the free-surface or the substrate interface can in-
duce changes on molecular mobility and/or molecular packing resulting in
changes on the final film morphology. Due to the close link between morphol-
ogy and device efficiency it is important to study these possible effects, which
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would result in morphological differences across the film thickness. The inter-
est on this phenomenon increases steadily due to the fact that most of nowa-
days advances in organic electronic and photovoltaic technology are based on
decreasing length scales of thin films. Several studies have proven that poly-
mer thin films can exhibit different phase transition temperatures depending
on film thickness and even across film thickness. For instance, this behavior
has also been widely observed in materials such as poly(9,9-dioctylfluorene)
(PFO).

A.1.5 Aim of the study

In the present work, we propose a novel way to study surface vs bulk phase
transitions of organic thin films by means of characterizing the crystalliza-
tion transition temperature of a widely studied luminescent polymer such as
poly(9,9-dioctylfluorene) (PFO) and the workhorse system for OPV, namely
bulk-heterojunction (BHJ), consisting on poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl C61-butyric acid methyl ester (PCBM) blends. The experimen-
tal method proposed here is based on performing in-situ atomic force mi-
croscopy (AFM) and Raman spectroscopy measurements during heating of
organic thin films in order to characterize the crystallization transition at the
surface (probed with AFM) and at the bulk (probed with Raman). AFM mea-
surements are used to study the roughness evolution and the topographic
changes suffered by the material surface upon heating which is representa-
tive of the crystalline polymeric domain size and thus related to the degree
of crystallinity. On the other hand, in-situ Raman scattering experiments are
performed in order to analyze the behavior of the molecular interactions of the
material in the bulk, which allow the study of thermally-induced morpholog-
ical changes that are related to phase transitions of the entire film. The close
combination of AFM and Raman spectroscopy techniques is expected to be a
powerful tool in order to observe morphologic differences between the film
surface and the bulk of the film.
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A.2 Methodology

A.2.1 Sample preparation

Poly(9,9-dioctylfluorene) (PFO) (Sigma-Aldrich) was dissolved in chloroform
(CF) (20 g/1) and the resulting solution was stirred overnight in a fume hood.
Molecular structure of PFO is depicted in Figure A.3. PFO films were deposited
directly onto glass substrates which were ultrasonically cleaned in isopropanol
and acetone for 20 minutes and dried under nitrogen flow. Deposition was
done by spin-coating at 1500 rpm for 80 s.

Regioregular P3HT (Rieke Metals, 96% of regioregularity) and PCBM (Sigma-
Aldrich) were dissolved in chlorobenzene (CB) at a ratio of 1:1 and 1:3 wt/wt.
Molecular structure of both materials are depicted in Figure A.3. The solu-
tion (40 g/1) was stirred overnight in a fume hood to ensure the complete
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Figure A.3: Molecular structures of P3HT, PCBM and PFO (left) and corre-
sponding HOMO and LUMO levels (right).
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dissolution of both components. PBHT:PCBM films were deposited onto three
different substrates: glass, Indium Tin Oxide (ITO) coated glass (Vision Tek
System) and PEDOT:PSS/ITO/glass. For the last type of substrates, poly(3,4-
ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT:PSS) (H. C. Starck) was
spin coated onto ITO coated glass substrates before the subsequent polymer:
fullerene layer deposition. Glass and ITO/glass substrates were ultrasonically
cleaned in isopropanol and acetone for 20 minutes and dried under nitrogen
flow. Additionally, for PEDOT:PSS depositions, substrates were also cleaned
into an Ultraviolet Ozone (UVO) oven for 30 minutes after the solvent clean-
ing. PEDOT:PSS layers were spin-coated at 3000 rpm for 60 s and the resulting
deposited films were heated at 130 °C for 30 minutes. All PSHT:PCBM layers
were spin coated at 2500 rpm for 60 s.

A.2.2 Experimental techniques
A.2.2.1 Temperature-dependent AFM

Temperature-dependent AFM is based on recording conventional topography
AFM measurements in real-time during annealing of the sample. As depicted
in Figure A.4, heat application during experiments was carried out using a
standard hot sample plate in which heat was transferred to the sample through
a metallic resistance placed at the center part of the plate where the sample
stands on. Temperature-dependent AFM measurements are performed exclu-

laser beam

piezoelectric

fotodiode

thermal
apparatus

Figure A.4: Scheme of the AFM setup for perform in-situ temperature depen-
dent measurements.
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sively in this thesis for monitoring phase transition of organic thin films. In
particular, by controlling the surface roughness, the recrystallization transition
of the material under study can be identified as a result of a drastic increase
of the surface roughness. Surface roughness is usually determined by the Root
Mean Square (RMS), also known as quadratic mean, of the height variations
of the scanned surface area. Thus, in case of a set of n values xj+Xp+...+Xn
corresponding to the heights of the different points of the sample surface area,
the RMS surface roughness (Rrpg) is determined by:

1
RRMS = \/E (xZ+xZ+..+x3) . (A1)

Temperature-dependent AFM measurements were performed with an Ag-
ilent 5500 SPM (Molecular Imaging). In order to diminish the presence of
oxygen during heating and hence to avoid material surface oxidation, T-AFM
measurements were done in a controlled environmental chamber with rich ar-
gon atmosphere. Topographical images were recorded by means of dynamic
mode (tapping mode) operation using uncoated Si cantilevers (Nanosensors).
A temperature controller (Lakeshore) drives the applied heating ramp which
was fixed to 5 degrees/minute. The temperature was kept constant during 5
minutes at each temperature value prior to the data acquisition.

A.2.2.2 Temperature-dependent micro-Raman

Real-time temperature-dependent Raman spectroscopy measurements were re-
corded with a LabRam HR 800 Raman spectrometer (Horiba Jobin Yvon).
Monochromatic laser light of 514 and 488 nm (2.41 and 2.54 eV, respectively)
in wavelength from an Ar* laser were employed for the optical excitation of
the sample. Two optical objectives (20x and 50x) were used to focus the laser
beam on the sample surface resulting in a diameter spot size of 10 and 4 um
respectively. Heat treatment was performed using exactly the same hot sample
plate and the same heating ramp than that employed for the AFM experiments.
The sample was located into a home-built silicone cell which was covered with
a boron-silicate glass. An argon flow was applied through the cell in order
to avoid the appearance of temperature induced oxidation on the illuminated
part of the sample surface.
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A.3. PFO films phase transition

A.3 PFO films phase transition

PFO is one of the most representative compounds of the polyfluorene family. It
presents an excellent charge transport and the possibility of modifying its ab-
sorption and emission depending on the microstructure [5]. Figure A.5 depicts
the evolution versus temperature of the RMS surface roughness (blue squares)
and the normalized Raman intensity of the ~1603 cm™! peak (green circles).
The latter is related to the in-plane stretching vibration of the phenylene rings
in the polymer backbone [9]. The data were obtained from real-time AFM and
Raman spectroscopy experiments recordered during heating of a spin-coated
PFO film deposited onto glass. RMS roughness values which were calculated
from 1.5 yum? AFM images evidence a significant signal increase between 70
and 100 °C. As observed in Figure A.6 this local increase of roughness is
linked to an increase of crystalline polymer domains size induced by the crys-
tallization transition.

In parallel to RMS roughness increment, peak intensity values that have
been calculated from a Gaussian lineshape fit of the Raman data also show
a clear increment between 55 and 100 °C approximately. In agreement with
previously reported data [10], simultaneously to the intensity increment, the
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Figure A.5: RMS surface roughness evolution (blue squares) and normalized
Raman intensity variation of the ~1603 cm™! peak (green circles) as a function
of temperature of a spin coated PFO film. Vertical dashed lines indicate the
inflection point (change of the spline slope) of the fitted curve and represent the
phase transition temperature.
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Figure A.6: Topography evolution deduced from AFM images obtained at 70,
90 and 110 °C during heating of a PFO film deposited onto a glass substrate.
Note that all images are depicted with the same color bar range.

center position (see Table A.1) and the Full Width at Half Maximum (FWHM)
of the Raman peak (figure A.7) also suffer changes from 60 until 100 °C. Since
PFO is not a highly crystalline system, it shows a relative small Raman fre-
quency shift (-1.5 cm™1). We will show later that P3HT:PCBM blends which
evidence a much higher degree of crystallinity shows a much higher Raman
frequency shift upon crystallization. Moreover, note that both Raman peak po-
sition (not shown) and intensity values remain constant from 100 until 120 °C
where they begin to decrease probably due to the subsequent melt-transition
located at 150 °C that begins to affect the microstructural behavior of the ma-
terial. A downward Raman shift is generally induced by the extension of the
effective conjugation length along the polymer backbone [11]. Furthermore, an
intensity enhancement of the peaks is associated to a more ordered structure
which increases the Raman cross section. Thus, both blue shift and intensity
enhancement phenomena are induced by changes in morphology related to
the polymer crystallization transition.

In order to find the temperature at which the phase transition takes place
splines fitted to the points have been added to the plots. Vertical dashed lines
represent the change of the splines slope (inflection point), which we consider
the central point of the transition similarly to the peak maxima in Differen-
tial Scanning Calorimetry (DSC) experiments. Identification of crystallization
transition at around 82°C by Raman data closely agrees with several previ-
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Figure A.7: FWHM evolution of the ~1603 cm™! Raman peak as a function of
temperature during heating of a spin coated PFO film.

ously published values [12, 13, 14] where alternative bulk measurements of the
transition temperature including DSC, spectroscopic ellipsometry and photo-
luminescence (PL), have been employed. This proves that Raman can also be
used for this purpose.

The most interesting observation is, perhaps, the existence of a temperature
difference of about 10 °C between the crystallization transition point identified
by AFM and Raman measurements. Taking into account that AFM character-
ization provides information about the film surface and Raman spectroscopy
probes all the bulk material of the film, the observed temperature difference
suggests the existence of a morphology gradient along the film that induces
differences on the phase transition temperature between the surface and the
bulk. This is also consistent with previous reports that showed by means of el-
lipsometry experiments that crystallization transition temperature in PFO thin
films is highly influenced by the thickness of the film [12].

A.4 P3HT:PCBM blend films phase transition

To further investigate in other organic material systems the observed differ-
ences between the surface and the bulk crystallization transition tempera-
ture, we have also carried out real-time AFM and Raman scattering exper-
iments in P3HT:PCBM blend films. The well known ’bulk heterojunction’
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(BHJ) based on P3HT:PCBM mixtures [15, 16, 6] is one of the most promis-
ing materials for organic solar cells. Regio-regular P3HT acts in the system
as the hole-conducting (electron-donor) component which is blended with an
electron-conducting (electron-accepting) high soluble fullerene derivative such
as PCBM. This binary system features simple eutectic phase behavior [15] re-
sulting in a biphasic microstructure formed by PCBM domains surrounded by
a polymer matrix of P3HT crystals.

Figure A.8 shows the topography evolution during heating monitored by
real-time AFM measurements of a PBHT:PCBM thin film (1:1 ratio) deposited
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Figure A.8: Real-time AFM topography images obtained during heating of a
P3HT:PCBM (1:1) blend deposited onto an ITO/glass substrate. All images are
presented with the same color bar range.
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onto an ITO/glass substrate. The most relevant and evident change in the
sequence is the crystallization of P3HT observed by a clear domain size in-
crease between 120 and 145 °C (images c and d respectively). This is directly
related to an increase of the size of the polymer crystals. Polymer crystalliza-
tion which is considered a key phenomenon for P3BHT:PCBM blends, involves
the self reorganization of the PBHT molecules, and results in a size enhance-
ment of the P3HT regioregular domains [16]. The higher degree of crystallinity
induces a higher interchain molecular interaction that results in more delo-
calized conjugated n electrons, lowering the band gap and causing a more
effective photon absorption [17]. Moreover, the growth of PCBM crystals is
also present during the heating-induced molecular reorganization [18] which
induces an increase on the electron charge transport capabilities. At low tem-
perature (Figures A.8a and A.8b) surface topography is characterized by well
defined spike-like features. Note that topography profile of Figure A.8a shows
clearly one of these spike-like features. Since ITO surface usually evidence
randomly distributed abrupt spikes and organic layer was deposited directly
onto an ITO coated glass substrate, thin film roughness is clearly influenced
by ITO surface features which limit the access to the actual P3BHT:PCBM layer
topography. At the time that the applied temperature rises, molecular mobility
and hence P3HT molecular domains size increase progressively. Thus, P3HT
domains become progressively larger until they overcome ITO spikes-induced
morphology which completely disappear at 120°C. As we discuss below, the
general observation of the crystallization temperature is also confirmed in films
deposited directly onto glass (see Figure A.10a).

As done previously for PFO in order to complement AFM data, in-situ
Raman spectroscopy experiments on P3HT:PCBM blends have also been per-
formed. Figure A.9 shows Raman spectra recorded using an Ar* 488 nm
laser line during heating of a P3HT:PCBM film (1:1 ratio) deposited onto an
ITO/glass substrate. In order to remove the background and noise contri-
butions of the results, Raman data were fitted using a Gaussian line-shape.
Spectra on the left panel show a zoom of the first P3HT characteristic Raman
peak (~730 cm™!) which is related to the C-S-C stretching vibration [19, 20].
Spectra on the right side show in detail the second and third P3HT characteris-
tic Raman peaks positioned at ~1380 cm™ and ~1450 cm™! which are related
to the C-C skeletal stretching vibration and the C=C ring stretching vibration,
respectively [19, 20]. Figure A.9 shows that three peaks evidence certain inten-
sity variations but only the C=C ring stretching vibration-related peak suffers
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Figure A.9: Detail of Raman peaks at ~730 cm™ (left), ~1380 cm™ and
~1450 cm™! (right) recorded with a 488 nm laser line at different temperatures
during heating of P3BHT:PCBM (1:1) film deposited onto glass substrate.

a significant peak position variation.

Figure A.10 is depicted for comparison of AFM and Raman experiments.
On the one hand, Figure A.10a shows the RMS surface roughness evolution
of a P3HT:PCBM thin film (1:1 ratio) deposited onto an ITO/glass substrate.
On the other hand, Figure A.10b shows the normalized intensity (with respect
to its room temperature value) of the ~1450 cm™! peak as a function of tem-
perature. RMS roughness evolution sequence was calculated from 1 ym?> AFM
images and evidence a clear enhancement from 140 °C approximately, which
is induced by P3HT crystallization. Previously to the crystallization transition
onset, a constant roughness around 2 nm is observed. As mentioned above,
this roughness value remains constant due to the effect of the original ITO
surface roughness. In order to confirm the effect of ITO roughness on the
layer topography, we have also performed another in-situ AFM experiment of
a PBHT:PCBM film deposited directly onto glass. As we can observe on the in-
set of Figure A.10a, since the effect of the irregular ITO roughness is not present
in this case, it is possible to detect a smooth increase on roughness from room
temperature until the onset point of the crystallization transition, which is also
detected around 140 °C. The vertical dashed line positioned approximately at
the middle of the temperature range transition (150 °C) is used to estimate the
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Figure A.10: RMS roughness evolution (a) monitored during heating of a spin
coated PBHT:PCBM film deposited on ITO/glass. Roughness values were calcu-
lated from 1 um? AFM images. The inset plot shows the roughness evolution of
a P3HT:PCBM film deposited directly on glass. Moreover, the evolution of the
normalized intensity of the ~1450 cm~! Raman peak (b) as a function of tem-
perature is also represented. The bright green line with filled circles shows the
results obtained with a 514 nm laser line excitation, whereas the dark green line
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with open circles shows the results of using a 488 nm laser line.

phase transition temperature which agrees with C. Muller et al. who observed
by DSC the crystallization temperature of PZHT:PCBM at 145 °C [15].

In addition, similarly to the PFO case, the Raman signal for PSBHT:PCBM
films shows a clear intensity enhancement of the C=C stretching vibration re-
lated Raman peak as a consequence of the crystallization transition (Figure
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Figure A.11: FWHM evolution monitored by Raman during heating of a spin
coated P3HT:PCBM film deposited on ITO/glass. The FWHM values were cal-
culated from a Gaussian lineshape fit of the Raman data.

A.10b). As observed in previous studies [21], Raman signal also suffers vari-
ations on both peak frequency (see Table A.1) and peak FWHM, as we can
observe in Figure A.11. Roughly, a large temperature shift (around 40 °C) is
observed between the crystallization transition deduced from AFM and Raman
measurements.

Comparing the results shown in Figure A.10b, we observe that the crys-
tallization transition appears at lower temperatures for the experiments that
have been performed with the 488 nm laser line. Experiments with the 488
nm laser line were performed on a 1:1 P3HT:PCBM sample and experiments
with the 514 nm laser line were made on a 1:3 P3HT:PCBM sample. Since
we are using excitation wavelengths which fall at the resonant Raman region
and the absorption coefficient is higher in a 1:1 sample (13.2-107 cm™! against
8.7103 cm™ for the 1:3 sample [6]), this slightly lower temperature may be
explained by an increased local heating of the material as a consequence of the
laser light irradiation. The observed results are qualitatively consistent with
this assumption. Another relevant phenomenon observed in the Raman data
recorded using the 488 nm line is that after reaching its highest value the peak
intensity decreases. This is probably caused by a local sample degradation as
a result of an excessive energy absorption by the illuminated organic material.
If we now consider the 514 nm data, we observe that the crystallization tem-
perature is determined around 10 °C higher and the peak intensity remains
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stable once the peak has reached its highest value. Thus, both phenomena
evidence that results obtained using the 488 nm laser line are influenced by
a laser-induced local heating of the sample. Obviously this local heating is
reduced when using the 514 nm wavelength, however we cannot confirm that
no local heating occurs in this case. Since optical absorption is reduced and
local heating effects are minimized, Raman experiments that use wavelengths
at the non-resonant Raman region might be more accurate for the determina-
tion of the bulk phase transition temperatures. Consequently, altough the shift
of about 40 °C observed between the crystallization temperature deduced by
AFM and Raman (514 nm) experiments is an upper limit to the real value, this
very large observed difference suggests that, as for PFO, films of PSHT:PCBM
also exhibit morphologic differences between the surface and the bulk.

A5 Appendix summary

With the aim to summarize and compare materials and techniques presented in
this work, Table A.1 shows all the key values obtained from the present study.
Note that in the case of PFO, in which Raman experiments were made outside
the resonant Raman region, the results are consistent and in excellent agree-
ment with literature values. In addition, despite P3BHT:PCBM results seem to
follow the same tendency than those obtained for PFO, the fact of measuring in
the resonant Raman region probably affects the obtained results. The fact that
for PBHT:PCBM only the crystallization transition point deduced from rough-
ness of AFM images agrees with literature is qualitatively consistent with this
assumption.

In summary, we can conclude that the crystallization transition temperature
shift observed by means of in-situ AFM and Raman spectroscopy experiments
suggests that bulk and surface morphology evidence differences in relation
to parameters like molecular mobility, crystallinity and/or conjugation length.
The close relation between morphology and device performance make that the
study of this confinement phenomenon observed in organic thin films is of
strong interest in order to control the final device efficiency.
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