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0.3. THESIS AIM AND OUTLINE

0.3 Thesis aim and outline

In the framework of project H “Advanced characterization and modeling” of the Institut Photo-
voltaïque d’Île-de-France (IPVF), my doctoral studies have been focused on the development of
in-situ photoluminescence characterization tools that allow us to study, in real time during the
processes, the properties of semiconductor materials, the main building blocks of photovoltaic
solar cells. This thesis is structured as follows:

• Chapter 1 briefly reviews the physics of solar cell, allowing a better understanding of the
relationship between the properties of semiconductor materials and the conversion effi-
ciency of solar cells, in particular crystalline silicon solar cells. Also, the technological
development of c-Si solar cell is summarized.

• Chapter 2 focuses on the characteristics of defects, mainly of the dangling bonds on the
surface of c-Si wafer. Furthermore, it introduces the concept of surface passivation as
well as the passivation materials that are commonly used in c-Si solar cell.

• Chapter 3 is dedicated to the physics behind the photoluminescence process. Here, the
characteristics of two potential photoluminescence characterization techniques (steady-
state photoluminescence and modulated photoluminescence) are also presented.

• Chapter 4 describes the first in-situ characterization tool (so-called in-situ PL) and its
application in the study of surface passivation of crystalline silicon wafer under plasma
exposure at various condition. Based on the experimental results, this chapter also dis-
cusses the mechanisms behind the evolution of surface passivation of c-Si wafers during
the plasma exposure.

• Chapter 5 details the development of another in-situ tool (in-situ MPL), including the
design, optimization of parameters, and calibration of both the system and the obtained
data. Also, the chapter presents several interesting results regarding the evolution of
minority carrier lifetime of passivated c-Si wafer, observed during the deposition of pas-
sivation layer, thermal annealing, and deposition of anti-reflection coating.

• Last but not least, the first appendix brings forward another in-situ characterization tool
(in-situ PLt) that was built for the real-time study of tandem solar cells, while the second
appendix shows the transfer of in-situ MPL from an in-house made PECVD reactor to a
commercial reactor.

Summary and general conclusion are finally drawn from these doctoral works, and the possi-
bilities for further research are outlined.
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CHAPTER 1. PHYSICS OF SOLAR CELL

1.1.1 Thermal equilibrium

At thermal equilibrium (i.e. uniform temperature with no external injection or generation of
carriers), the electron concentration in the conduction band can be obtained from the Fermi-
Dirac statistics [1].

n0 = Nc exp(−
Ec −E f

kBT
) (1.1)

Where Nc is the effective density of states within the conduction band, Ec and E f are the bottom
of conduction band energy and Fermi energy respectively, kB is the Boltzmann constant.

Similarly, the hole density in the valence band is defined by:

p0 = Nv exp(−
E f −Ev

kBT
) (1.2)

Where Nv is the effective density of states within the valence band.

In non-degenerate semiconductors (no significant interaction between dopant atoms), the
product of the equilibrium electron and hole concentrations is independent of the location of
Fermi energy.

n0 p0 = NcNv exp(−
Ec −Ev

kBT
) = NcNv exp(−

Eg

kBT
) = n2

i (1.3)

where Eg = Ec −Ev is the band gap energy, and ni is the intrinsic carrier concentration.

1.1.2 Steady-state condition

Note that the above mentioned relations are true only in thermal equilibrium condition. How-
ever, when the semiconductor is exposed to light (operation condition of solar cell), excess
electrons and holes are generated. These carriers stabilized momentarily in a quasi-thermal
equilibrium within their respective band. In this case, the so-called quasi-Fermi level for elec-
trons (E f n) and for holes (E f p) are used instead of Fermi level to define the carrier concentra-
tion.

Under illumination, the electron concentration in the conduction band is given by:

n = Nc exp(−
Ec −E f n

kBT
) (1.4)

Whereas the density of hole is given by:

p = Nv exp(−
E f p −Ev

kBT
) (1.5)

With a product of both concentrations:

np = n2
i exp(

E f n −E f p

kBT
) (1.6)

Where E f n −E f p is known as the quasi-Fermi level splitting.
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1.2. GENERATION OF ELECTRON-HOLE PAIRS

1.2 Generation of electron-hole pairs

Sunlight, as well as other electromagnetic radiation, can be viewed as a stream of particles
called photons that carry specific amounts of energy (Eph = h̄ω). Under illumination, photons
incident upon the surface of a solar cell can be reflected from the top surface, absorbed in the
semiconductor material or transmitted through. The absorption or transmission of photons is
determined by two main parameters: the photon energy (h̄ω) and the energy gap of semicon-
ductor (Eg). Only if the photon has greater or equal energy to the energy gap (h̄ω ≥ Eg) will
the electron be excited from the valence band to the conduction band (also known as the gen-
eration of electron-hole pair). The photon with lower energy (h̄ω < Eg) will be transmitted
through the material and considered as lost, as no charge carrier is generated. The probability
for absorption of a photon is determined by the absorption coefficient α(h̄ω), which varies de-
pending on the nature of materials. It is worth mentioning that the conservation of momentum
and energy must be attained in the generation of charge carriers.

The generation of electron-hole pairs can occur via two different mechanism: the direct
transition and the indirect transition. In the direct transition, electrons jump directly from the
valence band to the conduction band by absorbing high energy photons (γ → e+ h) [2]. The
momentum of the electron-hole system does not change in this case, and so does the energy of
the system.

pγ = pe + ph (1.7)

h̄ω = εe + εh (1.8)

Owning to a large absorption coefficient which leads a small penetration depth of photons in
semiconductors with direct transition (direct band gap), a solar cell made of these materials
does not require to be thicker than a few micrometers in order to absorb all the corresponding
solar spectrum.

In the indirect transition, however, electrons cannot jump directly from the maximum of
valence band to the minimum of conduction band by only absorbing the photons. They re-
quire the absorption or emission of phonons with energy h̄Ω, the lattice vibration, to fulfill the
transition (γ → e+h±Γ). The participation of phonons allows photo-induced transition from
every state of the valence band to every state of the conduction band as long as the energy and
momentum balance are satisfied.

pγ = pe + ph ± pΓ (1.9)

h̄ω = εe + εh ± h̄Ω (1.10)

Due to the requirement of phonon participation to satisfy energy and momentum conservation,
the absorption coefficient of an indirect bandgap semiconductor is small compared to that of a
direct bandgap semiconductor. Therefore, the penetration depth of photons is large, and thicker
wafers (generally more than 100 µm) is required to absorb all photons of the solar spectrum.

By solving the continuity equation for photon penetration in a semiconductor, the photon
current density at any depth, (x) from the surface, in the device can be calculated by:

jγ(x) = (1− r) jγ,inexp(−αx) (1.11)

Where jγ,in is the incident photon current density upon the surface and r is the reflection at
front surface.
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Supposing that one absorbed photon generates one electron-hole pair, the charge carrier
generation rate in a thin slide of semiconductor (x and x+dx) can be determined by the change
in photon current density across the slide, becoming the differentiation of the equation 1.11 as
the slide becomes very thin.

G = (1− r)αNinexp(−αx) (1.12)

Where Nin is the incident photon flux upon the surface of semiconductor.

1.3 Recombination & Carrier lifetime

Excited from the valence band to the conduction band, the free electrons are in a meta-stable
state. Eventually, they will stabilize back to a lower energy position in the valence band by
recombining with holes. The average time a charge carrier remains in an excited state (conduc-
tion band) after electron-hole generation before it recombines is referred to as minority carrier
lifetime, denoted by τ . The carrier lifetime has nothing to do with the stability of materials but
everything to do with the conversion efficiency of solar cell. Depending on the structure, solar
cells made from wafers with high carrier lifetime will usually be more efficient that those made
from wafers with low carrier lifetime. The minority carrier lifetime in steady-state condition
can be determined by [3]:

τ =
∆n

G
(1.13)

Where τ is the minority carrier lifetime, ∆n is the excess minority carrier concentration, and G

is the carrier generation rate. It is important to mention that in the steady-state condition, the
generation rate (G) is equal to the recombination rate (R).

Depending on how the excited electrons relax back to the valence band, the recombination
of electrons and holes can be divided into three different mechanisms: radiative, Auger, and
Shockley-Read-Hall recombination.

1.3.1 Radiative recombination

Radiative recombination is a band-to-band recombination process, which is exactly the reverse
of the absorption of a photon. In this recombination process, an electron from the conduc-
tion band directly recombines with a hole in the valence band, resulting in the emission of a
photon with an energy approximately equal to the band gap of the semiconductor (see Fig-
ure 1.2). It is worth mentioning that radiative recombination mainly occurs in direct bandgap
semiconductors, yet quite limited in the indirect semiconductor as the transfer of both energy
and momentum must occur simultaneously for an electron to directly recombine with a hole.

Since a free electron and a free hole must find each other to radiatively recombine, the
recombination rate via this process increases with the carrier concentration [4].

RRad = Bradnp (1.14)

Where n is the electron concentration, p is the hole concentration and Brad is the radiative
recombination coefficient, calculated from the absorption coefficient of materials.
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Where n0 is the equilibrium electron concentration, and f0(Et) is the equilibrium distribution
function (Fermi-Dirac function). This distribution function is given by:

f0(Et) =
1

1+ exp(
Et−E f

kBT
)

(1.21)

By substituting f0(Et) into equation 1.20, the emission cross section becomes:

En =Cnn0exp(
Et −E f

kBT
)

=Cnniexp(
E f −Ei

kBT
)exp(

Et −E f

kBT
)

=Cnn1 where, n1 = ni exp(
Et −Ei

kBT
)

Under illumination, the trap capture rate is different from the trap emission rate. The net capture
rate for electrons is given by:

Rn =CnNt {n[1− f (Et)]−n1 f (Et)} (1.22)

For holes, similar capture and emission rates can be obtained. The hole capture rate depends
on the number of holes in valence band and the number of filled traps, while the hole emission
rate depend on the number of empty traps.

Rcp =Cp pNt f (Et) (1.23)

Rep = EpNt [1− f (Et)] (1.24)

Where Cp and Ep are respectively the capture and emission cross section. In a way similar to
electrons, the hole emission cross section can be determined in equilibrium condition.

Ep =Cp p0
f0(Et)

1− f0(Et)

=Cp p0exp(−
Et −E f

kBT
)

=Cp piexp(−
E f −Ei

kBT
)exp(−

Et −E f

kBT
)

=Cp p1 where, p1 = ni exp(−
Et −Ei

kBT
)

Under illumination, the net capture rate for holes is given by:

Rp =CpNt {p f (Et)− p1[1− f (Et)]} (1.25)

In the steady-state condition, the net capture rate for electrons and for holes are equal. There-
fore, the distribution function can be obtained:

f (Et) =
Cnn+Cpn1

Cn(n+n1)+Cp(p+ p1)
(1.26)

By substituting f (Et) in equation 1.26 into equation 1.22, the SRH recombination rate (RSRH =
Rn = Rp) can be obtained:

RSRH =
CnCpNt(np−n2

i )

Cn(n+n1)+Cp(p+ p1)
(1.27)
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commonly modeled in the same way as SRH recombination in the bulk, given by:

τsurf =
∆ns

ns ps −n2
i

[

1
CpNt,s

(ns +n1)+
1

CnNt,s
(ps + p1)

]

(1.31)

where Cn and Cp are the capture cross section for electron and hole respectively, Nt,s is total
number of traps at the surface, ns and ps are the electron and hole density close to the surface,
ni intrinsic carrier density, n1 = niexp((Et −Ei)/(kBT )) and p1 = piexp(−(Et −Ei)/(kBT )).

Because no crystal is infinite. Therefore, the effective minority carrier lifetime has to take
into account the bulk and the surface lifetime. The final effective carrier lifetime (τeff) can be
expressed as:

1
τeff

=
1

τbulk

+
1

τsurf
(1.32)

1.4 Transport of charge carriers

Electrons in the conduction band and holes in the valence band are considered as free carriers
in a sense that they can move throughout the semiconductor lattice. The movement of these
carriers is directionally random, and their trajectory is changed by colliding with lattice atoms.
Except in the case of a concentration gradient or an electric field, the net displacement of the
charge carriers is zero in any directions. The probability a carrier moves in each direction is
exactly the same, therefore the motion of a carrier in one direction will eventually be balanced
by the movement in the opposite direction.

1.4.1 Diffusion

The constant random motion can lead to a net displacement of charge carriers, if one particular
region has a higher carrier concentration than another region. For instance, in an illuminated
solar cell, a huge amount of charge carriers are generated near the front surface, but less in the
bulk. This leads to what is known as a carrier concentration gradient within the semiconductor.
The generated carriers then randomly diffuse from the region of high carrier concentration to
the region of low carrier concentration, until they are uniformly distributed.

The diffusivity of charge carriers depends on two main factors, the carrier thermal velocity
and the mean free path (average distance between two subsequent collisions). Rising the tem-
perature will increase the carrier velocity and thus lead to a faster carrier diffusion. From the
molecular physics, the flux of diffusing particles is proportional to the concentration gradient,
and the one-dimensional diffusion equations for electrons and holes are given by:

J⃗n,diff = qDn∇⃗n (1.33)

J⃗p,diff =−qDp∇⃗p (1.34)

Where J⃗n,diff and J⃗p,diff are the diffusion current densities for electrons and holes respectively,
Dn and Dp are diffusion coefficient, n and p are electron and hole concentrations, and q is the
elementary charge.
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1.4.2 Drift

In the presence of electric field, superimposed on the random motion, each type of charge
carriers tend to move in a net direction. While holes are accelerated in the direction of the field,
electrons (holding negative charge) are accelerated in the opposite direction. The trajectory
of carriers is obtained as a vector addition between its direction and the electric field, and the
net carrier movement is characterized by the carrier mobility, which varies between different
semiconductor materials. This movement of carriers due to the presence of electric field is
called drift transport, and the one-dimensional drift equation is given by:

J⃗n,drif = qnµnE⃗ (1.35)

J⃗p,drif = qpµpE⃗ (1.36)

Where J⃗n,drif and J⃗p,drif are the drift current density for electrons and for holes, µn and µp are
the electron and hole mobilities, n and p are carrier concentrations, and q is the elementary
charge.

In case where a gradient of electrical energy and a gradient of the chemical potential are
present simultaneously, the total current density of electrons and holes is given by the sum of
the diffusion current density J⃗di f f and the drift current density J⃗dri f . It is worth mentioning that
the carrier transport equations describe how charge carriers move, e.g. the flow of current, etc.

J⃗n = qnµnE⃗ +qDn∇⃗n (1.37)

J⃗p = qpµpE⃗ −qDp∇⃗p (1.38)

1.5 P-N junctions

A p-n junction is formed when the n-type and p-type semiconductor are joined together, either
by diffusing dopants into or by depositing an additional doped layer on a pre-doped substrate
with opposite dopant. In this case, the resulting semiconductor is inhomogeneous in terms of
free carrier concentration (high electron concentration in n-type region and high hole concen-
tration in p-type region). This leads to diffusion of electrons from n-type side to p-type side and
diffusion of hole from p-type side to n-type side. However, when the electrons and holes move
to another side of the junction, they leave behind charge on the dopant atom sites that are fixed
in the crystal lattice. The positive ion cores appear in n-type material, while negative ion cores
appear in the p-type. Therefore, an electric field (E⃗), with a direction from n-type to p-type
region, is formed and counteracts the diffusion of electrons and holes. This region is called
space-charge region or commonly known as depletion region, since it is effectively depleted
of free carriers. In thermal equilibrium, the diffusion and drift currents for each carrier type
exactly balance, so there is no net current flow.

J⃗n = qn0µnE⃗ +qDn∇⃗n = 0

J⃗p = qp0µpE⃗ −qDp∇⃗p = 0

Using Einstein relationship, the electric field can be written as:

E⃗ =
kBT

q

1
p0

d p0

dx
(1.39)
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The built-in voltage, which arises from the exposure of the positive and negative space
charge at the depletion region, can be obtained by integration of the electric field across the
region

Vbi =
∫ xP

−xN

Edx =
∫ xP

−xN

kBT

q

1
p0

d p0

dx
dx =

kBT

q

∫ p0(xP)

p0(−xN)

d p0

p0
=

kBT

q
ln

[

p0(xp)

p0(−xN)

]

For non-degenerate semiconductor, p0(xp) =NA and p0(−xN) = n2
i /ND. Therefore, the built-in

voltage is

Vbi =
kBT

q
ln

[

NDNA

n2
i

]

(1.40)

The current flowing through the p-n junction at thermal equilibrium (in the dark) is given by
the Shockley diode equation,

J(V ) = J0

[

exp(
qV

nkBT
)−1

]

(1.41)

Where J0 is the diode dark saturation current, V is the applied voltage, and n is the ideality
factor (n = 1 for ideal diode). J0 is an important parameter, which describes the recombination
rate in the device (The bigger the recombination is the larger the J0).

Under light exposure, excess free carriers are generated through out the semiconductor,
leading to an opposing current (JL). So the current flow through the junction in this case is,

J(V ) = J0

[

exp(
qV

nkBT
)−1

]

− JL (1.42)

1.6 Crystalline silicon solar cells

Among many, crystalline silicon is the mostly used semiconductor for photovoltaic application
for many reasons. First and foremost, the absorption characteristic of crystalline silicon (energy
gap) matches fairly well to the solar spectrum, allowing almost an optimal conversion of solar
energy to electrical energy. In addition, the properties of crystalline silicon material have been
thoroughly studied and understood thanks to the electronic industry, not to mention the well-
developed crystalline silicon fabrication technologies. Last but not least, silicon is an abundant
materials, allowing the low production cost.

1.6.1 Cell structure

For a working solar cell, at least three structure elements are required: an absorber layer, a
carrier-selective/carrier-separation layer, and the electrical contacts. For most of the commer-
cially available silicon solar cells, the absorber layer is made of the lightly doped (NDope ≈
1016cm−3) crystalline silicon wafer, with a thickness around 100 µm to absorb the incoming
photons.

On top of the absorber, a thin highly opposite doped (NDope > 1020cm−3) layer is intro-
duced by either implantation, diffusion process, or deposition of epitaxy layer. This leads to
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Chapter 2

SILICON DEFECTS AND SURFACE
PASSIVATION
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2.1. DEFECTS IN BULK SILICON

In crystalline solids, the constituents (e.g. atoms, molecules, or ions) are arranged in a
highly ordered microscopic structure, forming a crystal lattice that extends in all directions.
The entire lattice can be considered as a large number of unit cells, stacking together periodi-
cally. It should be mentioned that the unit cell can have various shapes (i.e. cubic, tetragonal,
monoclinic, orthohombic, rhombohedral, hexagonal, triclinic), depending on the lengths and
angles between the cell edges. In crystalline silicon, the atoms are arranged in a diamond lattice
structure, represented by two interpenetrating face-center cube (FCC) unit cells in which the
second unit cell is shifted one-fourth along the diagonal of the first unit cell [1]. The sidelength
of the cubic unit cell (the lattice constant) is 5.4307 Å, and the bond length between two silicon
atoms (Si-Si) is approximately 2.3515 Å. Possessing four valence electrons, each silicon atom
establishes four covalent bonds with its nearest neighbors, and therefore no unsaturated bond
is left behind (except in the vicinity of defects and the surface).

2.1 Defects in bulk silicon

The atomic arrangement in the crystalline silicon bulk is not always perfect. Somewhere in
the silicon lattice, defects exist and their effects cannot be neglected. The lattice defects can
be classified into three main categories depending on their dimension [2]. The 0-dimensional
defects consist of isolated sites in the crystal structure, and are hence called point defects. An
example is a solute or impurity atom, which alters the crystal pattern at a single point. The
1-dimensional defects are called dislocations. They are lines along which the crystal pattern
is broken, e.g. the grain boundaries along which distinct crystallites are joint together. The
3-dimensional defects change the crystal pattern over a finite volume, e.g. voids, precipitates,
etc. Thanks to the development of crystal growth technology, the large-defect issues such as
dislocation and sizable precipitate can be avoided. However, point defects remain the main
problem, affecting the performance of silicon devices. Disturbing the crystal pattern at isolated
sites, the point defects can be further divided into two sub-categories: the intrinsic defects and
the extrinsic defects.

2.1.1 Intrinsic defects

In a pure silicon material, the intrinsic defect is formed when an atom is missing from a position
that ought to be filled in the crystal, creating vacancy, or when an atom occupies an interstitial
site where no atom would ordinary appear, causing an interstitialcy (see Figure 2.1.a). Because
the interstitial sites in most crystalline solids are small or have an unfavorable bonding config-
uration, the interstitialcies are high-energy defects that are relatively uncommon. Vacancies,
on the other hand, are present in a significant concentration in all crystalline materials. Both
vacancies and self-interstitials are not stable, and they can migrate around inside the crystal un-
der certain conditions. While interstitial atoms are considered to be mobile at all temperatures,
annealing has been pointed to be the main reason behind the long range migration of vacancy
[3, 4]. These intrinsic point defects can aggregate leading to the formation of micro-voids or
silicon interstitial clusters, which induce detrimental effects on the crystal electrical properties.
It is worth mentioning that the intrinsic point defects are not easy to detect because their signal
is often below the detection limit of most characterization tools.
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gen atoms in a-Si:H structure, the film was incorporated into crystalline silicon solar cell as
a surface passivation layer [13–16]. The chemical passivation properties provided by a-Si:H,
particularly intrinsic a-Si:H, allow to reduce the defect state density (Dit) to values as low as
1010cm−2eV−1. In general, another doped (n-type or p-type) a-Si:H layer is added on top of the
intrinsic layer in order to provide the field-effect passivation. According to the doping profile,
the Fermi level can be shifted toward the conduction band or the valence band, which further
causes the band bending in the electronic structure of solar cells. Thanks to this band bending,
an internal electric field is induced and the carriers photo-generated in c-Si can be selectively
collected to their corresponding terminals. In addition to its excellent passivation properties,
a-Si:H films also have quite good conductivity properties. Therefore, the electrical contacts
can be deposited (or printed) directly on top of the passivation layer without the need of laser
scribing or other surface opening processes.

Different processes can be used to deposit the a-Si:H film, but the low temperature plasma-
enhanced chemical vapor deposition (PECVD) is the most common one. The pure silane (SiH4)
or the mixture of silane (SiH4) and hydrogen (H2) are commonly used as the precursor gases
for deposition of intrinsic a-Si:H. Phosphine (PH3) or diborane (B2H6) gases can also be added
to the mixture in order to obtain n-type or p-type a-Si:H respectively.

Despite of its many advantages, using a-Si:H as a passivation layer for crystalline silicon
also has some drawbacks. Firstly, the parasitic absorption is one of the main issues to deal with
when using a-Si:H to passivate the front surface. Having a quite small energy gap (Ea−Si:H ≈1.7
eV [17]) with the direct band properties, the a-Si:H layer will absorb partly the photons (Eph ≥
Ea−Si:H) from sunlight and thus reduce the number of photons absorbed by the crystalline
silicon wafer beneath. For this reason, the thickness of the front a-Si:H layer has to be carefully
designed to minimize the absorption losses while maintaining excellent surface passivation.
Secondly, the passivation provided by a-Si:H is vulnerable to intense light/UV light soaking.
When the sample is exposed to light with high intensity, the weak chemical bonds in the a-Si:H
layer, particularly at the c-Si/a-Si:H interface, are believed to break down and thus induce new
silicon dangling bonds. This phenomena is known as the Staebler-Wronski effect [18, 19]. Last
but not least, due to the stability problem of a-Si:H layer, the fabrication processes of solar cells
with a-Si:H layer have to be specifically designed at temperature below 250◦C.

2.4.2 Aluminum oxide

Aluminum oxide (Al2O3), also known as alumina, is an interesting passivation material for
crystalline silicon solar cells due to the fact that it provides both chemical and field-effect pas-
sivation [20, 21]. Thanks to the formation of thin silicon oxide (SiOx) layer at the c-Si/Al2O3
interface during annealing, the surface defect density can be significantly reduced [22]. Fur-
thermore, the Al2O3 film also contains high density of negative fixed charges (> 1012cm−2)
and thus provides excellent field-effect passivation [23]. For these reasons, the thickness of the
Al2O3 passivation layer can be reduced to a few nanometers [24–26]. The electric field induced
by negative fixed charges in Al2O3 prevents electrons from approaching the surface, which is
the reason why Al2O3 is commonly used as a passivation layer for p-type surface. In addi-
tion to its excellent passivation properties, Al2O3 has also large energy gap (Eg,Al2O3 ≈ 7.5eV )
[27, 28]. Therefore, the film can be incorporated as a passivation layer on the front surface
without worrying about parasitic absorption. Furthermore, the Al2O3 film is also known for
its stability under light soaking at high temperature (≈ 75◦C). These correspond well to the
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Using Al2O3 as the passivation layer for c-Si solar cell provides many interesting advan-
tages. However, the film has a high dielectric constant (approximately 9) that can lead to high
series resistance, particularly on the front grid contacts. Thus, a laser scribing process is com-
monly required to ensure a proper electrical contact with low series resistance. Lastly, another
challenge of using Al2O3 passivation layer is the deposition time. As the conventional ALD
process requires pulsing and purging the chamber, it may take several seconds to complete one
cycles.
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3.1. EMISSION OF LIGHT

3.1 Emission of light

Light refers to electromagnetic radiation of any wavelength, either it is visible or not. Based on
its wavelength, the electromagnetic radiation can be categorized as radio, microwave, infrared,
visible, ultraviolet, X-rays and gamma rays. The radio has longest wavelength (low frequency),
while gamma rays have short wavelength (high frequency). It is worth mentioning that, through
the work of Albert Einstein, Louis de Broglie, and many others, light has both wave and particle
nature (commonly known as wave-particle duality). As a wave, light is characterized by ve-
locity (speed of light), wavelength, and frequency. As particle, light is considered as a stream
of photons with an energy (Ephoton) related to the frequency of the wave given by Planck’s
relation:

Ephoton =
hc

λ
(3.1)

Where h is the Planck constant (6.626× 10−34 m2.kg.s−1), c is the speed of light in vacuum
(2.997×108 m.s−1), and λ is the photon’s wavelength.

From this relation, it is obvious that light with short wavelength has higher photon energy
than that with long wavelength. Basically, the sources of light can be divided into two main
categories: thermal radiation (incandescence) and non-thermal radiation (luminescence).

3.1.1 Thermal radiation

Thermal radiation (incandescence) is the continuous emission of photons from every physical
body at thermal equilibrium above absolute zero. The thermal radiation involves the vibration
of entire atoms inside the body, leading to emission of electromagnetic radiation. Depending
on the temperature of materials, the emitted photons vary in their energies and colors. At
low temperature, the materials commonly emit invisible light in the infrared region. However,
as the temperature increases above a few hundreds degree Celsius, the emitted light can be
visible, changing its color from red to yellowish and finally bluish-white (see Figure 3.1).
With the increase of temperature, the peak of the emission spectrum also starts shifting to
shorter wavelengths (high photon energy), commonly known as blueshift. This phenomenon
can be observed, for example when the metal is heated. Both intensity and spectrum of thermal
radiation are strongly dependent on the emitter’s temperature and are governed by the Planck’s
law (Max Planck, 1901).

A black body is an ideal body, which emits the maximum possible thermal radiation. The
spectral emission intensity Ibb(h̄ω) of a black body is given by [1]:

Ibb(h̄ω) =
(h̄ω)3

4π2h̄3c2

[

exp(
h̄ω

kBT
)−1

]−1

(3.2)

where h̄ = h/2π is the reduced Planck constant, ω is the angular frequency, c is the speed of
light in the vacuum, kB is the Boltzmann constant, and T is the temperature of the material.

As a ideal body, the thermal radiation of the black body has been used as the standard for
the comparison with the radiation of real physical bodies. Coupled with the Kirchhoff’s law,
which claimed that the emissivity and absorptivity of materials are equal under thermodynamic
equilibrium, the expression of energy distribution of the black body can be extended to the
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was accounted for by the chemical potential of the emitting materials. In contrast to effective
temperature, this quantity is experimentally accessible. It is worth mentioning that thermal ra-
diation can be emitted by any material, and its spectrum may contain photons with any energy
h̄ω > 0. In contrast, the spectrum of luminescence radiation is characterized by some thresh-
old photon energy (h̄ω0), with photons of smaller energy (h̄ω < h̄ω0) missing. This threshold
photon energy (h̄ω0) is a consequence of a gap (∆Eg) in the distribution of states as a function
of energy, a characteristic of luminescent materials.

A semiconductor is a typical luminescent material, for which ∆Eg is the gap between the
valence band (Ev) and conduction band (Ec). The intensity of the luminescence radiation of a
semiconductor at a given temperature is strongly related to the concentration of electrons in the
conduction band and of holes in the valence band. In addition, the generalized Planck law can
be used to predict the spectrum of the luminescence radiation of the direct-bandgap semicon-
ductors. Different from the simple Planck’s law for thermal radiation, the generalized Planck
law takes into account the non-zero chemical potential (µγ = εF,c −εF,v) of the semiconductor,
the only parameter that distinguishes luminescence from thermal radiation. The luminescence
spectral emission intensity IL(h̄ω) of a semiconductor material with a chemical potential (µγ)
and absorption coefficient α(h̄ω) is given by [1]:

IL(h̄ω) = α(h̄ω)
(h̄ω)3

4π2h̄3c2

[

exp(
h̄ω −µγ

kBT
)−1

]−1

(3.4)

For indirect-bandgap semiconductors (e.g. crystalline silicon, etc.), the absorption and emis-
sion of phonons is required during the direct transition of electrons between energy levels. For
this reason, one may doubt the validity of the generalized Planck’s law for such materials. By
using the principle of detailed balance coupled with experimental data, it has been proved that
the generalized Planck’s law is valid for indirect bandgap semiconductors, both for the homo-
geneous body and for the inhomogeneous body (e.g. p-n junction, etc.) in silicon solar cells.
Reader may refer to the work of Schick et al (1992) for more details [3].

Depending on the energy sources providing the push of electrons to high energy states (elec-
tron excitation), the luminescence radiation can be further categorized into various sub-groups,
such as chemiluminescence, electroluminescence, photoluminescence, etc. The chemilumines-
cence is a radiation resulting from a chemical reaction. Electroluminescence, on the other hand,
can be obtained when the semiconductor materials is excited by an electrical current. Photo-
luminescence is a radiative emission, from any forms of matter, resulting from the absorption
of photons. As photons do not interact with each other, their properties are therefore entirely
determined by the state of the emitting materials or their interaction with matter. Consequently,
many characterization tools have been developed based on luminescence radiation, particularly
photoluminescence, for the investigation of material properties.

3.2 Photoluminescence

When light of sufficient energy (Ephoton ≥ Eg) is incident on a semiconductor, photons are ab-
sorbed and electrons are excited from the valence band to the conduction band. These excited
electrons act as free particles and eventually relax back to the ground state. If radiative relax-
ation (direct jump of excited electrons from conduction band back to valence band) occurs,
photons will be emitted along the process. This radiation is called photoluminescence (PL).
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3.2.2 Excitation intensity

Unlike the excitation energy, which may or may not be important, the excitation intensity will
influence the result of any PL experiments. The excitation intensity controls the density of the
photo-generated electrons and holes, which governs the behavior of these carriers. One of the
main properties that is strongly influenced by the carrier density is the electron-hole recombi-
nation mechanism. When the carrier density is low, the recombination is dominated by discrete
defects and impurity sites at the surface/interface and the bulk of the material. Therefore, the
percentage of the radiative recombination is low compared to the SRH recombination. Under
intermediate excitation, the discrete states are filled and radiative recombination plays a greater
role. In this regime, the increase of the excitation intensity will linearly increase the intensity of
the PL signal. At the highest carrier densities, the three-body Auger recombination dominates
the overall carrier recombination process. Consequently, the intensity of the incident beam is
commonly adjusted to control the photo-generated carriers, so the electronic properties of the
sample can be investigated under different recombination regimes.

In addition to excitation energy and intensity, the excitation profile also plays a very impor-
tant role in material characterization. By employing different excitation profiles, for example,
steady-state or pulse or modulation, various specific properties of materials can be measured.
In the following sections, two of the main photoluminescence operation modes, steady-state
photoluminescence and modulated photoluminescence, will be presented.

3.3 Steady-state photoluminescence

In steady-state photoluminescence (SSPL), the excitation intensity is maintained at a constant
level during the measurements. Generally, in this operation mode, the spectrum and intensity
of the emitted PL signal are detected and analyzed to yield the optical and electronic properties
of the materials.

3.3.1 Spectral analysis

Peak position

For crystalline materials, the translational symmetry of the crystal lattice leads to the formation
of electronic energy bands. However, the presence of defects breaks the periodicity of the
lattice and locally perturbs this band structure by introducing discrete energy levels within
the forbidden gap. These defect-induced states act as very active traps, capturing the charge
carriers in the crystal, particularly when the temperature is sufficiently low. Some of the trapped
carriers, mainly those in the shallow traps near the conduction band and valence band edge,
are likely to participate in the radiative recombination (see Figure 3.3) and thus introduce
additional peaks in the PL spectrum. Therefore, by analyzing the peak position of the PL
spectrum, the energy levels of defects in the crystal can be determined. It is important to
note that the sample temperature must be small enough to discourage the thermal activation of
carrier release out of the traps.
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of the PL signal indicates a decrease of non-radiative recombination, in other words a decrease
of interface defect density. The measurements of PL intensity have been used to evaluate a
wide variety of surface treatments, including etching, oxidation, hydrogenation, deposition of
coating layers, and hetero-epitaxy.

Furthermore, the measurements of PL intensity have gained increasing interest for monitor-
ing the interface modification (physically or chemically) in real time during the processes. This
can be done, because, in addition to its high sensitivity to interface properties, the PL mea-
surement is generally not sensitive to the experimental conditions, e.g. pressure in the sample
chamber. Moreover, the technique can be used to investigate contactlessly any surface, as it
relies on neither electrical excitation nor detection. Last but not least, the PL measurements are
nondestructive or have very little impacts on materials under investigation. It is important to
bear in mind that the photo-induced modification and sample heating are possible, but lowering
the excitation intensity can minimize these effects.

3.4 Modulated photoluminescence

Modulated Photoluminescence (MPL) is a phase-sensitive characterization technique. Differ-
ent from steady-state photoluminescence, the MPL technique uses a sinusoidally modulated-
intensity light source to excite the sample.

3.4.1 Carrier lifetime measurement

Because the sample is being illuminated by a light source with a modulated intensity, the pho-
togeneration rate of charge carriers in the semiconductor is given by [8, 9]:

G = G0 +G1eiωt (3.5)

where G0 represents the constant part of photogeneration rate, G1 is the amplitude of the mod-
ulated part, and ω is the modulation frequency of the excitation intensity.

This modulation of the photogeneration rate further leads to a variation of the carrier con-
centration as a function of time (see Figure 3.4), and ultimately a modulation of the emitted
photoluminescence. The equation for the variation of the carrier concentration is given by:

∆n = ∆n0 +∆n1eiωt (3.6)

Where the ∆n0 and ∆n1 are the amplitude of the constant and the modulated parts of charge
carrier concentration. It is worth mentioning that the equation for the modulated photolumi-
nescence take the same form, as the photoluminescence emission rate is strongly related to the
carrier concentration in the material, given by the definition of radiative recombination.

From the definition, the variation of charge carrier concentration in a semiconductor allows
the determination of the minority carrier lifetime. A general equation for determining the life-
time of charge carriers is given by:

τ =
∆n(t)

G(t)− d(∆n(t))
dt

(3.7)
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due to the fact that they measure carrier lifetime directly from the decay of excess carrier den-
sity rather than to implicitly infer lifetime from measured steady-state amplitudes.

However, several artifacts of the dynamic techniques have been addressed in the past. In the
1990s, Brendel, Aberle, and Schmidt identified a difference between the steady-state (actual)
injection-dependent lifetime τss and the so-called differential injection-dependent lifetime τdi f

obtained from light-biased differential photoconductance decay measurement [10–12]. This
mismatch between the differential and actual lifetime is, according to Giesecke et al [13], due
to the fact that differential lifetime relates a change of generation rate to a change of excess
carrier concentration. Generally, in (quasi) steady-state lifetime measurements, the investigated
sample has a constant carrier concentration (∆n0) under a constant carrier generation rate (G0).
The minority carrier lifetime is simply given by:

τss =
∆n0

G0
(3.11)

In a dynamic measurement technique, however, the decay of carrier density ∆n(t → ∞) due to
light bias has to be taken into account. Supposing that the measurement is conducted in a very
short time frame (∆t → 0). The carrier generation rates at time t and t +∆t are G0 and εG0
respectively, with a light bias parameter 0 < ε < 1. Similarly, the carrier concentrations at t

and t +∆t are ∆n0 and ∆n(t → ∞). The carrier lifetime is given by:

τdif =
∆n0 −∆n(t → ∞)

(1− ε)G0
(3.12)

This form reveals the differential nature of τdif, which is a change of excess carrier density per
change of generation rate. As carrier lifetime varies depending on injection level dτ/d∆n ̸= 0,
the relative change of excess carrier density cannot equal the relative change of generation rate,
leading to the difference between differential and actual lifetime.

Due to the nature of differential measurements, it was concluded that integration of mea-
surements throughout the entire injection range was essential in order to obtain actual lifetime
from different lifetimes [10]. However, such measurements are time-consuming and addition-
ally complicated by the limitation at G → 0 due to the sensitivity limit of the instruments.
In 2013, Giesecke et al has revealed a relationship between the differential and actual carrier
lifetime [13], given by:

τss,i(Gi) = τdif,i(Gi)

(

1−Gi
dτ

d∆n

)

(3.13)

By applying this equation, the actual carrier lifetime can be correctly determined from a
combination of at least two measurements of τdif(G) to be conducted at adjacent generation
rates.
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4.2. IN-SITU STUDY OF PLASMA EFFECTS ON SURFACE PASSIVATION

4.2.1 Experiments

High quality double-side polished 4 inches n-type ⟨100⟩ FZ c-Si wafers with a resistivity of
approximately 3 Ω.cm and a thickness of about 280 µm were used as substrates in the experi-
ments. Prior to deposition of the passivation layers (Al2O3 or a-Si:H), all wafers were subjected
to a short (≈ 30 seconds) wet chemical cleaning in a 5% hydrofluoric acid (HF) solution in or-
der to remove the native oxide layer. Then the wafers were transferred quickly to different
reactors for deposition of the passivation layers with a thickness of about 9 nm on both sides of
the substrate to form a symmetrical passivation structure. For one group of samples, a thermal
ALD reactor (model R200) from Picosun was used to grow the Al2O3 layers. The growth pro-
cess was performed at 150◦C, during which the gas precursors were alternatively introduced
to the chamber. Here, trimethylaluminium (Al(CH3)3) was used as the metal precursor, while
water vapor was used as the oxidant. For another group of the sample, the a-Si:H layers were
grown by the PECVD process in an OCTOPUS reactor from INDEOTEC. This deposition pro-
cess was conducted at 200◦C, and a mixture of silane and hydrogen gases was used as the gas
precursor.

After deposition of the passivation layer, the samples were transferred to the PLASMAT
reactor, where they were exposed to a 13.56 MHz RF capacitively coupled Ar/H2 plasma. It
is important to mention that in order to decouple the influences of plasma from the photolu-
minescence quenching effect and any other interferences induced by the diffusion of atomic
hydrogen originating in the passivation layers (Al2O3 or a-Si:H), the first set of experiments
was performed at room temperature (RT). The baseline plasma conditions are summarized in
the table 4.1.

Table 4.1 – Baseline plasma conditions during the plasma exposure experiments.

Parameters Value

Pressure 0.3 Torr

RF power 15 W

Ar/H2 flow rates 10/10 sccm

Substrate temperature RT

Inter-electrode distance 25 mm

RF voltage (VRF) 221 V

Self-bias voltage (Vbias) – 41 V

Plasma potential Vp =
1
2(VRF +Vbias) 90 V

During these plasma exposure experiments, the samples are placed on the grounded elec-
trode of the PLASMAT reactor, as indicated in Figure 4.5. Its front surface is exposed to the
Ar/H2 plasma, while the photo-excitation (λlaser = 785 nm @ 20 mW) and collection of the PL
signal (λPL,Si = 1130 nm) are simultaneously conducted at the rear surface. An ex-situ charac-
terization tool (Sinton WCT-120) is also used to check the minority carrier lifetime of samples
before and after the plasma exposure.
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c-Si and therefore induce the negative fixed charges. One may expect that the fixed charges in
c-Si/Al2O3 structure have the same origin. The extrinsic point defects (e.g. hydrogen inter-
stitials, etc.) have also been considered as non-negligible sources of negative fixed charges in
Al2O3 layers. Peacock and Robertson have claimed that the interstitial hydrogen is stable in all
three charge states (H+, H0, and H–) depending on the structure of materials they are located
[34]. They proposed that in the c-Si/Al2O3 structure, a neutral interstitial hydrogen (H0) tends
to accept an electron from c-Si and changes its charge state to a negative one (H–).

Mechanisms behind plasma-induced degradation

For both passivation materials, one can expect that there is a strong relationship between the
chemical bonds at the interface and the quality of surface passivation. This brings us to an
assumption that the degradation of c-Si surface passivation during the plasma exposure is a
result of deterioration of these interfacial chemical bonds. It is possible that the high energy
photons (VUV light) emitted from plasma penetrate into the passivation layer and damage the
chemical bonds at the interface, which leads to the generation of defects and thus increases the
SRH recombination of charge carriers. The difference in terms of degradation rate between
samples coated with Al2O3 and those coated with a-Si:H is probably related to the type of
chemical bonds at the interface. For samples passivated by a-Si:H film, the c-Si/a-Si:H interface
is filled with the Si–Si and Si–H bonds. Due to a strong disorder in the a-Si:H network, most
of these interfacial bonds are delicate and can be quickly broken by the plasma emission. On
the contrary, the c-Si/Al2O3 interface contains stronger chemical bonds including the Si–O
bonds, making the interface a bit more enduring to the high energy photons from plasma.
This assumption also explains the results obtained during the plasma exposure experiment on
samples covered by a Corning glass. As the c-Si/a-Si:H interface contains a large amount
of weak bonds, the degradation of surface passivation occurs even under the exposure to low
energy UV light. The Al2O3-passivated samples did not degrade in these experiments due to
the fact that its interface contains strong chemical bonds that requires high energy photons to
break.

Explanation of the activation of passivation properties of Al2O3 under plasma exposure

Looking back into the first set of experiments, one can see that the Al2O3-passivated sample
behaves differently from the a-Si:H-passivated sample. Its surface passivation abruptly im-
proves just after plasma ignition, then it slowly degrades throughout the rest of the plasma
exposure experiment. To understand the mechanism behind this complex surface modification,
it is important to remind that our Al2O3 passivation layers were grown at 150◦C. Therefore, the
as-deposited Al2O3 layer probably contains a considerable amount of oxygen and hydrogen in
form of hydroxyl radicals (Al–OH). It is possible that this Al–OH structure gets broken rapidly
by the high energy photons (VUV light) emitted from plasma, providing an oxygen dangling
bond and a hydrogen interstitial (or an oxygen and a hydrogen interstitials). As mentioned
in the previous section, these intrinsic and extrinsic point defects are the origin of the nega-
tive electrostatic charges in the Al2O3 film. Therefore, the break of Al–OH structure increases
the negative charge density in the as-deposited Al2O3 film, leading to an enhancement of the
field-effect as well as the overall surface passivation of the sample (increase of the PL signal).
It is important to mention that the VUV light from plasma can break not only the hydroxyl
radicals in the Al2O3 structure but also other chemical bonds (e.g. Si–O, Si–H, etc.) at the
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energy gap of about 7 eV; therefore, its photo-absorption property is less pronounced compared
to the absorption properties of a-Si:H layer. It is also important to note that the a-Si:H passi-
vation layer absorbs not only the high energy photons from plasma but also the photon in the
visible range. Therefore, an optimal thickness should be determined in order to mitigate the
plasma detrimental effect while keeping the parasitic absorption of the a-Si:H layer as low as
possible.

4.2.6 Effect of RF power & pressure

Because the plasma-induced degradation of surface passivation is caused by the plasma emis-
sion (mainly the VUV light), which is strongly dependent on the density and energy of free
electrons in the plasma, the variation of chamber pressure and applied RF power may allow the
diminution of the plasma detrimental effects. Here, the samples were exposed at room temper-
ature to Ar/H2 plasma at various chamber pressure (3 Torr – 0.3 Torr) as well as at different
applied RF power (25 W – 2 W ). The details parameters of the plasma conditions are shown in
table 4.2.

Table 4.2 – Plasma conditions during the study of the influence of chamber pressure and applied
RF power on the plasma-induced surface passivation modification.

Paramaters Pressure variation RF power variation

Pressure 0.3 – 3 Torr 0.3 Torr

RF power 15 W 2 – 25 W

Ar/H2 flow rates 10/10 sccm

Substrate temperature RT

Inter-electrode distance 25 mm

Figure 4.15.a shows the PL signals emitted from samples passivated by Al2O3 (≈ 9 nm)
during the plasma exposure at different chamber pressure at room temperature. One can see that
the degradation of the PL signals becomes slower when the chamber pressure is decreased. This
result suggests that the degradation of surface passivation induced by plasma can be attenuated
by lowering the chamber pressure. This pressure dependence behavior is probably related to
the variation of plasma emission with the chamber pressure. To find out, the emission of plasma
at various pressure were detected, and they are shown in Figure 4.15.b. One can see that, in the
pressure range between 3 Torr and 0.3 Torr, the plasma emission decreases with the decrease
of chamber pressure. That is the reason why the degradation of surface passivation is low under
the plasma exposure at low pressure.

The same was observed during the plasma exposure experiment at different applied RF
power: the lower the RF power is, the slower the degradation of surface passivation (see Fig-
ure 4.15.c). Here, one can understand that by reducing the applied RF power, the plasma
emission becomes less intense (see Figure 4.15.d) due to the fact that free electrons in plasma
have less energy. It is worth mentioning that this behavior is hardly observed on samples pas-
sivated by 9 nm of a-Si:H because the degradation of such samples is too quick to observe the
difference between each condition.
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Summary

In this chapter, the configuration and the operation modes of in-situ SSPL have been presented.
The tool has been used to characterize the evolution of surface passivation of c-Si wafer under
plasma exposure at various conditions. The experimental results show that:

• Despite having the same thickness of passivation layers, the Al2O3-passivated sample
and a-Si:H-passivated sample behave differently under the same plasma conditions. The
surface passivation of a-Si:H-passivated sample rapidly degraded as the plasma was ig-
nited. In contrast, the surface passivation of Al2O3-passivated sample was enhanced just
after the plasma ignition before it slowly degraded as a function of plasma exposure time.

• Among three proposed hypotheses, plasma emission (VUV light) is very likely to be the
main root cause of plasma-induced modification of surface passivation during the plasma
exposure. This hypothesis was confirmed by a plasma exposure experiment through
MgF2 optical window.

• Under plasma exposure, the improvement of surface passivation provided by Al2O3 layer
can only be observed on as-deposited sample. Based on the analysis, this improvement
can be a result of the dissociation of hydroxyl (Al–OH) radical in Al2O3 layer, which
leads to an increase of fixed charge density in the layer and ultimately enhancement of
field-effect passivation.

• Surface passivation provided by a-Si:H film is more vulnerable to UV light than the
passivation provided by Al2O3. It has been observed that, under an exposure to photons
with energy less than 4.42 eV, the a-Si:H-passivated sample degraded, while the Al2O3-
passivated sample did not.

• The plasma-induced degradation of surface passivation can be altered by modifying the
applied RF power and/or the chamber pressure. The lower the applied RF power is the
slower the plasma-induced degradation. The same holds true for the chamber pressure.

• Increasing substrate temperature also slowed down the degradation of surface passivation
of the sample under plasma exposure. This probably results from diffusion of atomic
hydrogen to passivate the dangling bonds, compensating the deterioration of surface pas-
sivation caused by plasma emission.

• The deterioration of surface passivation caused by plasma exposure can recover by an-
nealing the sample at temperature higher than 150◦C.
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Table 5.1 – Summary of experimental results on the optimization of parameters of detection
system. YES means that the phase value measured at this combination is the same as the
reference signal. NO means otherwise.

P
P
P
P
P
P
P
P
P

ITF
TC

10ms 30ms 100ms 300ms 1s

2 NO NO NO NO NO

4 NO NO NO NO NO

6 NO NO NO NO YES

8 NO NO YES YES YES

10 NO NO YES YES YES

to 8. With these new parameters, the system requires approximately 3.7 seconds to detect one
minority carrier lifetime, which is about 8.5 times faster than the time required with previous
reference parameters.

5.3 Determination of minority carrier lifetime at a specific
carrier density

For crystalline silicon, the minority carrier lifetime varies significantly, depending on the con-
centration of charge carriers. Therefore, it is very common to find in literature the minority car-
rier lifetime of a passivated c-Si sample mentioned at a specific minority carrier density (e.g.
1015cm−3) [4–6]. Regarding the MPL characterization technique, to the best of our knowl-
edge, it has been developed and is able to measure minority carrier lifetime of c-Si samples,
but not yet the minority carrier lifetime of the sample at a defined minority carrier density. This
missing feature strongly limits the application of the MPL technique because the comparison
between two different samples or one sample at different points in the fabrication processes can
be hardly done (It is very difficult to measure minority carrier lifetimes of the samples at the
same specific minority carrier density).

To overcome this hurdle, a characterization method (so-called LiTe) was developed to de-
termine the minority carrier lifetime of the sample at a defined minority carrier density from a
series of several MPL measurements at different average excitation intensities Ii (i ∈ [1,n] that
n > 1). The detailed work flow of this characterization method is illustrated in Figure 5.13,
and it proceeds as following:

• Step 1: illuminate the sample with an average excitation intensity Ii. From this average
excitation intensity, the average carrier generation rate in the sample can be estimated by
presuming that one photon leads to a generation of one electron-hole pair.

• Step 2: measure the phase shift between the laser excitation signal and the modulated
PL signal. It is worth mentioning that at each average excitation intensity Ii, the laser is
modulated at different modulation frequencies ω j ( j ∈ [1,m] that m > 1). The phase shift
corresponding to each modulation frequency is measured in this step.
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• Step 3: calculate the minority carrier lifetime of the sample under illumination Ii. From
the modulation frequencies and the corresponding phase shifts measured in step 2, the
minority carrier lifetime can be obtained by fitting the equation φ = −arctan(ωτ). It is
important to note that the phase shifts (raw data) obtained in step 2 have to be calibrated
prior to the carrier lifetime calculation.

• Step 4: determine the minority carrier density under illumination Ii. Thanks to the carrier
generation rate from step 1 and the minority carrier lifetime from step 3, the minority
carrier density is given by ∆ni = Gi × τi.

• Step 5: modify the average excitation intensity and repeat step 1 to step 4. As the carrier
generation rate is directly proportional to the laser excitation intensity, this will allow the
measurement of the minority carrier lifetime of the sample at different minority carrier
density value (see Figure 5.15, unfilled black squares).

• Step 6: determine the actual minority carrier lifetime from the differential carrier life-
time. Knowing that the as-measured carrier lifetimes given by the MPL technique are
the differential ones, the lifetime calibration method that will be described in section 5.5
is used to correct the as-measured carrier lifetime data (see Figure 5.15, unfilled red
circles).

• Step 7: re-determine the minority carrier density. From the corrected minority car-
rier lifetime data in step 6, the minority carrier density in the sample is re-determined
∆ni, corrected = Gi × τi,corrected .

• Step 8: determine the minority carrier lifetime of the sample at a defined carrier density.
From the corrected minority lifetimes in step 6 and the corresponding carrier densities
in step 7, the minority carrier lifetime at a defined carrier density can be determined by
interpolation/extrapolation.

By implementing the LiTe technique, a minority carrier lifetime at a specific minority carrier
density can be determined. The in-situ measurement of the specific minority carrier lifetime of
c-Si samples during various processes can be achieved by repeating over time this characteri-
zation method from step 1 to step 8.

5.4 Development of graphic user interface

In the previous section, we have seen that the variation of average excitation intensity Ii and
the variation of modulation frequency ω j are required for characterization of minority carrier
lifetime at a specific minority carrier density. In addition, the LiTe technique has to be repeated
over time during the in-situ study of materials. This can be cumbersome, if the system has to be
operated manually. Therefore, a LabView-based graphic user interface (see Figure 5.14) was
built to control all the parameters of the system. This allows the measurements to be conducted
automatically during the processes. Furthermore, a time delay can be added between each LiTe
cycle if required.

This graphic user interface is divided into three main sections, which are used to control
all the parameters of the excitation system, the detection system, and the in-situ measurement
process. In the first section (blue box), the interface allows the user to control the excitation
system. One can configure the average laser intensity, the shape of modulation signal (sinusoid,
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triangle, or square), the modulation frequency, the modulation depth, etc. The second section
(yellow box) allows us to control the parameters of detection system, including the time con-
stant 1, the attenuation slope, the sensitivity range, the input coupling, etc. Furthermore, on can
also modify the reference signal for the measurement of phase shift of modulated PL signal.
Last but not least, the third section deals with the in-situ measurement process (automation of
the system). It allows the user to configure the main parameters of the LiTe technique, a range
of modulation frequencies and a range of laser diode currents (average laser intensities) that
will be used during the in-situ measurements. Also one can set a time delay, commanding the
detection system to pause a few seconds after the modification of laser diode current. This
allows the laser optical output to be stable before starting to detect the phase shift of the signal.
Last but not least, one can set the coefficients of a polynomial equation, which is correspond-
ing to the system-induced phase delay, for phase shift calibration. It is worth mentioning that
another section of this graphic user interface allows the user to control the heating elements of
the PLASMAT reactor and record the substrate temperature throughout the measurement.

After the development of this graphic user interface, the system can be controlled in a much
efficient way, particularly the in-situ measurement process. In-situ MPL is now fully opera-
tional, and it has been used extensively to study the surface passivation of c-Si wafers during
various fabrication processes such as deposition of the passivation layer, thermal treatment
(annealing), and deposition of the anti-reflection coating.

5.5 Carrier lifetime correction

As mentioned in section 3.4.2, the minority carrier lifetime provided by modulated photolumi-
nescence technique, so-called differential carrier lifetime, has distinct characteristics compared
to the actual carrier lifetime provided by steady-state measurement techniques (e.g. steady-state
photoluminescence decay, etc.) [7–9]. Therefore, in the interest of comparison with other stan-
dard characterization tools (e.g. Sinton WCT-120, etc.), the minority carrier lifetime provided
by in-situ MPL should be calibrated.

According to a publication from Giesecke et al. in 2013 [10], the actual carrier lifetime
can be correctly determined from a combination of at least two differential carrier lifetimes,
measured at adjacent generation rates. The actual carrier lifetime (τi) is given by:

τi(Gi) = τm,i(Gi)

(

1−Gi
dτ

d∆n

∣

∣

∣

∣

∆ni

)

(5.5)

Where τm,i is the differential carrier lifetime, Gi is the carrier generation rate, and dτ/d∆n|∆ni

is the derivative of carrier lifetime with respect to minority carrier density. The value of τm,i

and Gi are directly measurable, while the value of dτ/d∆n|∆ni
is given by the two differential

carrier lifetimes that have been measured at adjacent generation rates.

Presuming a local linearity of carrier lifetime at the generation rate of interest (i.e. dτ/d∆n|∆ni

is locally constant), the two adjacent differential lifetime can be expressed:

τm2(∆n)≈ τm1 +(∆n2 −∆n1)
dτ

d∆n

∣

∣

∣

∣

∆n1

(5.6)

1Time constant is directly related to the cut-off frequency of the internal low-pass filter of the lock-in amplifier.

95





CHAPTER 5. IN-SITU MPL: FROM A QUALITATIVE TO A QUANTITATIVE TECHNIQUE

of this feature is the effect of trapping and detrapping of generated charge carriers at the defect
sites. At low injection level, the trapping and detrapping of charge carriers from defects can
strongly influence the photoconductance of the sample and thus the measured minority carrier
lifetime. However, the photoluminescence techniques are directly based on the radiative re-
combination of charge carriers, and therefore the trapping/detrapping of charge carriers from
defects have less influence on the measurement results [13].

It is important to note that all minority carrier lifetimes presented in the following sections
were corrected from differential lifetime to actual lifetime and determined at a minority carrier
density 1015 cm−3, except otherwise mentioned.

5.6 Carrier lifetime vs Temperature

In the photovoltaic community, minority carrier lifetime has been used extensively to represent
the properties of c-Si wafers, in particular the electrical properties of the wafer surface. For a
high quality c-Si wafer, the variation of minority carrier lifetime is commonly interpreted as
the improvement or degradation of surface passivation. However, it has been observed that the
modification of materials is not the only parameter, affecting minority carrier lifetime. For in-
stance, different minority carrier concentrations also lead to different values of minority carrier
lifetime, which is the reason why a specific carrier concentration is chosen as a reference point
when two minority carrier lifetimes are compared. Also, it has been reported that minority
carrier lifetime in c-Si wafers varies as a function of temperature [14–17]. This has been tenta-
tively explained by the change of thermal velocity of free carriers [18] as well as the variation
of capture cross section for electrons and holes [19]. This temperature-dependent feature of mi-
nority carrier lifetime imposes a great challenge for interpretation of minority carrier lifetime
profile, observed during the processes (in particular the processes that involve modification of
temperature in time). For example, the variation of minority carrier lifetime observed during
the experiments may result from the evolution of materials (bulk material and surface) or may
result from the variation of process temperature.

In order to deal with this complexity, an experiment was conducted to study the variation of
minority carrier lifetime of a c-Si sample as a function of temperature. In this experiment, a
high quality c-Si wafer (4 inches, n-type, ⟨100⟩, FZ, resistivity of about 1 Ω.cm) symmetrically
passivated by a stack of SiOx/pc-Si was used. Before the experiment, the minority carrier life-
time of the sample was checked by Sinton WCT-120. Of the full wafer sample, the minority
carrier lifetime is approximately 3.2 ms. However, after cleaving, the minority carrier life-
time of some samples (25×25 mm) decreased to approximately 1 ms. It is worth mentioning
that, provided by Fraunhofer ISE, the surface passivation properties provided by the SiOx/pc-
Si stack had been activated in a tube furnace process with plateau temperatures in the range
of 600◦C < Tanneal < 1000◦C. During the experiment, the sample was placed into the PLAS-
MAT reactor, filled with a mixture of argon and hydrogen to improve the thermal conductivity.
The substrate temperature was quickly brought up to 300◦C and then slowly brought back to
room temperature. The minority carrier lifetime of the sample was measured by in-situ MPL
throughout the entire process.

Figure 5.16 shows the evolution of minority carrier lifetime and the temperature profile,
obtained during the experiment. One can see that, as the substrate temperature increases from
room temperature to 300◦C, the minority carrier lifetime of the sample increases from approx-
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5.7 In-situ study of surface passivation during deposition of
passivation layers

In crystalline silicon solar cells, surface passivation layers play a major role in neutralizing the
surface dangling bonds, and thus diminishing the surface recombination of photo-generated
carriers. The surface passivation properties of each passivation layer are strongly influenced
by the process parameters used during deposition of the layer. For the first time after the
development, in-situ MPL was used to measure minority carrier lifetime of a c-Si wafer (one-
side passivated) during deposition of the second passivation layer.

5.7.1 Sample & experimental set-up

In this experiment, high quality double-side polished 4 inches n-type ⟨100⟩ FZ c-Si wafers with
a resistivity of approximately 3 Ω.cm and a thickness of about 280 µm were used as substrate.
In the preparation of the first passivation layer, the wafers were subjected to a 30-second wet
chemical cleaning in a 5% hydrofluoric acid solution in order to remove the native oxide layer.
Then they were quickly transferred to a PECVD reactor (ARCAM) for deposition of the first
passivation layer, a thin a-Si:H film (≈ 20 nm). This film was grown at 200◦C with a in-house
developed standard recipe to ensure good surface passivation properties. After having one
surface passivated, the wafers were cleaved into several 25×25 mm samples.

After the first passivation layer was prepared, the sample (25× 25 mm) was ready for de-
position of second passivation layer in the PLASMAT reactor. The plasma conditions used for
deposition of this second passivation layer are shown in table 5.2. It is important to mention
that, as the sample had been exposed to air for more than one hour before the second deposition,
the sample (one-side passivated) was re-dipped into the 5% hydrofluoric acid solution in order
to remove the native oxide layer once again. As soon as the sample was loaded in the reactor,
the in-situ characterization of minority carrier lifetime of the sample was initiated. In-situ MPL
kept measuring minority carrier lifetime of the sample throughout the process until the plasma
was turned off.

Table 5.2 – Plasma conditions used for deposition of a-Si:H film (second passivation layer) in
the PLASMAT reactor.

Process parameters Value

Pressure 1 Torr

RF power 2 W

H2/SiH4 flow rates 75/5 sccm

Substrate temperature 200◦C

Inter-electrode distance 23.5 mm

RF voltage (VRF) 84 V

Self-bias voltage (Vbias) – 19 V

Plasma potential Vp =
1
2(VRF +Vbias) 32.5 V
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the plasma emission, leading to an increase of unsaturated silicon atoms on the wafer surface.
As the deposition process continued, the formation of chemical bonds between the unsaturated
surface silicon atoms and the passivation material occurred. This led to an improvement of
chemical passivation of the sample and thus resulted in an increase of minority carrier lifetime.

After about 30 minutes, the improvement of minority carrier lifetime slowed down, and a
plateau appeared. This is due to the fact that the number of dangling bonds at the c-Si/a-Si:H
interface cannot be further decreased, as the plasma species (e.g. radical, atom, etc.) no longer
reached the interface. As soon as this plateau feature was observed, the plasma was turned
off to terminate the deposition. This point marked the optimal a-Si:H thickness that provides
the highest possible as-deposited surface passivation for c-Si wafer, at least for the deposition
recipe used in this experiment.

5.8 In-situ study of surface passivation during annealing

Annealing has been known to activate the surface passivation properties of various passivation
materials, such as Al2O3, a-Si:H, etc. However, different materials or even the same material
prepared with different processes and/or recipes require different annealing conditions (i.e.
chamber environment, temperature, and duration) to activate their passivation properties, so
the minority carrier lifetime of the sample can reach its optimal point. In this section, the in-
situ MPL study of the evolution of c-Si surface passivation provided by Al2O3 during annealing
at various conditions will be presented.

5.8.1 Sample & experimental set-up

High quality double-side polished 4 inches n-type (100) FZ c-Si wafers with a resistivity of
approximately 3 Ω.cm and a thickness of about 280 µm were used as substrates in this exper-
iment. The wafers were symmetrically passivated by a 6 nm of Al2O3 layer, synthesized by a
thermal ALD reactor (model R200) from Picosun. It is important to mention that prior to depo-
sition of the Al2O3 passivation layers, all wafers were subjected to a short (≈ 30 seconds) wet
chemical cleaning in a 5% hydrofluoric acid solution in order to remove the native oxide layer
and then transferred quickly to the ALD reactor. The Al2O3 growth process was performed at
150◦C, during which the gas precursors were alternatively introduced into the chamber. Here,
trimethylaluminium (Al(CH3)3) was used as a metal precursor, while water vapor was used
as an oxidant. After the passivation layer was deposited, the samples were transferred to the
PLASMAT reactor, where they would be annealed at different annealing conditions. For the
referencing purpose, the first sample was annealed at 350◦C for 30 minutes (baseline annealing
condition). Here, the reactor was filled with hydrogen gas (200 sccm of gas flow rate) at a
pressure of about 1 Torr. It should be mentioned that this baseline annealing condition was
developed by Lebreton [23] and shown to be an optimal annealing condition for Al2O3 passi-
vation layers grown at 150◦C. The other samples were annealed in the same environment, yet
at different temperatures and different time spans. Throughout the annealing processes, from
the moment the substrate temperature started to increase until it reached the set-point and then
returned back to the room temperature, the in-situ MPL was used to characterize in real time
the evolution of minority carrier lifetime of the sample.
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feature could be attributed to the formation of the commonly known thin oxide layer at the
interface between the c-Si wafer and the Al2O3 layer. Apparently, the formation of this thin
interfacial oxide layer is quite slow at 350◦C.

Finally, when the reactor started to cool down, an increase of minority carrier lifetime could
be observed. This feature appeared in all annealing cases, yet they exhibit different dynamic
behaviors. For the sample annealed at 350◦C for 30 minutes, a quick increase of minority carrier
lifetime occurred. This could be related to the thin oxide layer coupled with the reformation of
interfacial bonds that had been broken previously. A quick increase of minority carrier lifetime
was also observed in case the sample was annealed at 350◦C with less than one minute of
plateau. However, the level to which the minority carrier lifetime increases is lower than what
had been observed during annealing at 350◦C for 30 minutes. This is probably due to the fact
that the thin oxide layer had not been fully formed at the interface yet. In case the sample was
annealed at 250◦C, a steady increase of carrier appeared. Here, as the substrate temperature
was kept below 300◦C, it is very unlikely that the oxide layer was formed at the interface.
Therefore, this steady increase of carrier lifetime is more likely to result from the reformation
of interfacial chemical bonds and the diffusion of atomic hydrogen to passivate the remaining
dangling bonds.

Based on these experimental results, one can see that the surface passivation properties of
the Al2O3 grown by thermal ALD at 150◦C can be activated by the thermal treatment at 250◦C
for less than one minute. In this experiment, the obtained result is even more favorable that
the one obtained from the baseline annealing condition. It is worth mentioning that the in-situ
MPL has also been used to study the evolution of minority carrier lifetime during annealing
of the c-Si wafers symmetrically passivated with other passivation materials (e.g. a-Si:H, low
temperature SiOx/pc-Si, etc.) as well as the c-Si wafers with different types of epitaxy layer
(e.g. intrinsic epitaxy layer, boron-doped epitaxy layer, etc.).

5.9 In-situ study of surface passivation during deposition of
ARC layer

In order to attain high conversion efficiency, the crystalline silicon solar cell requires not
only the surface passivation layers to neutralize the surface dangling bonds but also the anti-
reflection coating coupled with the surface texture to minimize the number of photons reflected
from the surface. A thin layer of a-SiNx:H is commonly used as anti-reflection coating for
c-Si solar cell, as its reflective index can be varied in a wide range (1.8 – 3.2eV) by modify-
ing the film composition (in particular the nitrogen incorporation). This a-SiNx:H film also
acts as a capping layer, providing a good protection for the passivation layer. However, it has
been observed that the minority carrier lifetime of the sample degrades after depositing the a-
SiNx:H layer. In this section, the in-situ study of the evolution of minority carrier lifetime of
the Al2O3-passivated samples during deposition of a-SiNx:H layer was conducted.

5.9.1 Experimental set-up

In this experiment, high quality double-side polished c-Si wafers (n-type, FZ, ⟨100⟩, resistivity
of approximately 3 Ω.cm) symmetrically passivated by a 6 nm of Al2O3 grown by thermal
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ALD at 150◦C were used. It is worth mentioning that the methodologies used to prepare these
samples were identical to those described in section 5.8.1.

After finishing the preparation, the sample (as-deposited) was transferred to the PLASMAT
reactor for deposition of a-SiNx:H. First of all, the chamber was filled with precursor gases
(e.g. SiH4, NH3, and H2) that would be used for the deposition process. At this point, the in-
situ MPL measurement of minority carrier lifetime of the sample began. Then, a few minutes
after the chamber pressure stabilized at its set-point, the heating elements of the reactor were
powered to bring the substrate temperature up to 350◦C. The temperature was maintained at this
level for about 30 minutes to pre-anneal the sample (mimic the baseline annealing conditions).
After that, without decreasing the substrate temperature, the plasma was ignited and maintained
for about 10 minutes to deposit the a-SiNx:H layer. The detailed plasma condition is shown in
table 5.3. Finally, the plasma was turned off and the substrate temperature was set back to room
temperature. The in-situ MPL measurements were conducted until the substrate temperature
was approximately 50◦C.

Table 5.3 – Plasma conditions used for deposition of the a-SiNx:H anti-reflection layer.

Paramaters Value

Pressure 1 Torr

RF power 2 W

SiH4 flow rate 5 sccm

NH3 flow rate 30 sccm

H2 flow rate 75 sccm

Substrate temperature 350◦C

Inter-electrode distance 23.5 mm

RF voltage (VRF) 61.94 V

Self-bias voltage (Vbias) – 9 V

Plasma potential Vp =
1
2(VRF +Vbias) 26.47 V

Having seen that minority carrier lifetime of the sample behaved favorably during annealing
at 250◦C (annealing experiment), an additional deposition experiment was performed at this
temperature to see whether better results could be obtained. Besides the temperature, all of the
process parameters used in this second experiment are identical to those in the first experiment.
However, it is worth mentioning that the pre-annealing duration in the second experiment was
reduced from 30 minutes to less than one minute.

5.9.2 Results

Deposition of a-SiNx:H at 350◦C

Figure 5.23 shows the evolution of minority carrier lifetime of the sample during the deposition
of a-SiNx:H layer at 350◦C. In the pre-annealing section, one can see that the minority carrier
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Table 5.4 – Optical properties of the a-SiNx:H films, deposited during the experiments.

Film parameters
a-SiNx:H
(250◦C)

a-SiNx:H
(350◦C)

Thickness (nm) 137.42 135.09

Bandgap Eg (eV) 4.77 4.74

ε∞ 0.304 0.472

A 158.74 147.70

E0 11.06 10.30

C 10.86 7.24

When the plasma was ignited, a quick decrease of minority carrier lifetime was observed
in both cases. This is probably due to what is known as the plasma-induced degradation of
surface passivation (see section 4.2): the deterioration of interfacial chemical bonds caused by
the plasma emission, which led to an increase of interfacial defect density (SRH recombination
of charge carriers) and ultimately a decrease of minority carrier lifetime. Soon after the quick
decrease of carrier lifetime, a steady recovery of carrier lifetime appeared. This feature could
be related to the newly-deposited a-SiNx:H layer. During the deposition process, several mech-
anisms could occur, affecting the surface passivation of the sample. Firstly, the degradation of
interfacial chemical bonds caused by plasma (mentioned above). Secondly, the simultaneous
annealing effect as the process was conducted at high temperature (> 200 ◦C). At the beginning
of deposition process, the sample had only a thin AlxO3 layer, which make it vulnerable to the
plasma. However, as the deposition process continued, the newly-deposited a-SiNx:H became
thicker and somehow partly blocked the plasma VUV light from reaching the interface. At this
point, the annealing effect became dominant, leading to a steady recovery of minority carrier
lifetime. After the thickness of a-SiNx:H film reached a certain level, the plasma VUV photons
no longer reached the interface (no more degradation). In other words, only the simultaneous
annealing process affected the interface. This brought the minority carrier lifetime to roughly
its initial value and remained constant (plateau).

Finally, soon after the plasma was turned off and the reactor started to cool down, the mi-
nority carrier lifetime increased. It is probably due to the reformation of interfacial bonds (e.g.
Si–H, etc.) that led to a decrease of interfacial defect density. However, it can be observed that
the dynamic of increase of minority carrier lifetime in both cases (deposition at 350◦C and at
250◦C) is quite different. This may be related to the temperature of the process as well as the
number of dangling bonds remaining at the interfacial. Further study is required for a better
understanding of this feature.
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Summary

This chapter presents the development of in-situ MPL, from the design to a fully operational
characterization tool, as well as some interesting results obtained during the in-situ studies of
surface passivation of c-Si wafers during various processes. It has shown that:

• In-situ MPL was developed based on modulated photoluminescence technique, allowing
the characterization of minority carrier lifetime of the samples in real time during the
processes. Although in-situ MPL and in-situ PL have similar configuration, the substrate
holder and the optical system were redesigned to mitigate the problem of high carrier
concentration during the measurement and to improve the detection of modulated PL
signal. This new system also allows user to reconfigure the size and location of surface
area under investigation that can be useful for the study of homogeneity of the sample
surface.

• The parameters of the system have been studied and optimized. Regarding the excitation
laser, we found that the modification of modulation depth (more than 4%) has no influ-
ence on measurement results. However, the modification of average excitation intensity
varies the carrier concentration in the sample, leading to different minority carrier life-
time. Regarding the detection system, the time constant and the integration time factor
of lock-in amplifier have been optimized. With the new parameters, the system is now
able to measure one carrier lifetime in approximately 3.7 seconds.

• A characterization method, so-called LiTe, was developed to determine minority carrier
lifetime of the sample at a specific minority carrier density from a series of several MPL
measurements at different average excitation intensities.

• A LabView-based graphic user interface was also built. It allows user to effectively
control the in-situ MPL system, in particular the in-situ measurement process.

• The minority carrier lifetime provided by MPL technique (so-called differential lifetime)
has distinct characteristic compared to the minority carrier lifetime provided by the stan-
dard measurement technique (so-called actual lifetime). Therefore, an analytical model
is used to correct the carrier lifetime profile provided by in-situ MPL from differential to
actual lifetime.

• The minority carrier lifetime of c-Si wafer also varies with temperature, which imposed
a great challenge for in-situ study of materials. To deal with the problem, an empirical
model was also developed to convert the minority carrier lifetime measured at different
temperature to the minority carrier lifetime at one temperature (300K).

• In-situ MPL has been used to characterize the evolution of surface passivation of c-Si
wafer in real time during various processes, include deposition of passivation layers,
thermal treatment, and deposition of anti-reflection coating.

• The surface passivation properties provided by Al2O3 grown by thermal ALD at 150◦C
can be activated at approximately 250◦C. If the temperature further increases, a decline
of minority carrier lifetime occurs.

• Evolution of minority carrier lifetime could be related to the diffusion of atomic hydrogen
originating from the passivation layer. At 250◦C, the atomic hydrogen in the as-deposited
Al2O3 layer diffuses throughout the film and could possibly passivate the defects at the

112



CHAPTER 5. IN-SITU MPL: FROM A QUALITATIVE TO A QUANTITATIVE TECHNIQUE

c-Si/Al2O3 interface. However, as the temperature further increases, atomic hydrogen is
more likely to leave the film, leaving the dangling bonds unpassivated.

• Despite the fact that atomic hydrogen could leave the Al2O3 film, conducting the exper-
iment at 350◦C could lead to a formation of thin oxide layer (SiOx) at the c-Si/Al2O3
interface, which could possibly be the reason behind an increase of carrier lifetime when
the reactor started to cool down.
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CONCLUSION & PERSPECTIVES

In response to the need for a better understanding of the evolution of material properties dur-
ing the fabrication processes, my three-year doctoral studies have been focused mainly on the
development of in-situ characterization tools. In this thesis, three photoluminescence-based
in-situ characterization tool are presented.

In-situ SSPL, a unique characterization tool

In-situ SSPL is a unique characterization tool, which allows the study of semiconductor ma-
terials in real time during the processes. The tool employs a laser diode with a constant laser
intensity to excite the sample and simultaneously detects the steady-state PL intensity/spectra
emitted from the sample, which are directly connected to the properties of materials, e.g. sur-
face properties, etc.

The in-situ SSPL has been used to study the evolution of surface properties of crystalline
silicon, passivated by Al2O3 as well as a-Si:H, under the Ar/H2 plasma exposure at various
conditions. It has been shown that despite having the same thickness of passivation layers,
the Al2O3-passivated sample and a-Si:H-passivated sample behave differently under the same
plasma conditions. The surface passivation of a-Si:H-passivated sample rapidly degraded as
the plasma was ignited. In contrast, the surface passivation of Al2O3-passivated sample was
enhanced just after the plasma ignition before it slowly degraded as a function of plasma expo-
sure time. This difference lies on the fact that the strength of chemical bonds at the c-Si/a-Si:H
and c-Si/Al2O3 interfaces is different (the chemical bonds at the c-Si/a-Si:H interface are more
vulnerable). Based on the results obtained during the plasma exposure experiment through
MgF2 optical window, the main root cause of plasma-induced modification of surface passiva-
tion during the plasma exposure has been pinpointed to plasma emission (in particular the VUV
light), which is able to break chemical bonds at the interface between the crystalline wafer and
the passivation layer. It has also been observed that the improvement of surface passivation
provided by Al2O3 layer can only be found on as-deposited sample. Based on the analysis, this
improvement can be a result of the dissociation of hydroxyl (Al–OH) radical in Al2O3 layer,
which leads to an increase of fixed charge density in the layer and ultimately enhancement of
field-effect passivation. We have also learned that the plasma-induced degradation of surface
passivation can be altered by modifying the applied RF power and/or the chamber pressure.
The lower the applied RF power is the slower the plasma-induced degradation. The same holds
true for the chamber pressure. Moreover, the increase of substrate temperature also slowed
down the degradation of surface passivation of the sample under plasma exposure. This proba-
bly results from diffusion of atomic hydrogen to passivated the dangling bonds, compensating
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the deterioration of surface passivation caused by plasma emission. Last but not least, experi-
ment also showed that the deterioration of surface passivation caused by plasma exposure can
recover by annealing the sample at temperature higher than 150◦C.

The in-situ SSPL can be very useful for the study of material behaviors during the processes.
Also, it could be used to evaluate the properties of newly-introduced materials as well as the
new fabrication processes.

In-situ MPL, from a qualitative to a quantitative characteri-
zation tool

In-situ MPL has brought the real-time study of materials for photovoltaic application one step
further, as it allows the quantitative measurements of the minority carrier lifetime during the
processes. The tool uses an intensity-modulated laser for sample excitation, leading to a mod-
ulation of photoluminescence signal with certain phase shift, from which the minority carrier
lifetime can be determined.

In the development of in-situ MPL, it was observed that the modulated PL signal can hardly
be detected by the old system due to the use of a small optical fiber for collection of emit-
ted photons. On top of that, the samples were found to operate at high injection level (Auger
regime) rather than in the standard testing conditions for the solar cell during the measurement
due to a small (≈ 1 mm of diameter) excitation zone. These problems were tackled by design-
ing a new substrate holder and a new optical system. The new substrate holder incorporates
a large opening (≈ 10 mm of diameter) in the middle of the substrate, allowing to increase
the amount of modulated PL signal that can be detected by the system, while maintaining the
carrier concentration in the sample at low injection level (standard testing conditions). The
new optical system incorporates an off-axis parabolic mirror to maximize the collection of the
modulated PL signal. This new system also provides a flexibility for the user to reconfigure
the size and location (in the excitation zone) of the surface area under investigation. After the
system was built an experiment was conducted to measure the phase delay introduced by the
system, which is used for the phase shift calibration. The parameters of the in-situ MPL system
were also studied and optimized. Regarding the excitation system, it has been observed that
the modification of modulation depth (more than 4%) has no influence on measurement re-
sults. However, the modification of average excitation intensity varies the carrier concentration
in the sample, leading to different minority carrier lifetimes. Regarding the detection system,
the time constant and the integration time factor of the lock-in amplifier have been optimized.
With the new parameters, the system is now able to measure one carrier lifetime in approxi-
mately 3.7 seconds. In addition, a characterization method, so-called LiTe, was developed to
determine minority carrier lifetime of the sample at a specific minority carrier density from a
series of several MPL measurements at different average excitation intensities. A LabView-
based graphic user interface was also built. It allows the user to effectively control the in-situ
MPL system, in particular the in-situ measurement process. Furthermore, as the minority car-
rier lifetime provided by MPL technique (so-called differential carrier lifetime) has distinct
characteristic compared to the minority carrier lifetime provided by the standard measurement
technique (so-called actual carrier lifetime), an analytical model is used to correct the carrier
lifetime profile provided by in-situ MPL from differential to actual lifetime. Last but not least,
the minority carrier lifetime of c-Si wafer also varies with temperature, which imposed a great
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challenge for the in-situ study of materials. To deal with the problem, an empirical model was
also developed to convert the minority carrier lifetime measured at different temperature to the
minority carrier lifetime at one temperature (300K). This allows the comparison between mi-
nority carrier lifetimes measured at different temperatures during the processes to be done in a
more appropriate way.

After the development of in-situ MPL was finished, the tool has been used to character-
ize the evolution of minority carrier lifetime of passivated crystalline silicon wafers during
various processes. In the thermal treatment processes, it has been observed that the surface
passivation properties provided by Al2O3 grown by thermal ALD at 150◦C can be activated at
approximately 250◦C. If the temperature further increases, a decline of minority carrier life-
time occurs. This evolution of minority carrier lifetime could be related to the diffusion of
atomic hydrogen originating from the passivation layer. At 250◦C, the atomic hydrogen in the
as-deposited Al2O3 layer diffuses throughout the film and could possibly passivate the defects
at the c-Si/Al2O3 interface. However, as the temperature further increases, atomic hydrogen
is more likely to leave the film, leaving the dangling bonds unpassivated. Despite the fact that
atomic hydrogen could leave the Al2O3 film, the annealing at 350◦C (standard temperature)
could lead to a formation of thin oxide layer (SiOx) at the c-Si/Al2O3 interface, which could
possibly be the reason behind an increase of carrier lifetime when the reactor started to cool
down. Also, we have observed that maintaining the substrate temperature at around 250◦C dur-
ing the deposition of the anti-reflection coating also provides a higher minority carrier lifetime
compared to the deposition process at 350◦C.

The ability to measure minority carrier lifetimes of samples during the processes makes the
in-situ MPL an efficient characterization tool for not only the study of material behavior but
also the optimization of process conditions. After in-situ MPL was successfully developed
on an in-house made PECVD reactor (PLASMAT), the tool was transferred to a commercial
multi-chamber MVS cluster. This allows the in-situ study of c-Si wafer during deposition of
various thin-film semiconductors. It also serves as a model for the integration of in-situ MPL
into commercial process tools.

In-situ PLt, beyond the single-junction solar cell

As the tendency toward tandem solar cell is progressively growing, another in-situ characteri-
zation tool was built. In-situ PLt (in-situ photoluminescence for tandem solar cell) combines
the steady-state photoluminescence and the modulated photoluminescence, allowing the tool
to cover a wide variety of material properties. The optical acquisition system was particularly
designed with a longpass dichroic mirror to separate the photoluminescence signals from each
sub-cell. This allows the in-situ PLt to study in real time the properties of both sub-cells in-
dependently yet simultaneously. This concept has been validated by a measurement test with
a real tandem solar cell. As the measurement conducted by in-situ PLt requires no electrical
contact, the study of the properties of tandem solar cells can be done from the very first stage.
This can provide a better understanding on how the processes (e.g. deposition process, thermal
treatment, etc.) affect the properties of each sub-cell. Also, it allows the study of interaction of
both materials during certain fabrication processes.
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Perspectives & future work

Based on the experimental results presented so far, it can be seen that the in-situ photolumi-
nescence tools can provide plenty of interesting information regarding the electrical properties
of materials and how they evolve during the processes. In addition, due to its contactless na-
ture, the tool can be used to study the properties of solar cells from the very first step. These
in-situ photoluminescence tools can be coupled with other characterization techniques, such as
spectroscopic ellipsometry (SE) or Fourier transform infrared spectroscopy (FTIR) to further
access other properties of materials.

The spectroscopic ellipsometry is an optical technique, which can be used to access the
thickness and the optical properties (including the refractive index and extinction coefficient)
of thin-film materials. Therefore, the combination with in-situ photoluminescence tools can
be very practical for the study and optimization of materials for surface passivation and anti-
reflection coating.

The FTIR is another optical technique, which can be used to study the film compositions
(particularly the chemical bonds in the film) by analyzing the absorption of infrared radiation
passing through the sample. The wavelength of light absorbed by a particular molecule is a
function of the energy difference between the ground state and excited vibrational states. Thus
the wavelengths that are absorbed by the sample are characteristic of its molecular structure.
The combination between in-situ photoluminescence tools and FTIR will allow a profound
study of the influence of structural modification of for example passivation layer on the electri-
cal properties of the solar cells.

It should be mentioned that the coupling of in-situ photoluminescence tools with other op-
tical techniques will broaden the range of material properties the tool can cover, while main-
taining the contactless property that allows the study of solar cell precursors from the very first
step.
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the highest record efficiencies of tandem solar cell on c-Si are 28% for perovskite/c-Si tandem
solar cell [1] (OxfordPVTM) and 33.3% for III-V/c-Si tandem cell [2] (Fraunhofer Institute for
Solar Energy Systems-ISE). This proves the right direction toward high efficiency solar cell, yet
it is far beyond the theoretical limit (> 40%) of tandem solar cell on c-Si [3]. Therefore, a bet-
ter understanding of the material properties as well as the influence of each fabrication process
of both sub-cells is required for the cell optimization toward the highest possible conversion
efficiency.

A.2 Development of in-situ PLt

A.2.1 Introduction to in-situ PLt

In-situ PLt (in-situ photoluminescence for tandem cell) is a characterization tool, which allows
the measurement of electrical properties of tandem solar cells in real time during the process.
The tool combines two optical characterization techniques, the steady-state photoluminescence
(SSPL) and the modulated photoluminescence (MPL), allowing us to cover a wide variety of
material properties. As mentioned in chapter 3, the SSPL can be used to access the band en-
ergy of materials, the defect-induced energy levels, the defect density (qualitatively), etc. On
the other hand, the MPL can be employed to measure the minority carrier lifetime of semicon-
ductor.

Depending on the sample as well as the properties to be investigated, the in-situ PLt can
be arranged in three different configurations: in-situ PL/PL, in-situ MPL/MPL, and in-situ
MPL/PL. In this chapter, we will focus mainly on the in-situ MPL/PL configuration, which is
particularly designed for the in-situ study of tandem solar cells with c-Si wafer: measure the
minority carrier lifetime of the c-Si bottom cell and detect the PL intensity/spectrum of the top
cell.

It is worth mentioning that, thanks to a specifically designed optical system, the characteriza-
tion of both sub-cells can be performed simultaneously yet independently during the processes.

A.2.2 Tool configuration

Figure A.2 shows the schematic diagram of the in-situ PLt. The system incorporates two laser
sources (L1 and L2) with different wavelengths (λ1 and λ2), which are dedicated to excitation of
the top sub-cell (SC1) and the bottom sub-cell (SC2) of the tandem solar cell. Each laser source
was carefully chosen in such a way that its photon energy1 is larger than the band gap of the
corresponding sub-cell (Ephoton,1 > Eg,SC1 and Ephoton,2 > Eg,SC2), so the charge carriers can be
generated in the material. In addition, the photon energy of the second laser source is chosen
be smaller than the energy gap of the first sub-cell (Ephoton,2 < Eg,SC1), so it can pass through
the first sub-cell without getting absorbed. It is important to mention that the intensity of the
first laser is maintained constant throughout the measurement process, while the intensity of
the second laser is modulated at different frequencies.

1photon energy Ephoton = hc/λ
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B.4. TEST: IN-SITU MPL STUDY OF C-SI DURING THE POSITION OF PASSIVATION LAYER

B.4 Test: in-situ MPL study of c-Si during the position of
passivation layer

After the tool was calibrated, an experiment was conducted to test the system. The newly-
built in-situ MPL was used to measure the minority carrier lifetime of the sample during the
deposition of the passivation layer. In this experiment, a high quality c-Si wafer (n-type, ⟨100⟩,
FZ, 3 Ω.cm of resistivity, 280 µm of thickness) was used. This sample had been passivated on
one side by a 20 nm of a-Si:H, grown in a PECVD reactor (so-called ARCAM) at 200◦C.

Before loaded into the MVS reactor, the sample was subjected to a 30 seconds wet chemical
cleaning in a 5% hydrofluoric acid solution to remove the native oxide on the unpassivated
surface. After that, it was transferred quickly to the MVS cluster to avoid the reformation of
the oxide layer.

As soon as the sample was in the chamber, the in-situ measurement of minority carrier
lifetime was initiated. However, the deposition process (the plasma condition is shown in
table B.1) was started about 10 minutes after the sample was in its place to ensure a good
thermal stability in the chamber.

Table B.1 – Plasma conditions used for deposition of the a-Si:H passivation layer in the MVS
cluster tool.

Paramaters Value

Pressure 750 mTorr

RF power 5 W

H2/SiH4 flow rates 60/15 sccm

Substrate temperature 200◦C

Inter-electrode distance 20 mm

The obtained results, the evolution of minority carrier lifetime of the sample during the
deposition, is shown in Figure B.6. It is important to mention that these minority carrier
lifetimes is determined at one specific minority carrier density (∆n = 1015cm−3).

One can see that the minority carrier lifetime of the sample started to increase slightly since
the beginning. This is probably due to the fact that the substrate temperature starts to increase,
which may cause the formation of dimer bonds. Then a drop of minority carrier lifetime can be
observed when the plasma was ignited. This decrease of minority carrier lifetime is probably
caused by the plasma-induced degradation of surface passivation (For more details on plasma-
induced degradation of surface passivation, please refer to section 4.2 in chapter 4). Finally, as
the a-Si:H passivation layer started to grow, a progressive increase of minority carrier lifetime
of the sample can be observed.

Although this experiment is a small one, it shows that the new in-situ MPL on the MVS
cluster is now fully operational. This system allow us to study the properties of c-Si sample
during the processes in MVS reactor, and from this, more interesting results are expected. In
addition, this is a solid proof that the in-situ MPL can be transferred to commercial reactor or
other process tool.
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RÉSUMÉ

Au cours des dernières décennies, le rendement des cellules photovoltaïques a été considérable-
ment amélioré, atteignant presque la limite théorique de Shockley-Queisser. À ce stade, une
compréhension profonde des propriétés des matériaux et de leur évolution au cours des proces-
sus de fabrication des cellules solaires devient de plus en plus cruciale pour améliorer encore
l’efficacité de conversion des cellules. Pour cette raison, ma thèse a été axée sur le développe-
ment des outils de caractérisation in situ, qui permettent d’étudier les propriétés des matéri-
aux en temps réel pendant les processus délaboration et de traitement. Les outils qui ont été
développés font appel à une technique appelée photoluminescence (PL). Il s’agit d’un proces-
sus en deux étapes qui implique une photo-excitation pour générer des paires électron-trou dans
l’échantillon (matériaux semi-conducteurs), suivi d’une photoémission résultant de la recombi-
naison radiative des porteurs générés. Dans ce manuscrit, trois outils de caractérisation in situ
seront présentés.

Tout d’abord, la “in-situ SSPL” est un outil de caractérisation qui nous permet d’étudier
les propriétés des matériaux semi-conducteurs au cours des processus en mesurant directement
l’intensité du signal de photoluminescence émis par l’échantillon. Cet outil a été développé sur
la base de la technique de photoluminescence en régime stationnaire, dans laquelle l’échantillon
est excité par un laser à puissance constante. Après l’optimisation du système collection op-
tique, l’outil a été largement utilisé pour étudier l’évolution de la passivation de surface du
silicium cristallin, revêtu dune fine couche doxyde daluminium (Al2O3) déposé par ALD, et
dune couche de silicium amorphe hydrogéné (a-Si:H) déposé par PECVD, sous exposition au
plasma Ar/H2 dans différentes conditions de décharge. À partir de ces expériences, les dif-
férences de comportement entre l’échantillon passivé par Al2O3 et l’échantillon passivé par
a-Si:H, ont été observées et discutées. De plus, grâce aux expériences d’exposition au plasma
effectuées au travers de fenêtres optiques, telles que le fluorure de magnésium (MgF2) et le
verre Corning (CG), la cause première de la dégradation de la passivation de surface induite
par le plasma a été déterminée. Enfin, la relation entre la dynamique de la dégradation induite
par le plasma et les paramètres de la décharge (notamment puissance RF injectée et pression
de travail) a également été étudiée.

Pour aller encore plus loin, l’outil “in-situ MPL” a été construit pour mener une étude quan-
titative in-situ des propriétés des matériaux semi-conducteurs. Cet outil de caractérisation a
été développé sur la base d’une technique, appelée photoluminescence modulée (MPL), dans
laquelle un laser à intensité modulée est utilisé pour exciter l’échantillon, ce qui nous permet
de mesurer la durée de vie des porteurs minoritaires. Après la conceptualisation et la fabri-
cation d’un nouveau système de collection optique, l’étalonnage du système et l’optimisation
des paramètres MPL ont été réalisés. En outre, une méthode de caractérisation a été dévelop-
pée, de sorte que l’in-situ MPL est capable de déterminer la durée de vie des porteurs mi-
noritaires à une densité de porteurs souhaitée (par exemple, 1015 cm-3 pour une cellule solaire
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de silicium cristallin à mono-jonction, éclairée sous un soleil). Après de nombreux travaux,
l’outil est maintenant pleinement opérationnel et a été utilisé pour mesurer la durée de vie des
porteurs minoritaires de silicium cristallin au cours du dépôt de la couche de passivation a-
Si:H, du traitement thermique et du dépôt du revêtement antireflet en nitrure de silicium amor-
phe hydrogéné (a-SiNx:H). Il a été observé que la durée de vie des porteurs minoritaires de
l’échantillon variait fortement au cours des différents processus et diverses hypothèses ont été
proposées pour expliquer ces variations. Les résultats expérimentaux montrent également que
la température à laquelle les processus ont été conduits joue un rôle majeur dans l’activation et
la modification des propriétés de passivation de surface apportée par la couche d’Al2O3.

Enfin, comme la tendance aux cellules solaires tandem ne cesse de croître, un autre outil
de caractérisation in situ, appelé in-situ PLt (photoluminescence in situ pour cellule solaire
tandem) a été créé. Cet outil de caractérisation résulte d’une combinaison de techniques de
photoluminescence en régime stationnaire et de photoluminescence modulée. Le système op-
tique du dispositif nous permet d’étudier en temps réel les propriétés des deux sous-cellules de
la structure tandem, de manière indépendante et simultanée. L’in-situ PLt constitue un outil de
caractérisation potentiel pour la recherche sur les cellules solaires tandem à haut rendement.
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