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Abstract

Hydrogenated Aluminum Oxynitride (AlNxOy:H) is a versatile material for the surface
passivation of crystalline silicon (c-Si). The capability of having positive or negative fixed
charges makes AlNxOy:H a suitable material for surface passivation of both n-type and
p-type c-Si. Terbium (Tb) implemented in thin films is known for its potential for down-
shifting light. This work studies the electronic properties of the Tb-doped AlNxOy:H/c-
Si(p) interface. The studied samples’ layers were deposited by reactive direct current
(DC) sputtering with different hydrogen flows and then annealed.

Due to high leakage currents and high defect densities, the electronic properties of
the Tb-doped AlNxOy:H layers could not be analyzed conclusively using standard tech-
niques such as high-frequency capacitance-voltage (HF-CV) or quasi-steady-state photo-
conductance (QSSPC) measurements, respectively. As an alternative, the non-contact
Surface Photovoltage (SPV) characterization technique enabled a profound investigation
of the electronic features of the Tb-doped AlNxOy:H/c-Si (p) interface. Both modu-
lated SPV and transient SPV measurements are performed. The capabilities of the SPV
measurements make this technique unique and very effective in observing and measuring
critical passivation properties of the Tb-doped AlNxOy:H samples.

Particularly the transient SPV of the Tb-doped AlNxOy:H samples enabled the
observation of different optical transitions (band to band, band to defect, defect to band)
and carrier transport mechanisms between the Si surface and the Tb-doped AlNxOy:H.
The changes in relaxation times among Tb-doped AlNxOy:H samples are noticeable due
to spatial separation among defects (tunneling).

This study uses complementary measurements like X-ray reflectometry (XRR),
Photoluminescence (PL) and Fourier-transform infrared spectroscopy (FTIR) to obtain
valuable information about the AlNxOy:H layer and the AlNxOy:H/c-Si(p) interface that
validates the SPV results and observations. In the c-Si, through SPV, we observed strong
accumulation with passivation of boron acceptors and the generation of defects near the
interface. When the hydrogen flow was increased, the net negative charge in the Tb-
doped AlNxOy:H layer decreased, and the surface photovoltage signals associated with
defects increased. Transients SPV at higher hydrogen flows decayed faster, and hopping
transport via an exponential distribution of trap states in energy replaced trap-limited
relaxation of charge carriers separated in space.
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The particular conditions that these AlNxOy:H samples have, make transient SPV
spectroscopy a unique and reliable technique to observe the electronic properties of the
AlNxOy:H/c-Si(p) interface.
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Resumen

El oxinitruro de aluminio hidrogenado (AlNxOy:H) es un material versátil para la pasi-
vación superficial del silicio cristalino (c-Si). La capacidad de tener cargas fijas positivas
o negativas hace del AlNxOy:H un material adecuado para la pasivación superficial de
c-Si tanto de tipo n como de tipo p. El terbio (Tb) implementado en láminas delgadas
es conocido por su potencial para desviar la luz hacia abajo. En este trabajo se estudian
las propiedades electrónicas de la interfase (AlNxOy:H)/c-Si (p) dopada con Tb. Las ca-
pas de las muestras estudiadas fueron depositadas mediante sputtering reactivo DC con
diferentes flujos de hidrógeno y posteriormente recocidas.

Debido a las elevadas corrientes de fuga y a las altas densidades de defectos, las
propiedades electrónicas de las capas de AlNxOy:H dopadas con Tb no pudieron analizarse
de forma concluyente utilizando técnicas estándar como las medidas de capacitancia-
voltaje de alta frecuencia (HF-CV) o de fotoconductancia en estado cuasi estable (QSSPC),
respectivamente. Como alternativa, la técnica de caracterización de fotovoltaje superfi-
cial (SPV) sin contacto permitió investigar en profundidad las características electrónicas
de la interfaz AlNxOy:H/c-Si (p) dopada con Tb. Se realizan tanto medidas de SPV mod-
ulado como de SPV transitorio. Las capacidades de las medidas de SPV hacen que esta
técnica sea única y muy eficaz para observar y medir las propiedades críticas de pasivación
de las muestras de AlNxOy:H dopadas con Tb.

En particular, la SPV transitoria de las muestras de AlNxOy:H dopadas con Tb
permitió observar diferentes transiciones ópticas (banda a banda, banda a defecto, de-
fecto a banda) y mecanismos de transporte de portadores entre la superficie de Si y el
AlNxOy:H dopado con Tb. Los cambios en los tiempos de relajación entre las muestras de
AlNxOy:H dopadas con Tb son apreciables debido a la separación espacial entre defectos
(tunelización).

Este estudio utiliza medidas complementarias como XRR, PL y FTIR para obtener
información valiosa sobre la capa de AlNxOy:H y la interfase AlNxOy:H/c-Si (p) que valida
los resultados y observaciones del SPV.

En el c-Si, mediante SPV, observamos una fuerte acumulación con pasivación de
aceptores de boro y la generación de defectos cerca de la interfaz. Al aumentar los flujos
de hidrógeno, disminuyó la carga negativa neta en la capa de AlNxOy:H dopada con Tb, y
aumentaron las señales de fotovoltaje superficial asociadas a los defectos. Los transitorios
SPV a mayores flujos de hidrógeno decaían más rápidamente, y el transporte por saltos
a través de una distribución exponencial de estados trampa en energía sustituía a la
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relajación limitada por trampas de portadores de carga separados en el espacio.
Las condiciones particulares que presentan estas muestras de AlNxOy:H hacen de

la espectroscopia SPV transitoria una técnica única y fiable para observar las propiedades
electrónicas de la interfase AlNxOy:H/c-Si(p).
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Chapter 1

Introduction

1.1 Improving Silicon Solar Cell efficiencies

Renewable energy sources are inexhaustible and follow natural cycles, unlike conventional
energy sources such as coal, gas, oil, or nuclear energy. This makes them the key to
creating a sustainable energy system that allows local development for future generations.
Because it does not emit greenhouse gases during its production, renewable energy is an
essential ally in mitigating society’s impact on the environment.

The need for new clean energy sources makes photovoltaic energy one of the most
promising energy sources for the future. Efficiency improvement is one of the significant
challenges in photovoltaics [1]. Silicon is still the most used material for photovoltaic
cell construction (around 85% of worldwide solar cell production) [2,3], and its efficiency
relies mainly on surface passivation [4–7]. Silicon solar cells are advantageous options
for solar cells that use just one semiconductor material due to the abundance of silicon,
well-developed technology, and efficient match of the silicon absorption spectrum with
the solar spectrum [8]. Surface passivation is composed of two processes achieved by a
deposition of a thin layer (dielectric material): the reduction of defects at the silicon
surface, known as chemical passivation, and the drift and separation of charge carriers in
the silicon due to the presence of fixed charges at the passivation layer close to its interface
with the silicon. This process is called field effect passivation. These two processes reduce
the rate of free charge recombination and improve the collection of free charges at the
respective contacts [4, 5] .

Depending on the type of doped silicon required to passivate, many materials are
available for each n-type or p-type of doped silicon as passivation material. In passivating
n-type silicon, the passivation layer should have fixed positive charges to repel holes and
attract electrons). In contrast, the passivation layer in p-type silicon should have fixed
negative charges to repel electrons and attract holes in the silicon. In this group of
passivation materials, there are silicon dioxide (SiO2) and silicon nitride (SiNx), well-
studied as n-type silicon passivation materials [9,10], aluminum oxide (AlOx) well studied
as p-type passivation material [11–13]. In contrast, a layer of aluminum nitride (AlN)
could passivate n and p-type silicon due to its ability to exhibit positive or negative fixed
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charges, depending on the deposition and post-treatment parameters [14,15].
In chemical passivation, the optimal materials are SiO2 or SiOx, which reduces the

defects or dangling bonds at the interface silicon / passivator layer [9]. Amorphous silicon
is another material that helps to passivate the defects efficiently at the crystalline silicon
(absorption layer). This technique used is the so-called HIT solar cell [2,8]. Nevertheless,
a good combination of field-effect and chemical passivation is required for efficient silicon
passivation. In that sense, AlN is one of the most promising and not thoroughly studied
materials as a passivation layer.

Silicon solar cells are close to the efficient limit. One possible way to overcome
this limit is by using downshift or down-conversion layers. These layers could be done
by adding a low dilution of Terbium atom to the passivation layer. The samples are
doped with Terbium and exhibit photoluminescence under a 325 nm laser. The optical
properties of these Tb-doped layers are well studied but the electronic properties of the
interface are not studied before. The electronic properties are well described in this study
and are the main subject of this thesis.

Other improvements using a Tb-doped AlNxOy:H passivation layer (not included
in this study) are antireflective coatings, antireflective textures, back contact arrange-
ments, and semiconductor heterojunctions [2] as well as concentrators [16].

1.2 Hydrogenated Aluminum Oxynitride (AlNxOy:H)
for surface passivation

Hydrogenated aluminum nitride (AlN:H) thin films have demonstrated high potential as
alternative anti-reflecting and passivating layers for crystalline silicon (c-Si) solar cells
[14, 17–20]. This potential is due to their relatively high negative fixed charge (of the
order of −1 × 1012 cm−2), suitable for p-type silicon, and low density of interface states
at the c-Si surface 5×1010 eV−1cm−2. Aluminum oxynitride (AlOxNy) has demonstrated
similarly suitable passivation properties [21]. It has been shown that sputtered AlOxNy

layers can also serve as a host material for adequate luminescent emission from rear
earth ions [22], bearing a high potential for optical down-conversion and downshift layer
systems [23]. Furthermore, rare-earth doping for downshifting and down-conversion in
other wide-bandgap semiconductor host materials was already shown and might increase
solar cell efficiency even above the Shockley-Queisser limit. This is due to the possible use
of parts of the solar spectrum that are commonly unavailable for silicon solar cells [24–26].
However, a reliable combination of the passivating properties of AlN:H and of AlOxNy

layers as hosts for luminescing rare-earth ions is still challenging. A practical reason can
be the hydrogen’s impact on the corresponding technological processes and the necessary
annealing temperatures ranging between 500 ◦C and 1000 ◦C to achieve the rare-earth
activation. The optical properties of AlN and AlNxOy are well-studied [20, 22, 23, 27–29]
but little is known about the electronic properties at the interface between these layers
and silicon.
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On one hand, hydrogen plays a vital role in numerous processes in semiconductor
technology, for example, for passivation of recombination active defects at silicon inter-
faces [6, 30, 31] or in amorphous silicon [32] or for the formation of macroscopic defects
after proton implantation for cutting silicon crystals [33]. In other host materials for
luminescing rare-earth ions, such as hydrogenated amorphous silicon carbide, hydrogen
enhances the optical bandgap of the host and reduces host-related luminescent centers,
thus improving the excitation probability of rare earth ions [34, 35]. Polycrystalline hy-
drogenated AlN also experiences a similar behavior, the optical bandgap is enhanced
through a reduction of Urbach tails, whilst the grain size is larger only for low hydro-
gen dilution conditions [20]. Hydrogen also passivates dopants in semiconductors and
surface states affecting their electronic behavior [36–40]. In addition, hydrogen plasma
treatment causes defect formation in bulk silicon and the formation of a disordered sur-
face region at prolonged treatment, as shown by in-situ photocurrent and ellipsometry
measurements [41].

Aiming towards developing a passivating layer functioning as a host for luminescing
rare-earth ions, we studied defects at/near the c-Si and terbium-doped AlNxOy:H inter-
face evolving during layer deposition and post-treatment. For this purpose, we applied
transient surface photovoltage (SPV) spectroscopy. In comparison to the application of
modulated or conventional SPV for studying surface passivation [15, 42], transient SPV
spectroscopy provides information about transition energies and the role of defects in
dynamic response [43,44]. Furthermore, transient SPV spectroscopy can be even applied
when other techniques such as high-frequency capacitance voltage and quasi steady-state
photoconductance are strongly limited by high leakage currents or short lifetimes caused
by high bulk or interface recombination rates [45, 46]. In contrast to the transient SPV
spectroscopy we applied in this work, the conventional large signal SPV with varied ap-
plied potentials (see [23] and references therein) cannot be applied for the study of surface
passivation for silicon surfaces covered with heavily charged layers.

Structurally, aluminum nitride (AlN) is a wide bandgap ceramic and semiconduc-
tor. AlN presents two crystalline systems (structures). The first is the cubic system
(metastable) or zinc blende structure (β-phase, a0 = 0.436 nm at 300K). The second is
the hexagonal system or also called wurtzite structure (α-phase, a0 = 0.498 nm at 300K)
which is the most stable crystal structure for this material [24–27]. The lattice constant
of the AlN makes this material suitable for a passivation layer over silicon.

1.3 Surface Photovoltage Spectroscopy

Surface Photovoltage (SPV) Spectroscopy is a well-studied contactless technique for semi-
conductor characterization. SPV signals emerge when photogenerated charge carriers
(electrons, holes) are spatially separated [51]. The fundamental processes of light ab-
sorption that cause mobile charge carriers photogeneration, charge carrier recombina-
tion, relaxation of a space charge disturbance and charge transport are crucial for SPV
signals. All phenomena related to those processes can be studied mainly by SPV tech-
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niques [22, 23].
The SPV technique uses illumination-induced changes in the surface potential.

During the last five decades, SPV has been used to obtain surface and bulk information
on numerous semiconductors. SPV gives meaningful information as:

• Surface potential and flat band potential at semiconductor surfaces.

• Oxide thickness, oxide integrity, oxide charge and plasma damage at oxides de-
posited on surfaces.

• Minority carrier lifetimes, diffusion lengths and doping densities in bulk parameter
[8, 22,23].

All this information and relevant parameters depend on the photon energy (light
wavelength) and the photon flux that induces the surface photovoltage (SPV) [8, 22,23].

A surface photovoltage (SPV) variant, surface photovoltage spectroscopy (SPS),
is a technique where the SPV signal changes are monitored as a function of the pho-
ton energy. The wavelengths range from below to above the bandgap spectral regions.
Significant results that surface photovoltage spectroscopy (SPS) can obtain are the de-
termination of energy gaps, density of states related features, electronic transitions at
defect states, and band tails in semiconductors. For the development of this thesis, two
main SPV techniques are used: the modulated SPV and the transient SPV. Both SPV
techniques use a capacitor arrangement with the sample for its measurement. Modulated
SPV has a better sensitivity, while transient SPV can measure several orders of magni-
tude in time (tens of nanoseconds to hundreds of seconds) for SPV processes observations
in time (transitions, relaxation, and transport). More information about these two tech-
niques is in the following chapters and [51]. Deeper details about the SPV fundamentals
are in [22,23,29].
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Chapter 2

Fundamental Theory

2.1 Surface Passivation on c-Si

Since silicon technology can produce ultra-high purity c-Si wafers, the primary source
of solar cell efficiency losses comes from the c-Si surface [4, 5, 11, 55]. In order to reduce
surface recombination losses, an insulator layer is placed on top of the c-Si surface. This
passivation layer can contribute to two types of passivation mechanisms. One type is
chemical passivation, and the second is field-effect passivation. Passivation aims to reduce
the recombination of electrons and holes produced by illumination.

The field effect passivation separates the electron and holes due to an electric
field originated by a distribution of positive or negative fixed charges presented at the
passivation layer [56,57].

The chemical passivation reduces the number of defects or dangling bonds that
appear at the c-Si bulk’s surface. Dangling bonds are centers of recombination where
electrons or holes are trapped and facilitate the recombination with the opposite mobile
charge carriers [4, 5, 58]. To reduce recombination losses, silicon dangling bonds at the
surface are bonded to the atoms of the passivation layer.
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Figure 2.1: Depiction of field effect passivation (separation of charge carriers by an electric
field). Holes are attracted by negative charges and the electrons are repelled.
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Figure 2.1 shows the field effect passivation of a n-type c-Si. Fixed positive charges
at the passivation layer attract electrons and repel holes separating them, reducing the
possibilities of recombination of charge carriers.

SiSi Si Si Si Si Si Si SiSi Si Si Si Si

Si Si Si Si Si Si Si

Si Si Si

H

Si

O OOO

O O

O
OSi Si

Pb0

Pb1

Pb0

SiO2

Silicon (100)

Figure 2.2: Depiction of chemical passivation (bonding of defects by passivation layer
atoms or hydrogen atoms). Pb0 refers to dangling bonds from a silicon atom connected to
other silicon atoms. Pb1 refers to dangling bonds from a silicon atom connected to silicon
atoms and an oxygen atom.

Figure 2.2 shows the chemical passivation of a silicon surface by the bonding of
Si dangling bonds with atoms of the passivation layer. This effect reduces the number
of possible centers of recombination (dangling bonds), increasing the efficiency of the
photovoltaic cell.

During surface recombination, electrons in the conduction band recombine with
holes in the valence band at a defect level (surface state) within the bandgap. The
Shockley Read-Hall (SRH) theory describes the process mathematically [59].

Figure 2.3: Electron and hole density below the Si surface for (a) p-type and (b) n-
type Si under influence of a negative fixed surface charge of Qf = 2 × 1012 cm−2; (c)
band bending under influence of Qf Data simulated by PC1D for 2× cm wafers under
illumination in [60].
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Figure 2.3 shows how a fixed negative interface charge Qf = 2 × 1012 cm−2 (in
units of elementary charge) affects electron and hole densities near the surface of p-type
and n-type silicon. The p-type Si exhibits accumulation condition at the surface due to a
higher majority carrier density, whereas the n-type Si surface is inverted (Figure 2.3 (b)).
Both cases are expected to exhibit a decrease in recombination due to a strong reduction
in ns. In inversion conditions, electrons and holes are equally separated from the interface.
An enhancement of recombination in the subsurface is expected when bulk defects are
present. Figure 2.3 (c) shows the band bending due to charge at the surface. With ns
strongly reduced, recombination can be expected to decrease in both cases. When the
electrons and holes are inverted, the density becomes equal a distance away from the
interface. Bulk defects can enhance recombination in the subsurface as a result of this
phenomenon.

In this work, the analysis of passivation processes is studied under the scope of
surface photovoltage (SPV) techniques where other conventional methods like high fre-
quency capacitance-voltage (HF-CV) and quasi steady-state photoconductance (QSSPC)
methods are not able to give conclusive information. Further information is developed
in [4, 5, 56].

2.2 Surface Photovoltage (SPV)

2.2.1 Introduction

The fundamental principle of SPV signal generation is the separation of photogenerated
charge carriers in space. A SPV signal depends on the processes of photogeneration of
mobile charge carriers, recombination of charge carriers, charge transport, and relaxation
of a disturbance of a space charge caused by light absorption. In photoactive materi-
als, SPV techniques are generally applicable to investigate phenomena related to those
fundamental processes.

A brief overview of photogeneration and recombination mechanisms is presented
to understand the basis of surface photovoltage phenomena. The relaxation of a distur-
bance of a space charge by dielectric relaxation and by transport over a barrier is briefly
explained for the transient SPV measurements. The SPV is defined as the negative charge
of CPD due to illumination. For more extended information on the fundamentals, [51,52]
present a complete SPV theory.

2.2.2 Light Absorption and Recombination Processes

In the course of light absorption, the energy of a photon (hν) is converted into an increase
of the energy of an electron (Ee). During the absorption event, the photon (γ) disappears.
In photovoltaics and photocatalysis, light absorption is related to photon absorption from
the sun. Sun photons have energies from the near-infrared (0.4–0.5 eV) to the ultraviolet
(UV) range (4–5 eV).
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During an absorption event, an electron is excited from an occupied into an unoc-
cupied state at higher energy. Electronic states are occupied or unoccupied if their energy
is below or above the Fermi energy (EF ), respectively. Photoactive materials are distin-
guished by their distributions of occupied and unoccupied states. Due to the overlap of
wave functions, electronic states form extended states or bands at high densities. Charge
carriers are mobile (or free) in extended states and not mobile (or trapped) in localized
states. Absorption resulting in the excitation of charge carriers from states where they
are not mobile into states where they are mobile is called photogeneration of free or mo-
bile charge carriers. In solar cells, photogenerated electrons (e−) are separated from an
absorber at a charge-selective contact and their energy is converted into electric power
at an external load. After that, the electrons flow back into the absorber at reduced en-
ergy. In photocatalysts, photogenerated electrons, for example, can be separated toward
reactive sites where they participate in photocatalytic reactions.

Figure 2.4: Schematic diagram of absorption events for photogeneration (a) of an electron
from an occupied acceptor state, (b) of a hole from an unoccupied donor state, and (c)
for excitation of an electron from an occupied acceptor into an unoccupied donor state.
The diagram taken from [51].

A free electron can be photogenerated by the excitation of an electron from A−

into the conduction band (Figure 2.4 (a)). A free hole can be photogenerated from an
unoccupied donor state into the valence band (Figure 2.4 (b)). The excitation of an
electron from A− into D+ (Figure 2.4 (c))) does not result in the photogeneration of free
charge carriers.

Recombination, i.e. the annihilation of free charge carriers, limits the density of
free charge carriers in photoactive materials. As charge carriers recombine, their energy is
transferred either to photons (radiative recombination), to another charge carrier (Auger
recombination), or to vibrations of the lattice (Shockley–Read–Hall (SRH) and Surface
recombination) [59,61].
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Figure 2.5: Elementary processes at a trap state in the band gap of a semiconductor: (a)
capture of an electron from the conduction band at an unoccupied trap state, (b) capture
of a hole from the valence band at an occupied trap state, (c) emission of an electron
from an occupied trap state into the conduction band and (d) emission of a hole from an
unoccupied trap state into the valence band. Depiction taken from [51].

Figure 2.5 (a) shows how an electron can be captured from the conduction band
at an unoccupied trap state. Free electrons and free holes recombine non-radiatively via
a trap state in both capture processes. The valence band can be occupied at a trap state
to capture holes (Figure 2.5 (b)). Additionally, electrons can be emitted from occupied
trap states into the conduction band (Figure 2.5 (c)) and holes from unoccupied trap
states into the valence band (Figure 2.5 (d)).
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2.2.3 Relaxation Rates of SPV Signals

Figure 2.6: Schematic diagram of a disturbance of a charge distribution from equilibrium
due to charge separation in (a) a homogeneous bulk or (b) across a barrier and (c)
schematic band diagrams depicting relaxation due to bulk conductivity or (d) due to
charge transfer over a barrier by emission or through a barrier by tunneling. Figure
taken from [51].

The space charge can be disturbed when photogenerated charge carriers are separated in
space. For example, diffusion can disturb a space charge within the bulk of a photoactive
material (Figure 2.6 (a)). The separation of a charge over a barrier can also disturb a space
charge (Figure 2.6 (b)). Charge transport is limited by the bulk electrical conductivity of
a photoactive material (σb, Figure 2.6 (c)). It is possible for charge carriers to overcome
large barriers through thermally activated emission or tunneling if the barrier layer is
extremely thin (Figure 2.6 (d)). SPV measurements can be used to investigate processes
limiting the relaxation of photogenerated charge carriers separated in space.
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2.2.4 Band Bending due to Illumination

SPV can also be referred to as changes in the band bending close to the interface or
surface. Figure 2.7 (a), shows an intrinsic semiconductor. Under these conditions the
bands are flat. Figure 2.7 (b) shows an n-type doped semiconductor at disequilibrium,
EF (bulk) is closer to the conduction band. At this condition, the EF (bulk) is higher
than EF (surf) under disequilibrium. To reach equilibrium electrons will transfer from the
bulk to the surface (EF (bulk) drops and EF (surf) rises). The energy bands bend upward
(Figure 2.7 (c)). Similarly, in Figure 2.7 (d), in p-type semiconductor, EF (bulk) is lower
than EF (surf) under disequilibrium. The electron transfer will be from the surface to the
bulk, producing a downward band bending (Figure 2.7 (e)).

Figure 2.7: Schematic electron energy levels near the surface of a clean semiconductor:
(a) undoped (intrinsic) semiconductor; (b) disequilibrium and (c) equilibrium between
n-type bulk and its surface; (d) disequilibrium and (e) equilibrium between p-type bulk
and its surface. Band diagrams taken from [66].
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Figure 2.8: Band diagram of a p-type semiconductor close to the surface under illumina-
tion. Band diagram taken from [53].

At super-band gap illumination (hν > Egap), the surface band bending decreases
(Figure 2.8) for a p-type semiconductor. At photon energy equal to the band gap, the
resulting SPV is negative for p-type semiconductors (downward band bending is positive
by definition). The opposite is true for n-type semiconductors. The optical band gap can
be calculated from this variation in the SPV spectrum.

Figure 2.9: Band diagram of a p-type semiconductor close to the surface under below
band gap illumination. Band diagrams taken from [53].

Figure 2.9 shows the two possibilities when an electron is promoted with a photon
energy lower than the band gap. Figure 2.9 at left shows the transition of an electron from
a trap state close to the valance band towards the conduction band. In this situation, the
illumination tries to flatten the band (SPV is negative). The second situation is when
an electron is promoted from the valance band to a trap state, producing a downward in
the bands close to the surface producing a positive SPV.
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2.2.5 Contact Potential Difference and Surface Photovoltage

Figure 2.10 shows how the contact potential difference, which is the difference of work
functions between a reference electrode and a working electrode, changes with illumina-
tion. SPV is defined as the negative of the changes of CPD due to illumination.

Figure 2.10: Schematic diagram of energies for a sample electrode coated with a pho-
toactive layer and connected with a reference electrode in (a) the dark and (b) under
illumination. −∆CPD denotes the change of the CPD due to the separation of photo-
generated charge carriers in space. Depiction taken from [51].
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Figure 2.11: (a) Schematic diagram of positive and negative charge carriers in a homoge-
neous sample and corresponding distributions (∆n(x) and ∆p(x), solid and dashed lines,
respectively). (b) ⟨xn⟩, ⟨xp⟩, and dsep denote the centers of negative and positive charge
and the charge separation length, respectively. Graphic taken from [51].

An important approximation for simplifying SPV analysis is to consider the centers
of negative and positive charge. Figure 2.11 shows the centers of negative and positive
charge from a homogeneous sample. This approximation also can be interpreted as a
plate capacitor where the distance between the centers is the distance between plates.

Another important concept in SPV analysis is the superposition principle. The
resulting measured SPV signals are the sum of all the processes involved. Isolate the
processes involved is part of the transient SPV analysis done in Chapter 4.
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Figure 2.12: Dependence of SPVSCR on ∆n or ∆p for n- and p-type doped c-Si (ni =

1010 cm−3) with ϕ0 = 0.5V and n0(p0) equal to 1014, 1016 and 1018 cm−3 (thin solid, thick
solid and dashed lines, respectively). Plot taken from [51].

Figure 2.12 shows the dependence of SPVSCR on ∆n or ∆p and how it changes
with the level of doping. This result will be useful for understanding later in Chapter 4
the passivation of boron-doped silicon atoms by hydrogen.
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Chapter 3

Experimental Techniques

3.1 Sample Preparation

P-type doped c-Si(100) wafers (c-Si(p), resistivity 1-3Ω cm) were coated with terbium
doped AlNxOy:H layers by reactive DC-sputtering (LA 440S by Von Ardenne) from an
Aluminum target (Sigma Aldrich, 9.95% purity) and pieces of Terbium (99.9% purity)
for co-sputtering. These samples were used for the transient SPV measurements. Ad-
ditionally, p-type CZ c-Si (111) wafers (resistivity 0.001-0.005Ω cm) and p-type CZ c-Si
(100) wafers (resistivity 1-3Ω cm) were used for the modulated SPV measurements. The
Aluminum target diameter was 3 inches and 0.125 inches in width at a 5 cm distance
from the substrate. Three small Tb pieces were located on the Al target, to create a co-
sputtering effect [67]. The Tb was placed in the sputter trace to enhance the deposition
rate. The process was at 200W and at constant Ar and N2 flows of 80 and 20 sccm,
respectively. The H2 flows were 1, 3, and 5 sccm. The base pressure was 1.5 × 10−5 Pa,
and the working pressure was 1.0Pa, keeping the chamber at room temperature (RT).
All these conditions are presented in Table 3.1.

Fourier-transform infrared spectroscopy measurements to estimate the hydrogen
bond density [35] confirmed the increase of hydrogen content in the different samples. The
substrate was not heated during deposition, and the temperature stayed below 300 ◦C.
The deposition rate is based on the experiments shown in [68]. The deposition time was
about 240 s. The thicknesses of the Tb doped AlNxOy:H layers were obtained by x-ray
reflection being 86, 88, and 74 nm for the samples with Tb-doped AlNxOy:H layers de-
posited at 1, 3, and 5 sccm H2 flow, respectively. These conditions gave similar deposition
rates of about 3.4 nm/s.

After the sputtering process, the samples were treated by rapid thermal processing
(RTP) with a preheating at 200 ◦C and maximum temperature of 850 ◦C for 300 seconds
to activate the luminescent properties of the embedded Tb ions [22, 23, 27, 68]. Such a
thermal process can also activate fixed negative charges in the AlN layer for field-effect
passivation [46,69,70].
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Figure 3.1: Schematic of DC-sputtering with four sample-holders [71].

Figure 3.1 shows the schematics of the sputtering equipment used for the sample
preparation. In this equipment, a single target can be used at a time. Four rotative
sample holders can be used to perform the sputtering processes.

Code Large code Target
Power Nitogen Hidrogen Temperature
(W) flow (sccm) flow (sccm) at chamber

S-18 Al-Tb-20N-1H-RT Al+Tb 200 20 1 RT
S-19 Al-Tb-20N-3H-RT Al+Tb 200 20 3 RT
S-20 Al-Tb-20N-5H-RT Al+Tb 200 20 5 RT

Table 3.1: Sputtering deposition conditions of samples.
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Figure 3.2: Rapid thermal annealing apparatus (Jipelec JetFirst RTA furnace)

Figure 3.2 shows the RTA furnace used to anneal the samples and activate the
negative fixed charges and the terbium ions for luminescence.

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0
0

2 0 0

4 0 0

6 0 0

8 0 0

Te
mp

era
tur

e (
°C

)

T i m e  ( s )

T h e r m a l  t r e a t m e n t

Figure 3.3: Rapid thermal annealing temperature response of AlNxOy:H/c-Si(p) samples.

Figure 3.3 shows the temperature versus time for the RTA of the AlNxOy:H/c-Si(p)
samples. The maximum temperature (850 ◦C) was kept for 300 seconds.

18



3.2 Surface Photovoltage Techniques

In the present study, the modulated and the transient SPV techniques are used to analyze
the interface properties of the AlNxOy:H/c-Si(p) samples. These two techniques are
based on the capacitive out-coupling of SPV signals. Figure 3.4 depicts this capacitive
out-coupling arrangement [51].

Figure 3.4: Energy scheme of (a) a reference electrode and a sample electrode with a
photoactive layer under illumination and (b) simplified equivalent circuit for capacitive
out-coupling of SPV signals. Figure and captions from [51]. In this diagram, Evac,s is the
semiconductor vacuum energy at the surface, EF,s is the semiconductor Fermi energy at
the surface, EF,ref is the reference electrode Fermi energy at the surface ∆CPD is the
change of the contact potential difference, Ws is the work function of the semiconductor,
Wref is the work function of the reference electrode, Evac,ref is the reference electrode
vacuum energy, Cm is the measurement capacitance and Rm is the measurement resistant.

In order to obtain the SPV signal under this configuration, it is necessary to have
a very high impedance. In capacitance-resistor circuits, the discharge of the capacitor has
a RmCm as a time constant. In the case of the transient SPV, it is possible to measure
SPV signals at times shorter than the RmCm time constant.
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3.2.1 Modulated Surface Photovoltage Spectroscopy

Modulated SPS measurements were performed using a MIS capacitor setup with a prism
monochromator and a halogen lamp [72], as depicted in Figure 3.5. At the MIS con-
figuration the modulated SPS method is very sensitive to small SPV signals (up to the
<100 nV) [52]. To reduce stray light effects, a cut-off filter was included between the
exit slit of the monochromator and the mechanical chopper (modulation frequency 8Hz).
The SPV signals were detected with a double-phase lock-in amplifier (EG&G 5210).

Figure 3.5: Schematic setup for modulated SPV. Adapted from [51].

Any monochromator has white stray light which is usually suppressed by about 3
orders of magnitude at a given wavelength. First, stray light can cause SPV signals in
spectral regions without any absorption, i.e. stray light can cause artefacts. Second, SPV
signals caused by stray light very drastically reduce the sensitivity for signals related to
very weak photogeneration as for defect states in the band gap. The purpose of the cut-off
filters is to eliminate the stray light [72, 73], i.e. non-monochromatized light originating
from the monochromator.
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Figure 3.6: Modulated spectra of the negative in-phase SPV signals of moderately p-type
doped c-Si measured without a filter (short dashed line) and with long-pass filters with
cut-off wavelengths at 1000 and 1100 nm (dashed and solid lines, respectively) [51].

Figure 3.6 shows the effect of reducing the stray light by using a long-pass filter.
In this example, two long-pass filters are used: a 1000 and 1100 nm of cut-off wavelength.
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Figure 3.7: Modulated SPV spectra near the band gap of c-Si measured for the bare
substrate without and with cut-off filters (no filter, 1000 nm, 1100 nm - black, red and
blue lines, respectively) [15].

Figure 3.7 shows SPV spectra near the bandgap for the bare c-Si substrate (used
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for the fabrication of the samples in this study) without and with using cut-off filters
at 1000 nm and 1100 nm (1.24 eV and 1.13 eV, respectively). The shapes of the spectra
were unchanged below the cut-off energies whereas the signal heights were reduced by
additional optical losses and reduced stray light. Since the absorption coefficient of c-Si
strongly increases between 1.13 eV and 1.24 eV, the filter with the cut-off at 1100 nm has
been used in the following.
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3.2.2 Transient Surface Photovoltage

Figure 3.8: Schematic setup for transient SPV at constant photon flux [44].

Figure 3.8 shows the transient SPV setup. It consists of a tunable pulse laser, a tunable
beam expander for the generation of a fixed photon flux. The measurement chamber is in
the capacitive out-coupling mode. In this configuration, the light-induced potential drop
across a parallel plate capacitor with high-impedance buffers (fixed capacitor techniques),
and the signal is registered in a computer with an oscilloscope. For more details of the
configuration setup, see [44].

Figure 3.9: Schematic diagram of (a) exciting laser pulse and (b) corresponding SPV
transient. For determining the baseline, a pre-trigger time ton-t0 has to be set on the
oscilloscope (ton and t0 denote the time when switching on the laser and when starting
the measurement, respectively). Plot taken from [51].
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Figure 3.9 shows the SPV signal evolution produced by the pulse laser. The SPV
transient after the laser pulse is present after a pre-trigger time of 75 ns at the study of
the AlNxOy:H/c-Si(p) samples.

The transient SPV spectroscopy is the main experimental technique where the in-
formation obtained from the AlNxOy:H/c-Si(p) interfaces is abundant due to the ternary
measurements that involve SPV signal, time and photon energy (chapter 4). From this
data, SPV curves can be obtained by photon energies or relaxation times cuts. From this
data is possible to obtain SPV curves by photon energies or by relaxation times. At the
SPV curves by relaxation time further analysis can be done in order to obtain information
about tail energies and deep defects at / close to the AlNxOy:H/c-Si(p) interfaces. This
extensive analysis is shown in detail in sub-chapter 4.3 and in [74].
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Chapter 4

Analysis of Terbium doped AlOxNy:H
on c-Si(p) interface

4.1 Introduction

This chapter deeply analyzes the electronic properties of the AlNxOy:H layer and the
AlNxOy:H/c-Si(p) interface with different hydrogen flows at deposition (1 sccm, 3 sccm,
and 5 sccm). For this purpose, this chapter starts with complementary measurements:
Fourier Transform Infrared (FTIR), Energy Dispersive X-ray (EDX), X-ray Reflectometry
(XRR), and Photoluminescence (PL). These techniques are used to estimate hydrogen
content and analyze element composition, thickness, superficial roughness, interfacial
roughness, density, and emission activation of terbium ions at the Tb doped AlNxOy:H
layers at the AlNxOy:H layer.

Taking into account these complementary measurements, two experimental tech-
niques: the modulated surface photovoltage (modulated SVP) and the transient surface
photovoltage (SPV) are performed to analyze in detail the electronic properties of the
AlNxOy:H/c-Si(p) interface. Modulated SPV detects the presence of defect state energies
and tail states energies due to its high resolution at variations in SPV signals. At the
same time, transient SPV adds crucial information about the dynamics of charge transfer,
transitions, relaxation of charge carriers, and most processes related to charge carriers
separated in space [51].

Transient SPV provides essential information about how the hydrogen affects the
optical, electronic, and structural properties of the AlNxOy:H/c-Si(p) interface. Since the
SPV techniques measure the superposition of all processes that involve SPV signal gen-
eration (charge carrier separation in space) [51], this study aims to identify and separate
parallel processes that hydrogen impacts on the interface properties.

Subsection 4.3 shows and analyzes the different information that transient SPV
provides for presenting some conclusions. This study reinforces the vast capability of
transient SPV to analyze buried interfaces.
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4.2 Complementary measurements - Further material
property study

The estimation of the hydrogen content at the Tb-doped AlNxOy:H layer is done with
Fourier Transform Infrared (FTIR) measurements. This study uses Energy Dispersive
X-ray (EDX) for the elemental composition. The thickness, superficial roughness, interfa-
cial roughness, and density are measured by X-ray Reflectometry (XRR). The activation
of terbium ions at the Tb-doped AlNxOy:H layers for optical emission is verified by
Photoluminescence (PL) measurements. Additionally, modulated SPV is used as a com-
plementary measurement technique to obtain a first idea of the electronic properties of
the AlNxOy:H/c-Si interface.

4.2.1 Hydrogen Content: Fourier Transform Infrared (FTIR) mea-
surements

FTIR measurements were carried out using an infrared spectrometer FTIR model Spec-
trum 1000 from Perkin Elmer (resolution: 8 cm−1). The FTIR measurements allow deter-
mining the number of bonds related to hydrogen inside the bulk of the AlNxOy:H layer.
Other measurements, like Energy Dispersive X-ray (EDX), cannot measure the amount
of hydrogen inside the AlNxOy:H bulk due to its light atomic weight. The method used
to calculate the hydrogen bond is described in detail in [35].
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Figure 4.1: Original FTIR measurements of the AlNxOy:H layers for the 1, 3, 5 sccm of
H2 flow at deposition
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Figure 4.1 shows a relatively high distortion of the FTIR measurements. It is
necessary to apply a Fourier filter (low pass) to obtain viable curves, as shown in Figure
4.2. From these curves, the calculation of the hydrogen bonds is possible. This distortion
is likely due to topographic changes at the silicon surface by hydrofluoric acid dip [75,76].
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Figure 4.2: FTIR measurements after a Fourier filter (low pass). Fast variations over the
FTIR signals are eliminated. Three vibration modes of Al-N, Al-O and Al-O-Al modes at
654 cm−1, 561 cm−1 and 764 cm−1, respectively are presented at the FTIR measurements.
There is a broad band from 2900 cm−1 to 3800 cm−1 is due the H-O vibrations modes.

The absorbance is calculated from the FTIR data in Figure 4.3.
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Figure 4.3: Calculated transmittance from FTIR.

To estimate the number of hydrogen bonds, the AlNxOy: H thickness must be
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included to calculate the absorption coefficient. The resulting absorption coefficients are
divided by the wavenumber to normalize the function. Following the procedure described
in [35], it is possible to obtain an estimation of the hydrogens bond at the AlNxOy:H
layer (Figure 4.4).
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Figure 4.4: Hydrogen content (number of hydrogen bonds)

As a result, an estimated number of hydrogen bonds is presented for the three
samples (Figure 4.4). The amount of hydrogen bonds increases with the hydrogen flow
introduced at deposition. This result indicates the amount of hydrogen at the bulk of the
AlNxOy:H layers. The passivation inside the AlNxOy:H layers bulk by hydrogen could
reduce some bulk defects, but there is no indication from this FTIR measurement about
the passivation or defect distribution at/near the interface AlNxOy:H/c-Si.
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4.2.2 Energy Dispersive X-ray (EDX) measurements

For the element composition, an energy-dispersive X-ray spectroscopy (Octane Pro by
EDAX) inside a scanning electron microscope (FEI Quanta 650) chamber was used. The
acceleration voltage (Vacc) was set as 3 kV, because an efficient acceleration voltage should
be at least Vacc > 2EC , where EC is the minimum emission voltage (EC(Al) = 1.486 keV,
EC(N) = 0.392 keV, EC(O) = 0.525 keV, EC(Tb) = 1.240 keV) and the thicknesses of
the AlNxOy:H layers are thinner than 100 nm and a higher acceleration voltage could
penetrate the substrate.

The composition of the AlNxOy:H layer is obtained by the EDX. The variation of
the relative amount of the elements (Al, N, O, and Tb) among samples is shown in the
following table.

Al (% at) N (% at) O (% at) Tb (% at)

1 sccm (H flow) 47.16 34.59 17.91 0.34
3 sccm (H flow) 44.62 28.68 26.46 0.29
5 sccm (H flow) 44.45 25.66 29.51 0.39

Table 4.1: Atomic percentage of the elements at the AlNxOy:H layers.

From Table 4.1, the N content decreases from 34.59% to 25.66%; the O content
increases from 17.91% to 29.51% when the hydrogen flow rate at deposition increases.
On the other hand, aluminum content slightly changes from 47.16 %to 44.45 % when the
hydrogen flow rate at deposition increases. These three surfaces have different element
content giving the possibility of three different AlNxOy:H interfaces. In the case of the
hydrogen content, the FTIR analysis was necessary because EDX measurements can not
detect light elements like hydrogen.

4.2.3 X-ray reflectometry (XRR) measurements

The equipment used for X-ray reflectivity measurements was a D8 DISCOVER diffrac-
tometer from Bruker. The diffractometer is operated in the configuration θ/θ. the X-ray
beam is produced in a copper source (Cu-radiation, Kα=1.5406Å) with an accelerating
voltage of 40 kV and filament current of 40mA. XRR measurements are performed to
obtain information on important properties of the AlNxOy:H layer and the AlNxOy:H /
c-Si(p) interface. These properties are thickness, density, the surface roughness of the
AlNxOy:H layers, and interface roughness of the AlNxOy:H / c-Si(p) interface. Figure 4.5
shows the results for the three samples.
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Figure 4.5: Plots of thickness, roughness, and density by XRR spectroscopy (AlNxOy:H
layers and AlNxOy:H/c-Si interfaces).

Table 4.2 shows the values of the properties measured by XRR. One significant
result is that the layer thicknesses are about the same, from which we can assume that
photogeneration is similar in the three samples. The roughness of the surface increases
while the H2 flow. The interfacial roughness (AlNxOy:H/c-Si) and the density of the
AlNxOy:H layer did not show a tendency with H2 flow. The variation on the H2 did not
change considerably the values of the layer density.

Sample
Thickness ±

Superficial
±

Interfacial
± Density ±

χ2Roughness Roughness
[nm] [nm] [nm] [g/cm3]

1 sccm (H2) 85.4 0.3 1.3 0.04 2.1 0.39 2.7 0.03 1.9E-01
3 sccm (H2) 87.8 1.1 3.2 0.28 2.7 1.20 3.0 0.19 1.9E-01
5 sccm (H2) 74.6 0.7 3.7 0.18 1.7 0.68 2.7 0.16 1.3E-01

Table 4.2: XRR measurements of thickness, superficial roughness, and density for
AlNxOy:H layers and interfacial roughness for AlNxOy:H/c-Si interfaces.
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4.2.4 Photoluminescence (PL) measurements

Photoluminescence measurements of AlNxOy:H/c-Si(p) were recorded at room tempera-
ture in a back reflection geometry using an inVia- Renishaw micro-Raman spectrometer.
The films were excited with a wavelength of 325 nm (3.81 eV) from a He Cd laser with an
average power density of approximately 1.5W/m. The recorded spectra cover the visible
range from 400 nm to 700 nm. A 40× objective lens was used to focus the laser on the
surface of the thin films studied.
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Figure 4.6: Photoluminescence (PL) measurements of the AlNxOy:H layers

Figure 4.6 shows the photoluminescence of the three hydrogenated samples. The
photoluminescence intensity decays when the hydrogen flow at deposition increases. This
effect is probably due to the reduction of defects at the AlNxOy:H layer by hydrogen
passivation. The energy-transfer mechanism most probably used by the terbium ions
is the energy transfer by defects. The photoluminescence is reduced at fewer defect
concentrations (more H2 flow at deposition), as shown in Figure 4.6. Similar studies are
found in [34,76,77].

31



4.2.5 Modulated surface photovoltage

Chemical passivation of silicon surfaces by hydrogenated thin-film layers is well stud-
ied [69, 70]. For example, hydrogenated aluminum nitride (AlN:H) thin layers are suit-
able for the passivation of crystalline silicon [17, 18]. Modulated SPV can also analyze
other materials and interfaces such as ZrO2/GaAs, SiO2/GaAs, GaP/GaAs, MAPbI3
Perovskite, CdSe quantum dot films and ZnO/GaP heterojunction [80–83].

Studies revealed indirectly the improvement of the surface passivation by measur-
ing the lifetime of the minority charge carriers in the bulk by quasi steady QSSPC [84,85]
and the density of interface defect states (Dit) using the HF C-V method [86,87].

Furthermore, it is also possible to estimate Dit from large signal transient SPV
measurements by applying external potentials [88,89]. However, numerous samples, such
as the sample investigated in this work, cannot be studied by QSSPC and C-V, for
example, due to short lifetimes caused by high bulk or interface recombination rates or
due to leakage currents [45, 90], respectively. In contrast, modulated SPS measurements
allow a very sensitive study of defect states below the bandgap of a semiconductor [91].
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AlNxOy:H at 1 sccm, 3 sccm, 5 sccm of hydrogen flow at deposition (cut-off filter 1100 nm,
chopper frequency: 1033Hz, monochromator aperture: 2mm)

Figure 4.7 shows the in phase signal (X) with 60 µV, 10 µV and about 0 V for the
1 sccm, 3 sccm and 5 sccm of hydrogen flow at deposition. This technique does not have
enough sensitivity to observe the 5 sccm sample while the transient SPV can be observed
clearly for the mentioned sample.
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In Figure 4.8, the in-phase signal (X) and the 90 degree-shifted signal (Y) were
plotted for the three AlNxOy:H/c-Si samples. The X signal is the fast SPV response with
respect to the chopper frequency, while the Y signal is the slow response with respect to
the chopper frequency. It is possible to say for the 5 sccm sample that the is a change
in the direction of the charge carrier relaxation (change in sign). These results will be
noticed in detail using the transient SPV spectroscopy.

Modulated SPV measurements are performed to give a first observation of the
electronic properties of the AlNxOy:H/c-Si interfaces and the impact of hydrogen in such
interfaces. In order to avoid the effect of the stray light at the monochromator, an 1100 nm

(1.13 eV) cut-off filter is used, as explained in Chapter 3.
From Figure 4.9, with the cut-off filter, signals in the sub-bandgap region (ener-

gies below Eg) are detected for the 1 sccm and 3 sccm of hydrogen flow at deposition
samples. The modulated SPV signal for the 5 sccm sample is negligible to be analyzed.
The amplitude of the SPV signals decreases with an increase in hydrogen flow during
deposition. From the shapes of the 1 sccm and the 3 sccm is possible to recognize SPV
signals from defects: deep states and tails states.

The SPV responses in Figure 4.9 indicated that a higher hydrogen content in the
sample leads to a reduced SPV signal. These changes in response could be attributed
to the interface defect passivation by the hydrogen. At higher hydrogen contents, more
defects near or at the interface are passivated, thus, reducing their charge and band
bending in the c-Si. This may be translated into a reduced SPV signal.
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Figure 4.9: Modulated SPV spectroscopy for the AlNxOy:H/c-Si(p) samples with 1 sccm,
3 sccm, 5 sccm of hydrogen flow at deposition.

To discuss this hypothesis, in Figure 4.10(a), we assign the SPV signals at different
photon energies for the 1 sccm and 3 sccm samples (with filter) to possible electronic
transitions, as depicted in Figure 4.10(b). For this interface (Tb doped AlNxOy:H/c-Si),
we propose three possible transitions: A) band-to-band transitions from valence (EV )
to conduction band (EC) for Ehν ≥ Egap; B) from tail states or acceptor states (Ea)
to conduction band for Ehν below but close to Egap. An exponential function in Figure
4.10(a) estimates an onset of the fundamental absorption (Eon) around 1.02 eV [43];
and C) sub-bandgap transitions from interface defect states, represented by Gaussian
functions in Figure 4.10(a), to conduction band when Ehν is smaller than Egap. In the
latter case, we postulate that after the transition from an interface defect state to the
conduction band (C), the promoted electron is repelled by the negative charge in the
dielectric (Tb doped AlNxOy:H) as depicted in Figure 4.10(b). The resulting separation
of charges induces a change in the band bending, giving rise to the SPV signal [51]. The
amount of these transitions depends on the number of defects: a higher defect density
results in a higher SPV signal. Hence, we can conclude that the sample deposited at 1
sccm of hydrogen flow has more defect states near or at the interface and, thus, a higher
SPV signal. Whereas the 3 sccm sample has a lower defect state density and, thus, a
lower SPV signal. In the case of the 5 sccm sample, the defect state density is below
the sensitivity of the modulated SPS technique. Therefore, in Figure 4.10 only the signal
from band-to-band transitions (A) can be observed without the filter.

The SPV signal is positive for all cases, indicating that the silicon surface is in
accumulation, given that it is p-type doped silicon. Under these conditions, the Tb doped
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AlNxOy:H layer presents a negative fixed charge.
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Figure 4.10: Fitting of deep defects (gaussian curves) and tail states (exponential curves)
from modulated SPV spectroscopy for the AlNxOy:H/c-Si(p) samples with 1 sccm, 3
sccm, 5 sccm of hydrogen flow at deposition.

Figure 4.10(a) shows the fitting with gaussian curves for deep defects and with
exponential curves for tail states. In the case of deep defects, the 1 sccm sample has a
higher SPV signal than the 3 sccm sample. However, the range of photon energies in the
3 sccm sample is wider than the 1 sccm sample. The tail states may indicate the presence
of a disordered layer close to the AlNxOy:H/c-Si(p) interfaces. The onset energy (Eon) is
approximated to 1.02 eV from the exponential fittings of both samples.

The modulated SPV measurements indicate the presence of a negative fixed charge,
deep states, and tail states (disorder layer) close to the AlNxOy:H/c-Si(p) interfaces for
the 1 sccm and 3 sccm samples. For the given conditions of the modulated SPV mea-
surements, the 5 sccm sample, the sub-bandgap SPV signal is not accessible. In order
to obtain more details about the dynamics of the SPV signals (electron/hole trapping,
electron/hole de-trapping, charge transfer), the nature of deep states and tail states (dis-
order layer), transient SPV measurements are performed. An important observation for
the Tb-doped AlNxOy:H sample with 5 sccm of hydrogen flow is that the SPV is negligible
due to the fast recombination due to the presence of deep defects at the interface.
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4.3 Interface analysis of Terbium doped AlNxOy:H by
Transient Surface Photovoltage (SPV) spectroscopy

Transient surface photovoltage (transient SPV) is a spectroscopic technique that can
provide information about the electronic interface properties of distinct materials [51,
52]. The inability of other methods, such as HF-CV and QSSPC techniques, to provide
conclusive information on these samples makes transient SPV an alternative technique
for analyzing the electronic properties of the terbium-doped AlNxOy:H/c-Si(p) interfaces.
Current leakages and high recombination rates quench the ability to obtain reliable C-V
curves and bulk lifetimes (QSSPC) [45, 90]. The high sensitivity and wide time range
of transient SPV, described in Chapter 2 of this work, allow this method to obtain
electronic information about the terbium-doped AlNxOy:H/c-Si(p) interface, even with
the constraints mentioned above. This subchapter will discuss the results obtained by
transient SPV in more detail.

4.3.1 Ternary measurements: SPV signal, photon energy, and
relaxation time

Transient surface photovoltage measurements were performed on bare c-Si(p) wafers and
terbium doped AlNxOy:H/c-Si(p) samples with hydrogen flows of 1 sccm, 3 sccm, and
5 sccm at deposition (see the experimental details in Chapter 3). These measurements
obtain the entire register of the SPV signals (mV) under different values of photon energy
(eV) and time (second). The data acquired via transient SPV spectroscopy can be fully
visualized using three variable plots (contour plots).

Figure 4.11 shows the ternary (contour) plots of the transient SPV measurements
of the bare c-Si and the terbium doped AlNxOy:H/c-Si(p) samples with 1 sccm, 3 sccm,
and 5 sccm: The variables are photon energy (in eV at x-axis), time (in seconds at y-axis,
logarithmic scale) and, a color-graded SPV signal (in mV and logarithmic scale). From
the ternary measurement information, it is possible to obtain different plots by selecting
specific photon energies or specific relaxation times. These cuts allowed further analysis
of the buried terbium-doped AlNxOy:H/c-Si(p) interfaces.
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Figure 4.11: Contour plots of the transient SPV spectroscopy for the bare c-Si sample
(a) and for the AlNxOy:H/c-Si samples deposited with 1, 3 and 5 sccm H2 flow ((b), (c)
and (d), respectively). Numbers in (b-d) give the relative amounts of Al, N, O and Tb
obtained by EDX. The SPV signals were discriminated at 0.15 mV. A-E denote charge
separation dominated by the surface space charge region of depleted p-type c-Si (A), by
electron trapping at surface states (B), by an accumulation layer at the surface (C), by
electron trapping at deep surface states (D), by hole trapping at deep surface states (E).
Adapted from Dulanto et al, 2022 [74].
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Figure 4.11(a) plots the transient SPV measurement for the reference sample (c-
Si(p)). The SPV signal started from photon energies around 1 eV, just below the bandgap
energy of c-Si. This signal under the bandgap energy gave evidence of defect states close
to the bandgap. SPV signals started at negative values up to about 30 µs and reached
a maximum of more than - 0.15 V. This behavior was from a depleted p-type doped
semiconductor dominated by charge separation processes in the surface space charge
region (denoted by A). After 30 µs, the SPV signals change to positive values (denoted
by B), indicating the slow emission of trapped electrons at the native oxide. These states
were close to the c-Si(p) surface. The evolution of weak positive SPV signals at long
times gave evidence for hole trapping at the surface, which can be caused, for example,
by hole transfer to water species at/near the surface oxide [92,93].

Figure 4.11(b-d) shows the SPV signal from the AlNxOy:H/c-Si(p) samples. The
H2 flows at the deposition were 1, 3, and 5 sccm (b-d, respectively). In contrast to the
reference sample, these samples exhibited positive SPV signal (denoted by C) for photon
energies above 1.1 eV giving evidence of a change of the direction of the built-in-electric
field near the surface, i.e., to the formation of an accumulation layer. This sign change
was due to a fixed negative charge formed in the AlNxOy:H layer. These positive signals
were relaxed in hundreds of µs, tens of µs, and µs for 1, 3, and 5 sccm, respectively.

The legends in Figure 4.11(b-d) give the relative element contents of aluminum
(Al), oxygen (O), nitrogen (N), and terbium (Tb) in the AlNxOy:H layer. The nitrogen
content decreased from 34.6 to 25.7 at %, and the oxygen content increases from 17.9
to 29.5 at % when the hydrogen flow rate at deposition increases. On the other hand,
aluminum slightly changed from 47.2 to 44.5 at %, increasing the hydrogen flow rate at the
deposition. These different relative contents could result in various stoichiometries with a
different distribution of defects at/near the surface of c-Si. This defects distribution was
responsible for the formation of the fixed negative charge. Silicon nitride (SiNx), silicon
dioxide (SiO2), and aluminum oxide (Al2O3) are well-studied passivation materials that
served as a reference of the possible defects distribution presented at the AlNxOy:H due
to their element composition [94–97].

The content of elements was measured in atomic % and the content of hydrogen
is not considered. A calculation of the hydrogen bonds by FTIR measurements was done
in order to prove the presence of hydrogen and its growth while the hydrogen flow at the
deposition is incremented.

These transient SPV measurements (visualized as ternary variable plots) contained
important information about the electronic features of the samples. In order to analyze
the ternary variable measurement information, cuts in time and photon energy of these
plots are used to divide and organize the observations.

In order to understand the ternary variable measurements, the following band
diagrams explain, in a first simplified form, the SPV results at the 1 sccm, 3 sccm, and
5 sccm of hydrogen flow at the AlNxOy:H/c-Si(p) interface. Figure 4.12 shows the band
diagram in the dark, the optical transitions, and the charge carrier separation at the
AlNxOy:H/c-Si(p). These band diagrams do not consider the acceptor passivation on the
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Si bulk (developed later in this subchapter).

Figure 4.12: Examples for suitable a) charge distribution across a sample in the dark, b)
possible transitions and, c) charge carrier separation

Figure 4.12(a) depicts the charge distribution in the dark. Due to the negative
fixed charge presented at the AlNxOy:H layer, the band bending at the semiconductor is
upwards at the accumulation regime.

Figure 4.12(b) depicts the possible optical transitions in the AlNxOy:H/c-Si sam-
ples: Band-to-band transitions that require energies higher or equal to the bandgap energy
(Tr1). Defect to conduction band transition and valence band to defect transition (Tr2).
These transitions could be excited by photon energies lower than the bandgap energy.
Finally, defect-to-defect transition (Tr3) could be excited by photon energies lower than
the bandgap energy.

Figure 4.12(c) depicts the charge separation mechanisms after illumination. The
first mechanism is when the electron/hole moves inside the conduction/valance band
(e1, h1, respectively). The second mechanism is when the electron/hole moves from the
conduction/valance band to the defect state at/near the interface (e2, h2, respectively).
Finally, the third mechanism is when the electron/hole moves from one defect to another
via tunneling (e3, h3, respectively). This last diagram is crucial to understanding the
SPV time variations due to their different relaxation mechanisms.
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4.3.2 Relaxation of SPV signals at different photon energies
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Figure 4.13: SPV transients at photon energies of 1.60, 1.32, 1.21, 1.11, 1.05 and 1.00
eV (black, red, green, blue, orange and dark yellow lines, respectively) for the reference
c-Si (a), and the 1 sccm (b), 3 sccm (c), and 5 sccm (d) of H2 flow at deposition of
AlNxOy:H/c-Si(p) samples

Figure 4.13 is obtained by “cuts” at six different photon energies (1.60, 1.32, 1.21, 1.11
1.05 and 1.00 eV) of the ternary plots previously shown. The maximum SPV signals are
-190 mV, 370 mV, 310 mV, and 155 mV for the reference, 1 sccm, 3 sccm, and 5 sccm
of H2 flow at deposition AlNxOy:H/c-Si(p) samples, respectively. The relaxation times
among the samples, decays in around one order of magnitude from the 1 sccm to the 3
sccm of H2 flow sample. From the 3 sccm to the 5 sccm of H2 flow sample, the relaxation
time decays around another order of magnitude.
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Figure 4.14: SPV transients excited at two photon energies higher than Eg (1.5 and 1.2
eV; solid and dashed lines, respectively) for the reference sample and for the samples
deposited at 1, 3 and 5 sccm of H2 flow (black, red, blue and green lines, respectively).

Figure 4.14 compares the SPV signal relaxations of the four samples at 1.5 and 1.2
eV. The relaxation times are about 70 µs, 400 µs, 70 µs and 6 µs for the reference, 1 sccm,
3 sccm, and 5 sccm of H2 flow at deposition AlNxOy:H/c-Si(p) samples, respectively. The
shape of the 1.5 eV photon energy curve reaches the maximum SPV signal value at the
beginning of the excitation while at the 1.2 eV of photon energy, the 1 sccm and the 3
sccm samples reach their maxima hundreds of nanoseconds after. This effect is possible
due to an artifact of the double-side coated c-Si(p) by the AlNxOy:H layer.
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Figure 4.15: SPV transients excited at sub bandgap (0.9 eV) for the bare c-Si and
AlNxOy:H/c-Si(p) samples deposited at 1, 3 and 5 sccm of H2 flow (black, red and blue
lines, respectively).

Figure 4.15 shows the SPV signal at the sub-bandgap (photon energies below Eg)
region of 0.9 eV excitation. SPV signals at the sub-bandgap regime exhibited transitions
from/towards defect states at energies within the bandgap. The 1 sccm of H2 flow at
deposition sample started a negative SPV signal and passed to positive before equilibrium.
The 5 sccm of H2 flow at deposition sample exhibited a faster decay regarding the other
samples.
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Figure 4.16: SPV transients excited at sub bandgap (0.76 eV) for the AlNxOy:H/c-Si(p)
samples deposited at 1, 3 and 5 sccm of H2 flow (black, red and blue lines, respectively).

Figures 4.16 shows the SPV responses of the AlNxOy:H/c-Si(p) samples at sub-
bandgap 0.76 eV excitation. SPV signals for the 1 sccm and the 3 sccm of hydrogen
flow at deposition samples were reduced significantly after the laser pulse. The 5 sccm
of hydrogen flow AlNxOy:H/c-Si(p) sample did not considerably reduce the SPV signal
after the laser pulse, and its decay is the fastest of the three samples, probably due to
another transport mechanism (hopping between defects).
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4.3.3 Passivation of p-doped silicon atoms by hydrogen at c-Si(p)

The maximum values of the SPV signals are given in Figure 4.17 (a) for the bare c-Si(p)
sample and the samples with AlNxOy:H layers. At 0.9 eV, the SPV signal was approxi-
mately -3.6 mV for H2 flow of 1 sccm sample. Under this condition, electrons excited from
defect states were located slightly in front of the c-Si surface and preferentially separated
towards the surface of c-Si. For comparison, the maximum SPV signal at 0.9 eV was only
about -0.2 mV for the reference (bare c-Si(p)) sample. In contrast, the maximum SPV
signals at 0.9 eV were positive and amounted to 3.0 and 6.7 mV for H2 flow of 3 and
5 sccm, respectively. This condition suggests that electrons excited from defect states
near the c-Si surface were preferentially separated towards the AlNxOy:H layers for those
samples. Furthermore, the separation of electrons excited from defect states near the c-Si
surface was remarkably stronger for H2 flow of 5 sccm than 3 sccm.
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Figure 4.17: Dependence of the maximum SPV signals on photon energy for the
AlNxOy:H layers deposited at H2 flow of 1, 3 and 5 sccm and the reference sample (black
squares, red circles, blue triangles, and thin solid line, respectively; (a)) and calculated
band bending at an ideal silicon surface under accumulation as a function of the net nega-
tive charge for hole densities of 1012 and 1013 cm−3 (dashed and dotted lines, respectively;
(b)) [74]

The maximum SPV signals are saturated at higher photon energies for excitation
with photon energies above the band gap. They reached the highest values (SPVmax) of
387, 341, and 175 mV for H2 flow of 1, 3, and 5 sccm, respectively. The extensive positive
SPV signals are related to strong band bending caused by an accumulation layer near
the surface.
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For p-type doped c-Si with a resistivity of 1 – 3 ohm/cm, which corresponds to
(an original) density of holes of 1.5 - 0.5 × 1016 cm−3, the difference between the Fermi-
energy in equilibrium (EF0) and the valence band edge in bulk (EV,b) is about 180 meV.
SPV signals of semiconductors are defined as the difference between band bending under
illumination and band bending in the dark [52,98]. Under strong illumination, the bands
are practically flat. Therefore, (EF0−EV,b)/q with q denoting the elementary charge gives
an upper limit for SPV signals of a semiconductor under accumulation, i.e., maximum
SPV signals up to about 180 mV would be expected for samples with the original density
of holes. However, the SPVmax of the sample with the AlNxOy:H layer deposited at an
H2 flow of 1 sccm was larger than 180 mV by more than 200 mV. Therefore, (EF0−EV,b)/q

of the sample with the AlNxOy:H layer deposited at H2 flow of 1 sccm was much larger
than (EF0 − EV,b)/q for the original doping. This result indicates that most acceptors
have been passivated during the deposition and post-treatment of the AlNxOy:H layer.
As mentioned before, the passivation of acceptors in silicon by atomic hydrogen is well
known [36]. As a result, the short post-annealing up to 850 ◦C in the air did not result in
significant de-passivation, i.e., sufficient dissociation of B-H pairs with simultaneous out-
diffusion of hydrogen. This minor de-passivation is probably due to the presence of water
molecules during the post-annealing process and AlNxOy:H acting as diffusion barriers.
Additionally, sputtered aluminum oxide films post-annealed were found to contain high
hydrogen concentrations exceeding 1021 cm−3 [99].

Based on the difference between the highest maximum SPV signals and (EF0 −
EV,b)/q, it was possible to estimate the order of magnitude of the density of holes after
layer deposition at 1 sccm of H2. A difference of about 200 mV indicates that the density
of holes (p0) after layer deposition was approximately 1012 – 1013 cm−3. In addition, there
is no reason to assume that the hydrogen flow during the deposition of the AlNxOy:H
layers would cause a lower degree of acceptor passivation. For samples with AlNxOy:H
layers deposited at H2 flow of 3 and 5 sccm, the reduced maximum SPV signals were due
to a reduction in (net) negative charge.

By assuming an ideal metal-insulator-semiconductor capacitor, it is possible to
estimate the densities of (net) negative charge fixed in the AlNxOy:H layer (Qfix(−)). For
p0 values of 1012 and 1013 cm−3, Figure 4.17 (b) shows the dependence of band bending
on Qfix(−).

At H2 flow of 1 sccm, AlNxOy:H layers exhibit Qfix(−) ranging from 1.5 to 4 ×
1012 cm−3. In comparison, after short annealing [17] with peak temperatures of 820 ◦C,
Qfix(−) was about 1 - 1012 cm−3 in AlN:H layers [2]. For the AlNxOy:H layers deposited
at H2 flows of 3 and 5 sccm, Qfix(−) was reduced to about 0.5 - 2 × 1012 cm−3 and 1 -
2× 1011 cm−3, respectively.
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Figure 4.18: Schematic of acceptor’s passivation by hydrogen.

The diagram depicted in Figure 4.18 explains the acceptors’ passivation by hy-
drogen. Hydrogen passivates silicon atoms connected to boron atoms and reduces the
effective number of acceptor atoms that dope c-Si(p) bulk. This effect reduces the density
of holes, and the Fermi level shifts towards the mid-gap. This diagram also illustrates how
the transient SPV results and the boron passivation of the c-Si(p) bulk can be explained
coherently using a four-layer model.

Figure 4.19: Four-layer model for AlNxOy:H/c-Si(p).

The four-layer model depicted in Figure 4.19 has the following constituents:

1. A spacer layer that is required to avoid neutralization of negative fixed charge (there
would not be fixed negative charge without a spacer layer with thickness above the
tunneling distance).

2. A defect layer with a high degree of disorder caused by damage in the interface
region (thickness of the order of several nm).
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3. A charge separation across the built-in electric field in c-Si for excitation with photon
energies above the band gap, maximum SPV signals up to 350 mV (accumulation,
partial passivation of acceptors by hydrogen)

4. A charge separation within the defect layer and in c-Si (in case of transfer into c-Si)
for excitation of mobile charge carriers with photon energies below the band gap.

The hypothesis obtained for this 4-layer model is the limitation of back-transfer or re-
combination by trap-limited transport across the defect layer. At strong accumulation,
only a weak change of band bending across the layer is possible due to the high density
of states at the valence band edge; therefore, the maximum of SPV signals can only be
explained by partial compensation or passivation of acceptors in c-Si.
EV,bulk − EF,bulk (no treatment) ≈ 180. . . 200 mV, p0 = 1016 cm−3

EV,bulk − EF,bulk (1 sccm H2) ≈ 350 mV, pcom < 1014 cm−3

4.3.4 Band bending estimation from a simplified Metal-Insulator-
Semiconductor Capacitor Model

The implicit relationship for the metal gate voltage Vg (in V), and the band bending ψs

(in V), including insulator effective charge density Q(ox,eff) (C cm2) in a metal-insulator-
semiconductor capacitor [100,101] is:

Vg = ψs(Vg, . . .)−
(Qsc (ψs (Vg, . . .), NA, T ))

Cox

−
Q(ox, eff)

Cox

(4.1)

Here, the general expression for the semiconductor surface space-charge-density
Qsc(ψs, NA, T ), which also depends on the doping concentration NA, and the device tem-
perature T, has been taken from [101]. Additionally, Cox (in Fcm−2) represent the insu-
lator capacitance per unit area:

Cox =
ϵ0ϵox
dox

(4.2)

Where ϵ0 and ϵox are the vacuum and the insulator relative electrical permittivity,
respectively, and dox represents the insulator thickness.
Since we did not apply a bias voltage under the SPV measurements, we reduced Equation
(4.1) in:

0 = ψs(0, . . .)−
(Qsc (ψs(0, . . .), NA, T ))

Cox

−
Q(ox, eff)

Cox

(4.3)

Equation (4.3) directly relates the effective insulator fixed charge density and the
band bending without considering the interfacial trapped charges (ideal interface). In
this work, we considered ϵox = 9.2 for Aluminium Nitride from [102], dox=80 nm as a
representative thickness of our samples and we assumed T=293K (room temperature) as
the SPV measurement temperature. ψs is solved in equation (4.3) by the algorithm used
in [103]. This last allows us to estimate the band bending corresponding to the maximum
SPV signal from our experiments.
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4.3.5 SPV Signals at Different Relaxation Times

Previously, plots of SPV signals versus time at fixed photon energies gave a critical
observation, the passivation of acceptors by hydrogen. The following five figures show
SPV signals versus photon energy at fixed times. These figures give information about
the deep defects and exponential tails [51].

Figure 4.20 shows the SPV signal for the four samples at 10 ns and 1 µs after
the laser pulse. The reference sample had practically no SPV signal associated with
deep defect states. The AlNxOy:H/c-Si(p) samples had SPV signals associated with deep
defect states right after the pulse excitation.
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Figure 4.20: SPV signals obtained at 10 ns (a, b) and at 1 µs (c, d) on linear (a, c) and
logarithmic scales (absolute values, (b, d)) for the reference samples and for the samples
deposited at 1, 3 and 5 sccm of H2 flow (black squares, red circles, blue triangles and
green stars, respectively).

In Figure 4.20, the 1 sccm sample presents a change of sign from the overlap of
two processes: negative SPV from photon energies below 0.9 eV and positive from photon
energies above 0.9 eV. The 3 sccm of H2 flow at the deposition sample presents positive
SPV and an onset above 0.8 eV. Finally, the 5 sccm of H2 flow at the deposition sample
presents positive SPV and an onset below 0.7 eV with the strongest signal.
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Figure 4.21: SPV signals obtained at 10 µs after pulse excitation for the four samples
on linear (a) and logarithmic scales (absolute values, (b)) for the reference sample and
for the samples deposited at 1, 3 and 5 sccm of H2 flow (black squares, red circles, blue
triangles, and green stars, respectively).
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Figure 4.22: SPV signals obtained at 1ms after pulse excitation for the four samples
on linear (a) and logarithmic scales (absolute values, (b)) for the reference sample and
for the samples deposited at 1, 3 and 5 sccm of H2 flow (black squares, red circles, blue
triangles and green stars, respectively).

Figures 4.21 and 4.22 show the relaxation in time for 10 µs and 1 ms, respectively.
It was shown that the SPV signal decreased the fastest for the 5 sccm of H2 flow at
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deposition sample (at 10 µs there was no SPV signal). The 3 sccm sample exhibits no
SPV signal at 1 ms. This behavior will be explained by adding exponential and offset
fittings to analyze the disorder layer and deep defects presented in the terbium doped
AlNxOy:H/c-Si(p) interfaces.

4.3.5.1 Fitting of the tail states (disorder layer) and offset (deep states)

The transient SPV measurements also allow the fitting of the tails of the samples. From
these fittings, it is possible to estimate the energy of the tails. Figure [?] shows the fitting
of the energy tails (Et) for the reference and the sample with 1 sccm, 3 sccm, and, 5 sccm
of H2 flow at deposition.

0 . 7 5 1 . 0 0 1 . 2 5

0 . 1

1

1 0

1 0 0

Ph
oto

vo
lta

ge
 (m

V)

 1  s c c m  1 0 0  n s

1 0  µ s

1 0 0  µ s

6 0 0  µ s

( a )
0 . 7 5 1 . 0 0 1 . 2 5
P h o t o n  e n e r g y  ( e V )

 3  s c c m  

6 0  µ s

3 0  µ s

1 0 0  n s
1 0  n s

( b )
0 . 7 5 1 . 0 0 1 . 2 5

 5  s c c m  

3  µ s

1  µ s

1 0 0  n s
1 0  n s

( c )

Figure 4.23: a) Typical dependencies of SPV signals obtained at relaxation times of 100
ns, 10 µs, 100µs and, 600 µs (black squares, red circles, blue triangles and green stars,
respectively) on photon energy for the Tb-doped AlNxOy:H layer deposited at H2 flow of
1 sccm, b) typical dependencies of SPV signals obtained at relaxation times of 10 ns, 100
ns, 30 µs and 60 µs (black squares, red circles, blue triangles and green stars, respectively)
on photon energy for the Tb-doped AlNxOy:H layer deposited at H2 flow of 3 sccm and,
c) typical dependencies of SPV signals obtained at relaxation times of 10 ns, 100 ns,
1 µs and 3 µs (black squares, red circles, blue triangles and green stars, respectively) on
photon energy for the Tb-doped AlNxOy:H layer deposited at H2 flow of 5 sccm.

Figure 4.23 (a) shows SPV spectra obtained at relaxation times (trelax) of 100 ns,
10 µs, 100 µs, and 600 µs for the sample with the AlNxOy:H layer deposited at H2 flow of
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1 sccm on a logarithmic scale. The regions of the substantial increase of SPV signals near
the band gap of c-Si were fitted with an exponential function combined with an offset.
The characteristic energy of the exponential (Et) describes the distribution energy of tail
states from which mobile charge carriers were excited. In contrast, the offset corresponds
to transitions from deep defect states into delocalized states. For the sample with 3 sccm
of hydrogen flow at deposition (Figure 4.23 (b)), the values of Et increased with increasing
time from 18meV at 100 ns to 40meV at 60 µs. For comparison, Et was about 12meV

(100 ns) and 15meV (1ms) for the reference sample at those times. Figure 4.23 (c) shows
faster responses for the sample with 5 sccm. This effect is due to the increase of defects
that reduces the distance between defects and a hopping transport (tunneling) appears
instead of trap-limited transport.

4.3.5.2 Summary of fits for tail energies (Et) and the offsets (1, 3 and 5 sccm
samples)

The estimation of Et and offset is calculated from exponential fits of SPV signal at
different relaxation times. Figure 4.24 shows the calculation of Et from the fitted curve.
Further information about the tail energies can be found in [104].
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Figure 4.24: Estimation of tail energy (Et) from normalized exponential fit. Edl indicates
the energy onset of delocalized states as, for example, the band gap for fundamental
absorption. Gexp is the normalized exponential distribution.
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Figure 4.25 is an example of the fitting of the SPV offset and the exponential tail
energies for the Tb-AlNxOy:H layer deposited at H2 flow of 3 sccm. The tail energies are
higher at longer relaxation times.
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Figure 4.25: Example of offset estimation from fitting curves. SPV signals for different
relaxation times (a): 10 ns, b): 100 ns, c): 1 µs and 10 µs, and, d): 30 µs, 30 µs and 80 µs)
for the Tb-doped AlNxOy:H layer deposited at H2 flow of 3 sccm. The arrows point to
the estimated offsets.

Figure 4.26 shows the tendency of the energy tails (Et) and offsets (deep defects
related) over time. The tails and deep defects effects could be analyzed from these curves.

The dependencies of Et on trelax are shown in Figure 4.26 (a) for the samples with
the Tb-doped AlNxOy:H layers. The values of Et for the sample with the AlNxOy:H layer
deposited at H2 flow of 1 sccm increased continuously with increasing relaxation from 16
meV at 10 ns over 22 meV at 100 µs to up to about 60 meV at 1 ms. In the sample with
an AlNxOy:H layer deposited at an H2 flow of 3 sccm, Et values increased with increasing
relaxation time to about 45 meV at 80 µs. For the sample with the layer deposited at
an H2 flow of 5 sccm, Et increased strongly with increasing trelax, reaching a value of
approximately 40 meV after 3 µs. As time increased trelax, Et decreased from more than
40 meV at 15 ns to 20 meV at 100 ns for the sample with the AlNxOy:H layer deposited
at H2 flow of 5 sccm.
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Figure 4.26: Dependencies of the energy parameter describing the exponential tails close
to the bandgap (a) and of the offset of the baseline for the exponential fits (b) on the
relaxation time for the Tb-doped AlNxOy:H/c-Si samples which were prepared at 1, 3
and 5 sccm H2 flow (red circles, blue triangles, and green stars, respectively).

Figure 4.26 (b) shows the dependence of offsets normalized to SPVmax on trelax
for samples with AlNxOy:H layers.

Another significant value that is possible to obtain from these fittings is the offset.
The offset corresponds to the maximum SPV signal below the bandgap. It corresponds
to the product of the charge separation length and the concentration of charge carriers
separated from deep defects.

The highest values of the normalized offset were 0.014, 0.024, and 0.04 for samples
with the AlNxOy:H layers deposited at H2 flow 1, 3, and 5 sccm, respectively. In the case
of samples with AlNxOy:H layers deposited at H2 flow 1 and 3 sccm, the dependence of
the normalized offset on trelax was fitted with exponentials, giving time constants (t) of
190 and 16 µs, respectively. In samples with the AlNxOy:H layer deposited at 5 sccm, the
normalized offset could be fitted by a power law with a power coefficient of about 0.93.

The offset corresponds to the maximum SPV signal below the bandgap. It cor-
responds to the product of the charge separation length and the concentration of charge
carriers separated from deep defects [51].

Based on this result, we can conclude that the 5 sccm sample exhibits faster
relaxation due to the presence of deep defects. On the other hand, the 1 sccm exhibits
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slower relaxation and larger energy tails due to defect states located close to the bands
or strain bonds in a defect-rich region near the surface of c-Si.

4.3.6 Superposed processes: Comparison between excitation be-
low and above the band gap

At the sub-bandgap energies, only defect-related transitions can be measured, whereas,
at the bandgap excitation, band-to-band transitions and defect-related transitions are
measured simultaneously. In the case of Tb-doped AlNxOy:H with 1, 3, and 5 sccm
of H2 flow during deposition, the SPV signal resulting from the relaxation of charges
trapped in deep defect states during excitation above the band gap energy has a slow
response, whereas the relaxation of charges trapped in deep defect states occurs faster
for sub-bandgap excitation.
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Figure 4.27: SPV transients for samples excited at 1.5 eV (826 nm, thin lines) and 0.85
eV (1458 nm, thick lines) for samples deposited at 1, 3 and 5 sccm H2 flow (red, blue and
green lines, respectively).

Figure 4.27 shows in a double logarithmic plot, the behavior of the transient SPV
responses for the AlNxOy:H/c-Si(p) at 1.5 eV (826 nm) and 0.85 eV (1458 nm) of laser
pulse excitation. At 1.5 eV (826 nm), the three samples have similar decay shapes but
with different relaxation times. In the sub-bandgap excitation (0.85 eV, 1458 nm), the
AlNxOy:H/c-Si(p) sample with 5 sccm of hydrogen flow at deposition has a faster decay
than the other AlNxOy:H/c-Si(p) samples.
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Figure 4.28 shows that at least two independent processes are present if the excita-
tion above the bandgap energy is analyzed at an excitation wavelength of 810 nm at 1.53
eV. An approximation to two stretched exponential transients represent a slow process (I)
and a fast process (II). According to the values of the stretched exponential parameters, a
process I is independent of process II. The process I corresponds to the region dominated
by the relaxation of charges excited and separated from localized trap states. Process II
corresponds to the region dominated by the relaxation of charges excited from delocalized
states in the bands.
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Figure 4.28: Two stretched exponential fits for SPV transients excited at 1.53 eV (810 nm)
for samples deposited at 1, 3, and 5 sccm H2 flow (black, red, and blue lines, respectively).
The table shows the fitting parameters.

The slow process I has amplitudes, time constants, and stretching parameters of
140, 77, and 8 mV, of 30, 10, and 2.4 µs and 0.5, 0.8, and 1.0 for the AlNxOy:H/c-Si
samples with 1, 3 and 5 sccm H2 flow, respectively. The faster process II has amplitudes,
time constants, and stretching parameters of 200, 180, and 100 mV, of 0.8, 0.7, and
0.45µs, and of 1.0, 1.0, and 1.0 for the AlNxOy:H/c-Si samples which are prepared at
1, 3 and 5 sccm H2 flow, respectively. The superposition principle allows the separation
of these two independent processes. Process I is more dependent on the hydrogen flow
at deposition, and process II is less dependent on the hydrogen flow at deposition. This
analysis complements the energy tails and offsets observations.
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Figure 4.29: Stretched exponential fits for SPV transients excited at 1.50 eV (826 nm,
black lines) and 0.85 eV (1458 nm, red lines) for c-Si/AlNxOy:H samples prepared with H2

flow of 1 and 3 sccm; a) and b), respectively. Stretched exponential fit for SPV transients
excited at 1.50 eV (826 nm) and power law fit at 0.85 eV (1458 nm) for c-Si/AlNxOy:H
samples prepared with H2 flow of 5 sccm; c).

Stretched exponentials were used to fit the slowly decaying parts of the SPV
transients over roughly the last decade. As a result of the experiments with AlNxOy:H
layers deposited at 1, 3, and 5 sccm, the time constants (τ) and stretching parameters
(β) were 70 µs and 0.65, 13 µs and 0.87, and 1.6 µs and 0.85, respectively (excitation at
826 nm with an energy of 1.864 eV).

Transients excited from deep defect states (see Figure 4.30) had a dominant pos-
itive signal component. In addition, stretched exponentials were used to fit the positive
parts of the samples deposited at H2 flow 1 and 3 sccm with t and b of 170 µs and 0.84
and 15 µs and 0.9, respectively (excitation at 1458 nm with 0.85 eV photon energy). For
the sample with the AlNxOy:H layer deposited at 5 sccm and excited at the same photon
energy, the transient could be fitted by a power law equal to 0.79.

The slower parts of the SPV transients had a similar dependence on the trelax as
the normalized offsets. Normalized offsets also correlated with the fastest and slowest
decays of SPV transients. This correlation means that the density of deep defect states
limits the relaxation of SPV transients at longer times.

A hydrogen plasma treatment of crystalline silicon causes hydrogen to diffuse into
the bulk of silicon, potentially causing defects. A disordered surface layer is formed during
prolonged plasma treatment [41]. As demonstrated by the passivation of boron acceptors
after the deposition of AlNxOy:H layers, hydrogen plasma was also present during the
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growth of AlNxOy:H layers. Increased H2 flow led to higher offsets normalized to SPVmax

and a decrease in the slowest relaxation time, resulting in denser deep defect states
(dangling bonds). It has been observed that the number of holes transferred from c-Si
into surfaces at/near the surface increases with increasing defects density. In agreement
with the observed reduction of SPVmax with increasing H2 flow, this increases partial
screening of Qfix(−) by positively charged states at/near the interface.

Hydrogen incorporation causes stress between silicon bonds in addition to dan-
gling bonds. The presence of exponential tails signifies weakened bonds or disorder [105].
Assuming strong accumulation, all defect states near the surface of c-Si(p) will be un-
occupied in the idealized case. Et is mainly characterized by exponential tails below
the conduction band edge of the sample with the AlNxOy:H layer deposited at H2 flow
equal to 1 sccm. With increasing trap energy, trapped electrons are less likely to escape
via thermal excitation into the conduction band. Consequently, Et increased as trelax
increased.

When defect states are densely populated, charge transfer between them becomes
feasible (hopping transport). As SPV transients decay according to a power law, the
relaxation of charge carriers separated in space is limited by an exponential distribution of
localized states in energy [51]. The calculated values of Et range from 28 to 33 meV, which
are in good agreement with the measured values. The slowest relaxation of charge carriers
separated in space was limited by hopping transport over defects with an exponential
energy distribution for the sample with an AlNxOy:H layer deposited at H2 flow of 5
sccm.
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Figure 4.30: Idealized 4-layer-model for samples deposited at 1 sccm, 3 sccm, and, 5 sccm
of H2 flow at deposition of AlNxOy:H on c-Si(p) samples.

Figure 4.30 proposes layer models for the different distribution of defects for the
AlNxOy:H on c-Si(p) samples, considering the analysis of the Et and the offset at different
relaxation times. The density of defects at the AlNxOy:H on c-Si(p) sample with 5 sccm is
noticeably higher than the other samples, and the distance among defects is close enough
to have hoping transport (about the tunneling distance).
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Figure 4.31: Variation of stretched exponential parameters (A, β and τ ; black, red and
blue lines, respectively) with photon energy (eV) for samples deposited at 1, 3 and 5 sccm
(solid, dashed and short dashed lines, respectively).

Figure 4.31 shows the variation of the exponential parameter (A, β and τ) by
photon energy (eV). These parameters have steady values for photon energies greater than
the bandgap energy because at super bandgap transitions, the photogenerated carriers
are mobile, and at sub-bandgap, part of the photogenerated carriers are localized. At the
sub-bandgap regime, the parameters start to differ considerably. This effect is because all
defects are excited at super-bandgap energies, and at sub-bandgap excitation, the excited
defects depend on their energy distribution.
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4.3.7 Hypothetical band diagrams of the bare silicon sample and
the AlNxOy:H/c-Si samples

Figure 4.32: Final hypothetical band diagram taking into account the passivation of
Boron acceptors [74]

Figure 4.32 describes the electronic properties of the AlNxOy:H/c-Si interfaces more ac-
curately. The passivation of silicon atoms doped with boron is taken into account in the
AlNxOy:H/c-Si band diagram as a EF0 positive shift. The fixed negative charges at the
AlNxOy:H layer bend the diagrams downward when it is illuminated (strong accumu-
lation). The defects generation among the three AlNxOy:H/c-Si samples changes their
SPVmax (change in the Qfix−net) and the relaxation timing.
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Chapter 5

Summary and outlook

The generation of defects at Tb-doped AlNxOy:H / c-Si interfaces depended sensitively
on the concentration of hydrogen during the AlNxOy:H layer deposition, and, aside from
hydrogen passivation of Si interfaces, defect formation was a dominant contributor to
the electronic properties at the interface. The extraction of defect concentrations and
more detailed defect distributions in space and energy is still challenging since there are
no available reliable simulation tools for SPV transients to date. The introduction of
properties lumped to a geometric interface as tried for a-Si/c-Si heterojunctions [106]
is not reliable in this case since charge transfer processes via localized states must be
considered in a model for transient SPV spectroscopy at AlNxOy:H / c-Si(p) interfaces.

It has been demonstrated on the example of acceptor passivation and defect gener-
ation near AlNxOy:H / c-Si(p) interfaces that transient SPV spectroscopy provides access
to electronic properties of buried interfaces of c-Si.

The main goal of transient SPV spectroscopy is to give reliable information of
buried interfaces even under conditions where other methods like HF-CV or QSSPC are
not able to offer conclusive information about the electronic properties of the interfaces.
The range of time (up 12 orders of magnitude [107]) also can give additional information
about the relaxation times of different processes involved (slow and fast).

With the appropriate mathematical tools like fitting with stretched exponential,
it is possible to isolate processes that give SPV signals. In general, the scope of transient
SPV analysis is extensive, and with other complementary measurement techniques, it is
possible to arrive at substantial conclusions about the interfaces.

The optical properties of the Tb-doped AlNxOy:H can be studied in parallel with
the electronic properties in order to obtain the best optimization due to electronic passiva-
tion, optical adaptation (downshift, down conversion), and antireflection accommodation.

This parallel study could arrive at the development of an electronic and an optical-
optimized photovoltaic cell. For the case of electronic properties, the main technique
should be transient SPV spectroscopy.

The downshift and down conversion layer are in constant study as in [22, 23, 27]
while the electronic properties of the interface AlOxNx:H/c-Si are barely studied as in [14,
17] where effects like the passivation of acceptors and generation of defects by hydrogen
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are not taking in account.
Transient SPV provides additional information for the interface AlOxNx:H/c-Si

such as the dynamics of the charge carriers relaxation and the energy tails that give an
idea of the disorder at/near the interface. Taking in account this extra information, it is
possible to design new experiments in order to eliminate constraints for passivation.

As an example, it is possible to change the conditions of the sputtering deposition,
reducing the hydrogen flow during deposition and reducing the power, and verifying the
new passivation condition by transient SPV, making SPV a potential technique for the
analysis of passivation layers.
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