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Resumen

La termofotovoltaica (TPV) se viene desarrollando desde finales de la década de 1950 para la
conversión de energía térmica en eléctrica en una amplia gama de aplicaciones, como la producción
combinada de calor y electricad, el almacenamiento de energía térmica o la recuperación de calor
residual. A pesar de que los últimos avances, que han llevado a eficiencias de conversión de entre
el 30-40%, la tecnología TPV sigue siendo cara. Esto se debe principalmente al elevado coste
por unidad de superficie (€/cm2) de los semiconductores III-V y a los procesos de crecimiento
epitaxial, que siguen siendo los que más contribuyen al coste total de los generadores TPV. El
germanio -Ge- es considerado como una atractiva alternativa de bajo coste para el desarrollo de
células TPV. Sin embargo, los trabajos anteriores sobre dispositivos TPV basados en Ge son escasos
y su eficiencia récord sigue siendo relativamente baja (16,5%, lo que supone sólo el 27% de su
límite termodinámico). Además, los dispositivos TPV de Ge más eficientes han sido desarrollados
utilizando técnicas de alto coste como epitaxia metalorgánica en fase de vapor. Por tanto, hay una
falta de dispositivos de alta eficiencia basados en Ge con técnicas de fabricación de bajo coste.

Para abordar simultáneamente los retos de conseguir dispositivos TPV de bajo coste y alta
eficiencia, el objetivo general de esta tesis doctoral es poner en marcha el desarrollo de un proceso de
fabricación de bajo coste que sirva para la fabricación de células de contacto posterior interdigitado
(IBC) de Ge. El diseño de célula IBC permite en teoría alcanzar mayores eficiencias de conversión
con respecto a células TPV contactadas a doble cara, ya que elimina el compromiso entre la
absorción de luz y las pérdidas óhmicas que sufren estas últimas. Además, la ausencia de electrodos
frontales puede suponer una gran ventaja en el contexto de la TPV, donde la irradiancia incidente
es mucho mayor que en los sistemas solares convencionales, lo que hace que la minimización de las
pérdidas óhmicas sea de suma importancia. Esta tesis doctoral explora la fabricación de células TPV
IBC mediante la difusión en estado líquido por irradiación con láser pulsado (PLM) en combinación
con fuentes de dopantes sólidas. Esta combinación hace posible la apertura simultánea de capas
dieléctricas y la creación de una región altamente dopada debajo, dejando el contacto listo para la
metalización. De este modo, el número de pasos fotolitográficos se puede reducir en gran medida,
permitiendo un proceso escalable de fabricación de bajo coste. El uso de PLM permite además un
proceso flexible, al aire y con un bajo presupuesto térmico, lo que reduce el consumo de energía
y los costes de procesamiento en comparación con el dopado basado en técnicas epitaxiales o de
difusión en horno.

Como primer paso hacia el desarrollo de dispositivos IBC-TPV en Ge se ha llevado a cabo
un estudio de pasivación de la superficie de c-Ge basado en una limpieza con plasma de H2 in
situ seguida del depósito de un stack de carburo de silicio amorfo por deposición química en fase
vapor asistida por plasma. Se han obtenido resultados reseñables, alcanzando tiempos de vida
efectivos de portadores minoritarios superiores a 600 µs y 1400 µs, para obleas de Ge tipo-n poco
dopadas (1 Ωcm) y Ge intrínseco, respectivamente, encontrándose estos resultados en el rango de
los mejores alcanzados en el estado del arte para los mismos niveles de dopado. La estimación del
límite superior de la velocidad de recombinación superficial en obleas de tipo-n, del orden de 14,5
cm/s, es otra prueba más de la buena calidad de la pasivación conseguida.

Como segundo paso se ha desarrollado con éxito un método para el dopado de Ge tipo-n basado

i



RESUMEN

en PLM mediante irradiación con láser excímero a partir de dos fuentes alternativas de dopantes
sólidas: disoluciones que contienen fósforo depósitadas por spinner (SoD-) y carburo de silicio
amorfo dopado con fósforo (-PassDop-). El uso de SoD se ha evaluado en obleas de Ge con o sin
capa de pasivación. El uso de SoD en obleas de Ge sin pasivar, ha resultado en niveles de dopante
eléctricamente activo de casi el 100 % hasta concentraciones alrededor de 1 · 1019 cm-3, mediante la
optimización de la fluencia del láser y el número de pulsos. Efectos perjudiciales para la fabricación
de dispositivos debidos a posibles defectos inducidos por el láser parecen poder descartarse, ya que
la movilidad hall, que oscila entre 346 y 463 cm2/V s, sigue los valores esperados para el nivel de
activación conseguida. Por el contrario, el dopado a través de una capa pasivante de carburo de
silicio, ya sea mediante SoD o PassDop, ha dado lugar a la creación de defectos inducidos por láser.
Además, la concentración activa del dopante eléctrico es inferior a la química. No obstante, tanto la
activación eléctrica como la calidad cristalina mejoran drásticamente cuando se aumenta el número
de pulsos. Por lo tanto, la selección de las condiciones óptimas de parámetros láser ha demostrado
ser más crítica cuando la irradiación láser se realiza en obleas pasivadas en comparación con las
obleas sin pasivar. Un recrecimiento epitaxial efectivo del Ge puede verse obstaculizado a bajo
número de pulsos en muestras pasivadas de Ge, debido principalmente a la elevada cantidad de Si
y C incorporada procedente del stack de carburo de silicio, y/o a la incorporación de impurezas
inicialmente en sitios intersticiales. Mediante la optimización de la fluencia del láser y el número
de pulsos para las tres estrategias de dopado alternativas, se ha conseguido una dosis récord de
P-eléctricamente activo de 1.5 · 1015 cm-2 para la tecnología PassDop a 750 mJ/cm2 y 100 pulsos,
considerándose ésta como la fuente de dopante más prometedora para la fabricación de dispositivos
TPV de Ge-IBC.

Como paso final hacia la fabricación de células Ge-IBC, se ha investigado la formación de
contactos locales selectivos de electrones y huecos usando los métodos PassDop y de contacto por
láser firing a través de dieléctricos (LFC), respectivamente. Los experimentos se han realizado
utilizando un sistema láser de Nd:YVO4 que emite a una longitud de onda de 355 nm con un
spot de laser gaussiano de 6 µm. Se han investigado tanto los contactos selectivos de huecos
como de electrones variando las condiciones del proceso láser (potencia y número de pulsos). El
comportamiento eléctrico de ambos tipos de contactos se ha evaluado mediante la medición de
curvas IV en oscuridad. En cuanto a los contactos selectivos de electrones sobre Ge tipo-p, se
ha conseguido un comportamiento rectificante en todos los diodos fabricados con condiciones de
potencia láser entre 3 y 22 mW y entre 3 y 100 pulsos, independientemente del espesor de SiC (45
y 180 nm) y del contacto metálico (PdTiPdAg o Al). Sin embargo, el comportamiento del diodo
dista mucho de ser ideal, con problemas de shunting revelados a partir del ajuste de la curva IV en
oscuridad. El uso de condiciones de baja potencia y alto número de pulsos (es decir, 3 mW y 64-100
pulsos) parecen mejorar las características del diodo en términos de recombinación y shunting para
todos los conjuntos de experimentos. Sin embargo, la mejora se considera más bien moderada,
por lo que es necesaria la implementación de nuevas estrategias para mejorar el comportamiento
de los dispositivos. La formación de cracks o regiones no dopadas, o ligeramente dopadas, en el
borde del spot de láser gaussiano se encuentran entre los motivos más plausibles para inducir los
problemas de shunting observados durante el proceso posterior de metalización. En cuanto a la
formación de contactos selectivos de huecos, se ha demostrado la formación de contactos óhmicos,
independientemente del espesor de Al (1 y 2 µm), lo que sugiere que el dopado tipo-p de la capa
de Al es capaz de sobrecompensar el dopado tipo-n proveniente de la capa de carburo de silicio
inferior, creando con éxito contactos óhmicos con una resistencia específica de contacto mínima
del orden de 2 · 10−4 cm2. El daño inducido por el láser debe analizarse todavía, ya que hay que
alcanzar un compromiso entre la resistencia eléctrica y el daño inducido por el láser para establecer
las condiciones óptimas de proceso.

Los resultados de este trabajo pueden verse como una valiosa guía para afrontar el proceso de
fabricación de células TPV de Ge-IBC de alta eficiencia y bajo coste.
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Abstract

Thermophotovoltaics (TPV) has been developed since the late 1950s for thermal-to-electric
energy conversion in a wide range of applications, including combined heat and power, thermal
energy storage, or waste-heat recovery. Despite recent developments that have led to conversion
efficiencies in the range of 30-40%, TPV power is still expensive. This is mostly due to the high
cost per unit area (€/cm2) associated with the use of III-V semiconductors and epitaxial processes,
which remain the largest contributors to the total cost of a TPV generator. Germanium –Ge-
has been historically considered an appealing low-cost alternative for the development of TPV
cells. However, previous works on Ge-based TPV devices are scarce and its record efficiency is
still very low (i.e. 16.5%, which corresponds only to the 27% of its upper thermodynamic limit).
Besides, the most efficient Ge TPV devices were developed using high-capital cost techniques such
as metalorganic vapor phase epitaxy. Thus, the fabrication of high-efficiency Ge-based devices
based on low-cost fabrication techniques is still missing.

To address simultaneously the challenges of achieving low-cost and high-efficient TPV devices,
the overall goal of this Ph.D. thesis is to kick-start the development of a low-cost cell manufacturing
process toward the fabrication of interdigitated back contact (IBC)-Ge TPV cells. IBC cell designs
theoretically allow higher conversion efficiencies than double-side TPV cells, since it gets rid of
the trade-off between light absorption and ohmic losses that suffers the latter. The lack of front
electrodes could entail a major advantage in the context of TPV, where the incident irradiance
is much higher than for conventional solar-PV systems, making the minimization of ohmic losses
of utmost importance. This Ph.D. thesis explores the fabrication of IBC TPV cells by means of
pulsed laser melting (PLM) in combination with solid-dopant sources. This combination makes
possible the simultaneous opening of the dielectric insulating layer and the creation of a heavily
doped region underneath, leaving the contact ready for metallization. In this way, the number
of photolithographic steps could be greatly reduced eventually enabling a low-cost and scalable
manufacturing process. The use of PLM also enables a flexible, ambient air process with a low
thermal budget, reducing energy consumption and processing costs as compared with doping based
on furnace-diffusion or epitaxial techniques.

As a first step toward the development of IBC Ge-based TPV devices, a study of c-Ge surface
passivation based on an in situ H2 plasma cleaning followed by the deposition of an amorphous
silicon carbide stack by plasma-enhanced chemical vapor deposition has been conducted. Promising
results have been obtained, reaching effective minority carrier lifetimes higher than 600 µs and
1400 µs, for lowly doped n-type c-Ge (1 Ωcm) and intrinsic c-Ge wafers, respectively, being these
results in the range of the best ones achieved in the state-of-the-art for the same doping level.
The estimation of the upper limit for the surface recombination velocity (SRV) in n-type wafers,
indicates maximum SRV in the order of 14.5 cm/s, further confirming the high quality of the
passivation.

As a second step, a method for n-type doping of c-Ge has been developed based on pulsed laser
melting by excimer laser irradiation based on two alternative solid dopant sources: phosphorus-
containing Spin on Dopant Solutions (-SoD-) and phosphorus-doped amorphous silicon carbide
(-PassDop technology-). The use of SoD has been evaluated on bare-Ge and passivated-Ge wafers.
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The use of SoD on bare c-Ge wafers has led to electrical doping activation of nearly 100% up to a
concentration of around 1 · 1019 cm-3, by optimization of the laser energy fluence and the number
of pulses. Relevant detrimental effects for device fabrication due to laser-induced defects seem to
be effectively prevented, since hall mobility, which ranges between 346 and 463 cm2/V s, follows
the expected values for the level of activation achieved. In contrast, doping through a passivating
silicon carbide layer, either using SoD or PassDop techniques, has led to laser-induced defects.
Moreover, the electrically dopant active concentration was found to be lower than the chemical
one. Nonetheless, both, electrical activation and crystalline quality drastically improve with the
number of pulses. Thus, careful selection of the optimum laser conditions has been demonstrated
to be more critical when laser irradiation is performed on passivated wafers as compared with bare
wafers. An effective liquid phase epitaxial regrowth can be hindered at a low number of pulses for
Ge-passivated samples, due to the high amount of Si and C incorporated during laser processing
coming from the SiC stack, and/or to the incorporation of impurities initially at interstitial sites. By
optimizing laser energy fluence and the number of pulses for the three alternative doping strategies,
a record P-electrically active dose of 1.5 · 1015 cm-2 has been achieved for PassDop technique at 750
mJ/cm2 and 100 pulses, which has been considered as the most promising dopant source for the
fabrication of Ge-IBC TPV devices.

As a final step towards Ge-IBC TPV cell fabrication the formation of local electron- and hole-
selective contacts on p-type c-Ge has been investigated based on PassDop and laser-fired contact
(LFC) methods, respectively. Experiments have been conducted using a Nd:YVO4 laser source
emitting at 355 nm and with a gaussian spot of 6 µm. Both electron- and hole-selective contacts
on p-type Ge have been investigated by varying the laser process conditions (power and number
of pulses). The electrical behavior of both kinds of contacts has been evaluated through the
measurement of I-V curves under dark conditions. Regarding electron-selective contacts on p-Ge,
rectifying I-V characteristics has been achieved for all samples fabricated with laser power conditions
between 3 to 22 mW and 3 to 100 pulses, regardless of the SiC thickness (45 and 180 nm) and metal
contact (PdTiPdAg or Al). However, diode behavior is far from ideal, with shunting issues revealed
by the fitting of the dark JV curve. Low laser power conditions and a high number of pulses (i.e.,
3 mW and 64-100 pulses) seems to improve diode characteristics in terms of recombination and
shunting for all set of experiments. However, the improvement is considered moderate, and new
strategies to improve device performance are needed. It is believed that the formation of cracks
and non-doped/slightly-doped regions at the edge of the gaussian laser spot are the most likely
reasons for shunting during post-metallization. Regarding hole selective contacts, ohmic contact
formation has been demonstrated, regardless of the Al thickness tested (1 and 2 µm) suggesting
that p-type doping from the Al layer overcompensates n-type dopants from the underneath SiC
stack, successfully creating ohmic contacts with minimum specific contact resistance in the order of
2 · 10−4 cm2. Laser-induced damage should still be analyzed since a trade-off between electrical
resistance and laser-induced damage must be considered in order to determine optimum processing
conditions.

The results of this work could be a valuable guide to face the manufacturing process of cost-
effective highly-efficient Ge-IBC TPV cells.
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Chapter 1

Introduction

1.1 Thermophotovoltaics and its potential for climate change
mitigation

Climate change caused by human activity has become one of the main challenges to overcome
in the 21st century [1,2]. In spite of the great potential of renewable energy to decrease greenhouse
emissions and the rapid decrease in their levelized cost of energy in the last years, with some
renewable energy sources being already cost-competitive as compared with other conventional
generation technologies, availability on demand is still a key barrier for a higher penetration of
renewable energies [3]. Additionally, not only the generation of electricity from renewable energies,
but also technologies to improve energy efficiency and enable energy storage are needed as a step
towards climate change mitigation. In this regard, thermophotovoltaic energy conversion (TPV),
which converts heat into electrical power [4], is a versatile tool with potential for energy storage
and energy efficiency applications.

In the case of energy storage, TPV can be used in power-to-heat-to-power storage (PHPS)
systems were electricity is converted into heat, which is stored, and then converted back to electricity
upon demand [5–7]. Although efficiency penalties are paid because of the thermodynamic limits
of heat to electricity conversion, the storage of energy as heat instead of electrochemical energy
can be 50-100 times cheaper, offering an alternative solution to electrochemical batteries (highly
limited by the high cost of Li-ion batteries dominating the market) [6]. Solutions to the storage
issue with a cost closer to or below 50 $ per kWh-e that enable 10 or more hours of storage are
stated to be needed to eventually realize reliable and cost-effective electricity supply to the grid [6].

In the case of energy efficiency, TPV can be implemented in order to recover a part of the
large amount of waste heat released in form of radiation from incandescent sources, especially in
the industry sector, with potential application for waste heat recovery in industries such as glass,
iron and steel manufacturing, with high temperature (> 1000 K) waste heat [8–10]. It should be
pointed out that only the steel and iron manufacturing sector is currently responsible for about 8%
of global final energy demand and 7% of energy sector CO2 emissions as stated by the Iron and
Steel Technology Roadmap 2020 [11].

Additionally, TPV cells also have the potential for being used in cogeneration [12]. A distributed
combined heat and power system can reduce the energy lost in electricity transmission and allows
to reduce fuel consumption, with great potential for residential buildings [13, 14]. Additional
applications of TPV include: power source for hybrid cars [15], unmanned vehicles [16], deep-space
probes [17], or hybrid solar-biomass thermophotovoltaic power generation [18]. In Fig. 1.1, a
summary of the main applications mentioned aboved is presented.
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CHAPTER 1. INTRODUCTION

Figure 1.1: Summary of TPV applications.

1.2 TPV technology
TPV devices are generators which enable direct heat into electrical power conversion, being

the most basic parts of a TPV system: a heat source, a thermal emitter, and a TPV cell (see Fig.
1.2). Heat is applied to the thermal emitter, which becomes incandescent and transfers the heat by
radiation to the TPV cell, which directly produces electricity by the photovoltaic effect.

Figure 1.2: Schematic diagram of a basic TPV system.

Nevertheless, some radical differences exist between solar-PV and TPV, which should be
addressed in order to better understand the opportunities and challenges of TPV technology.

• Higher incoming radiation densities for TPV as compared to solar-PV as a con-
sequence of the minimized angular mismatch loss in the case of TPV. In solar-PV, the
absorption solid angle is much smaller than the emission solid angle leading to voltage losses.
Conversely, the angular mismatch loss is low for TPV, since the source of radiation is close,
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with optimized view factors between the emitter and the receiver close to 1. In particular,
the flux emitted by a blackbody at 1027 °C is estimated in 162 kW/m2, against 1 kW/m2 at
AM1.5 for solar-PV, which can be translated to a concentration factor of around 160. Further
enhancement of this flux can be achieved when the thermal radiation source is at a higher
temperatures, with photon fluxes as high as 1587 kW/m2 at 2027 °C (i.e. concentration factor
around 1600). However, even though high power densities are one of the technology’s greatest
assets in theory, in practice, ohmic losses at high current densities can hinder high-efficiency
conversion [19].

• Solar-PV has to deal with a moving, intermittent, and transient radiation source, whereas
TPV systems have capability of around-the-clock-operation [20].

• Radiation exchange between the PV cell and the thermal emitter can be maxi-
mized in TPV systems, since the spectral irradiance, which depends on the thermal emissivity
and its temperature, is tunable [20].

• One of the most important distinctive between solar-PV and TPV is the spectral irradiance,
which directly affects the range of suitable semiconductor bandgaps enabling high efficient PV
energy conversion from the incident radiation into electricity. For solar-PV applications, with
standard global incident irradiance of 1 kW/m2 at AM1.5 when not under concentration, the
most efficient semiconductors materials are those with a bandgap lying between 1-1.5 eV (i.e. Si,
GaAs, CIGS, CdTe, perovskites,...). Contrary, for TPV cells, in which the spectral irradiance
is typically shifted to the infrared, the most efficient materials are those with a bandgap lower
than 0.8 eV (i.e. GaSb, InGaAs, InGaAsSb, InSb, Ge, GeSn, Bi2Te3/Si,...) [9, 21].

It is worth mentionioning that the range of bandgap suitable for TPV has already partially
hindered a further development of this technology in the past since low bandgap semiconductors
were at ealier stage of development. In fact, even though the first demonstrations of TPV devices
were conducted during the late 1950s and early 1960s for military purposes [22, 23], it was not
until the 1980s that a greater development of IR sensitive PV cells based on III-V materials for
solar space applications arose, returning back interest on TPV in the 1990s. Indeed, during the
1990s and early 2000s, a huge improvement of TPV cells’s efficiency was reported, with particular
interesting results in GaSb [24] and InGaAs [25] cells. This period of TPV renaissance ends up with
the first commercial combustion-based TPV device, the Midnight Sun TPV stove, developed by JX
Crystals for combined heat and power applications [26], with large developments also on the field
of TPV systems based on radioisotope as heat source within NASA research funded programs [17].

Some key technological breakthroughs were also achieved on late 1990s and early 2000s specially
owing to the efforts of NASA an Essential Research Inc [27], which combined for the first time
in TPV the concepts of Back Surface Reflector (BSR) and Monolithic Interconnected Modules
(MIMs) [28].

• The use of BSR in the cells enabled the reflection of photons with energy lower than the PV
cell bandgap to the thermal emitter. This reduces the cooling requirements and increases
overall efficiency, as sub-bandgap photons are reabsorbed at the emitter and do not contribute
to the efficiency losses. On the other hand, less fuel consumption for heating the thermal
emitter is necessary since the unabsorbed photons reflected back to the thermal emitter are
useful to heat it.

• In the case of MIMs, which are densely packed arrays of PV cells with series interconnection
which share the same semiconductor substrate, their main advantage is to enable a reduction
in the output current and an increase of the voltage of the module under operation, which
can be otherwise compromised as a consequence of the high ohmic losses associated with the
high current densities when working with high illumination irradiances [28].

These developments culminated with a record efficiency of 23.6% at 1039 °C for a InGaAs MIM
in 2004 [29], which has been the highest efficiency ever achieved for any kind of solid-state device for
thermal-to-electric conversion until very recently, with energy conversion for competing technologies
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such as thermionic and thermoelectrics below 10% [31]. Nonetheless, this record have been surpassed
in 2018 (24.1% at 1055 °C) [30] and 2019 (29.1% at 1207 °C) [32] by further improvements in the
BSR and by using InGaAs cells with bandgaps of 0.6 eV and MIM arragement [30] or InGaAs cells
with a bandgap of 0.74 eV and a highly reflective rear mirror [32, 33]; being the current record
efficiency for TPV since 2022 a two-junction device comprising III-V materials with a bandgap
of 1.4/1.2 eV using a highly reflective BSR, which has led to a conversion efficiency of 41.1 %
at 2400 °C [34]. In terms of TPV systems, theoretical conversion efficiencies over 50% has been
predicted [32].

In spite of the high efficiencies and the great possibilities of TPV technology explained above,
there are still some challenges hindering a major commercialization of TPV systems, among its high
cost per output power (AC/W) stands out [18]. This cost is derived, on one hand, from the high cost
per unit area (AC/cm2) associated with III-V materials, which remains as the largest single cost of
TPV modules [19], and on the other hand, by the low output power density (W/cm2) achieved
for most practical emitter temperatures (in the range of 1000 °C). In fact, low power densities
(only approaching 0.5 W/cm2 in the best case) are mostly achieved in spite of the high emitter
temperatures (1000-1200 °C) and efficiencies beyond 30 % [20]. In this regard, in spite of its low
efficiency, thermoelectric generators can produce much higher power densities as high as 20 W/cm2

at temperatures around 600 °C [35]. As a result, there exist two main strategies to reduce the cost
per power of TPV: (i) increase the power density, and (ii) reduce the cost per area of the device.

(i) Increase the power density:

The reason for the low power densities achieved for the record TPV cells comes from a trade-off
between efficiency and power density depending on the bandgap of the semiconductor used (See
Fig.1.3). When using higher bandgap materials in combination with excellent BSR for photon
recycling, very high conversion efficiencies can be achieved but at the cost of some limitations
in terms of the output power density. Contrary, the choice of lower bandgap materials can
lead to higher output power densities but with constraints in terms of efficiency [20]. Hence,
novel advanced TPV concepts under development since the late 2000s-early 2010s are focused
on finding solutions able to get rid of or at least relax this trade-off. Some examples are the
concepts of near-field thermophotovoltaics (NF-TPV) and the hybrid thermionic-photovoltaic
(TIPV). In the case of NF-TPV, an increased output power at lower emitter temperatures is
achieved by reducing the distance between the emitter and the cell below the characteristic
wavelength of Wien’s law (around 3 µm at 727 °C). By doing so, it is possible to make use of
the evanescence waves in addition to the propagative waves, boosting the amount of radiative
power contributing to the generation of electrical power [36–38]. Regarding TIPV, some
enhancement in terms of power density can be achieved, since the emitter radiates not only
photons but also electrons at the same time, with electrons producing around twice the power
density achieved by standard TPV [39]. Strategies to combine TIPV together with NF-TPV
are currently under development [40–42].

(ii) Reduce the cost per unit of area:

• Epitaxial lift-off (ELO): A possible solution to the high cost of wafers suitable for
epitaxial deposition of III-V materials, which dominates the manufacturing cost over the
metal-organic chemical vapor phase epitaxy and device processing, is substrate reuse,
which allows spreading substrate’s cost across many TPV cells. This technique is based
on the exploitation of selective wet etching chemistry of III-V compounds to remove
a thin release layer deposited on the substrate, prior to epitaxial growth of the device
structure [43]. However, the main challenges to commercialize the technology are that the
etching reaction can be slow (in the order of hours) and it can be stopped prematurely,
difficulting the application in full wafers. Moreover, after some reuse cycles, ELO must
include a chemo-mechanical polishing (CMP) to prepare the surface for high-quality
epitaxy, in order to avoid high dislocation density issues related to surface roughness
after chemical treatment, since not only reduction of cost but also high-efficiency energy
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conversion should be achieved. Moreover, wafer breakage has been also identified as a
limiting factor for ELO [43].

In terms of cost, ELO’s capital cost is estimated to be similar to high-throughput
wet-etching tools in c-Si manufacturing, being the cost per cell a strong function of the
number of times the substrates can be reused and after how many times CMP should be
performed (i.e. CMP used in every reuse cycle, every 10 cycles,...). Thus, the question
of how many reuses are ultimately feasible in a manufacturing environment should be
addressed, since not only reduction of cost but also high-efficiency energy conversion
should be achieved [43].

ELO has been already implemented in the industry at a small scale, for example by
MicroLink Devices and Alta Devices (the latter is now defunct). Since these companies
use proprietary processes for the lift-off, publicly available information on these systems
is missing. Other technologies used to reduce substrate’s cost apart from ELO are:
spalling and porous Ge release layer. However, both of them are less mature as compared
with ELO [43].

• Cost-effective infrared sensitive materials alternative to III-V: Another possi-
bility to address the challenge of reducing the high cost per unit area, is the use of
germanium. With a bandgap of 0.66 eV and a much lower cost as compared with III-V
semiconductors -around 6 times less [44]-, this material is regarded as an appealing
substrate for the development of low-cost TPV. However, previous works on Ge-based
TPV devices are scarce, with most of the research carried out during the 2000s by the
Ioffe Physico-Technical Institute [45], Fraunhofer ISE [44] and IMEC [46,47], with the
current record efficiency of Ge-TPV cells of 16.5% at an emitter temperature of 1100
°C established in 2010 by J.Fernandez (Fraunhofer) [47]. Nonetheless, this efficiency is
rather low as compared with efficiencies achieved by other IR sensitive materials [12].
Besides, the record efficiency was achieved using epitaxial growth of III-V for surface
passivation purposes [44], limiting the economic advantages associated with the use of
Ge to achieve cost-effective TPV cells. In this regard, only Ge-TPV cells fabricated
by IMEC eliminated the use of high-capital cost epitaxial techniques, however, at the
expense of a lower TPV efficiency [48]. Thus, there is a need for the development of
low-cost high-efficiency Ge-based TPV devices.

Figure 1.3: Calculated (A) TPV conversion efficiency and (B) power density as a function of the TPV cell bandgap
energy and BSR reflectivity for a blackbody emitter at 1050 ◦C. Calculations assume only radiative recombination in

the cells. Figures from: [20].
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1.3 Ge perspective
1.3.1 Opportunities

Ge has been since the 1940s, a key material for the beginning of the “Semiconductor Age”, with
the invention of the first transistor made of germanium in 1947 becoming one of the most important
events in shaping modern-day life [49]. In fact, it was the material of choice for the semiconductor
development until the late 50s. However, since the early 60s, Ge was naturally being replaced by
Si in the world of electronic circuits and devices as a consequence of the high chemical stability
of silicon dioxide (SiO2) and the extremely low surface state density at the SiO2/Si interface -in
contrast with the poor quality of germanium oxide-, Si abundance and low-cost [49]. Hence, Ge
was relegated for some time to niche markets such as high resolution gamma-ray detectors, far
IR detectors, low-temperature thermistors, and high resistivity material for the fabrication of
nuclear-radiation detectors [49,50].

Nonetheless, Ge has been rediscovered in the 1980s by the PV community, being firstly used as
a substrate for GaAs space solar cells [51], and later on, being adopted as substrate and bottom
sub-cell in multijunction (MJ) solar cells in order to convert the infrared part of the solar spectrum,
achieving conversion efficiencies of up to 41.6% for AM1.5D spectrum in triple junctions based on
GaInP/GaInAs/Ge devices [52], with application in space-PV and concentrated-PV. Thereafter,
with the renewed interest in TPV restarted by the development of PV devices based on III-V
materials, a new opportunity also for Ge single-junction PV devices arisen as a low-cost solution
for TPV, with major developments during the 2000s [44,47,53] as it was explained in section 1.2.

Furthermore, in the last decade, Ge has been also reconsidered as a substitution for Si for
high-speed transistors, as Si electronic devices are approaching their limits to further improve
efficiency and speed [54]. One key strategy to improve transistor performance resided in the potential
to increase charge-carrier mobility within the device channel. The faster the electrons and holes can
move, the faster the circuits would be. In this sense, Ge with both electrons and holes with higher
carrier mobilities than Si, and with one of the highest hole mobility of all known semiconductors
-about twice higher than the best III-V p-type materials- ( [54]), turned Ge into a prominent
candidate as a channel material for Complementary Metal-Oxide-Semiconductor (CMOS), now
that the necessity for a good-quality native oxide for Ge has been overcome by the breakthrough in
the development of high-k gate dielectric materials [55]. The main advantage of Ge over other more
exotic materials lies not only in its cost but also in its compatibility with Si existing technology,
facilitating its integration in industry. Moreover, the use of Ge instead of Si could allow a significant
reduction in power consumption [54] since less voltage must be applied to move charge carriers
along the circuit so that considerably less energy would be consumed. Taking into account the
billions of electronic devices globally, reducing power consumption could have a direct impact on
reducing global energy demand [56].

Other appealing applications for Ge currently under study are photonics and mid-infrared
plasmonics [57], for which a high level of active n-type dopants is essential. Thus, fabrication of
highly n-type doped Ge layers is currently a hot topic for a wide range of application fields, from
nanoelectronics to PV, photonics and radiation detectors [58].

1.3.2 Challenges
One of the most critical aspects to ensure good device performance when working with crystalline

germanium (c-Ge) is to have a clean surface, free of oxides, metals, and/or organic contamination
prior to the deposition of any layer on it [59]. However, this has proven to be challenging because
of the inherent characteristics of the germanium oxide that is formed rapidly in air, which unlike
silicon, is partially water-soluble and thermodynamically unstable [59]. In addition, this oxide
layer which is formed mainly of GeO2 and a variety of suboxides, forms a poor interface with
c-Ge with a high density of dangling bonds at the interface, preventing good surface passivation if
complete removal of the native oxide is not achieved [60]. In this respect, some of the most efficient
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cleaning processes reviewed in the literature [59] are: thermal desorption (all Ge oxides can be
thermally desorbed in vacuum at temperatures ranging from 390-600 °C), H2 plasma treatment,
and sputtering in combination with thermal annealing or Ge regrowth. Wet-etching treatments,
although less efficacious, can be also used. Best results are reported for HCl, NH4OH, HBr and HI
as compared with HF or H2O, which can be effective for GeO2 removal but they cannot properly
remove germanium suboxides GeOx (x<2) [59].

Another key issue related to germanium native oxide is Ge substrate loss due to interaction
between them when subjecting c-Ge to thermal annealing, leading to the formation of volatile GeO:
GeO2 +Ge −−⇀↽−− 2GeO. This reaction is enhanced if there is enough oxygen in the environment
available to re-oxidize Ge substrate during the thermal annealing process, settling down a competition
mechanism between dopant incorporation and rate of Ge surface desorption [61]. As a result, lower
dopant incorporation can be achieved with surface desorption causing also surface degradation
when the annealing of germanium is performed without any capping layer. Even though the level of
incidence for substrate loss and surface deterioration is higher in oxygen atmospheres, it has been
also observed in nominally inert atmospheres (N2, Ar, or vacuum) [62]. Hence, low thermal budget,
small furnaces, and vacuum conditions have been set as necessary requirements to reduce substrate
loss [63]. It should be mentioned that direct evaporation of c-Ge or GeO2 instead of GeO can be
ruled out because of the low vapor pressures reported in the literature for c-Ge and GeO2 [62].

Other concerns which have been extensively researched in the literature are also: n-type doping
of c-Ge [55,63–65] and ohmic contact formation in n-type doped c-Ge [66–68]. One one side, high
surface n+ dopant concentrations in conjunction with shallow junctions are difficult to achieve in
c-Ge by conventional thermal diffusion processes, mainly due to the low-solubility, high-diffusivity,
and deactivation of donors atoms [69]. On the other side, fermi-level pinning (FLP), dominantly
caused by metal-induce gap states at the metal/c-Ge interface [70], restrict the minimum specific
contact resistance achievable [66].

• Shallow heavily doped n+ c-Ge:

(i) Shallow junction: Diffusion of dopants in c-Ge is mainly mediated by vacancies for
both n- (P, As, Sb) and p-type dopants (Al, Ga, In), with the exception of B with a
diffusion activation enthalpy of more than 1 eV with respect to self-diffusion indicating
an interstitial-mediated diffusion mechanism [69]. In spite of sharing the same diffusion
mechanism, according to the literature, the diffusivity of n-type dopants clearly exceed
the diffusion of p-type dopants (the latter being similar to that of self-diffusion) [69]. This
seems to be a result of a less attractive Coulomb interaction between the substitutional
dopant and the vacancies in the case of p-type dopants [69]. Moreover, for extrinsic
diffusion of n-type dopants (concentration higher than the intrinsic), diffusion increases
with the square of the electron concentration dependence (n/ni)2 as a consequence of the
increased concentration of vacancies when decreasing resistivity, which result in a higher
concentration of dopant-vacancy pairs which move faster than dopant atoms [64]. This fast
diffusion of donor atoms is a concern when highly-doped ultra-shallow junction formation
in c-Ge is needed, as for instance for the fabrication of n-channel MOSFET [64,69].

(ii) High n+ dopant concentration at the surface: It should be mentioned that not only
shallow junctions are difficult to achieve, but also a high concentration of donor atoms at
the surface, since the high diffusivity of n-type dopants may result in a fast redistribution
of the incorporated dopants (already limited by their low solubility in c-Ge), which would
unavoidably reduce the surface dopant concentration if the dopant source used is non-
unlimited. In this sense, laser annealing of pre-deposited impurities can improve both:
the incorporation of donor atoms beyond their solubility limits in c-Ge, and minimize
their diffusion thanks to shorter annealing times as compared with thermal-diffusion
processes [71]. Isovalent atom co-doping has been also proposed in the literature as
one of the main strategies to reduce the diffusivity of n-type dopants. However, donor
deactivation seems to be a concern [69].
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(iii) Donor activation: Saturation behavior has been observed in terms of n-type dopants
activation for P, As and Sb, even when any other additional impurity is added in order
to reduce their high diffusivity [69, 71]. The differences found between the chemical
and electrically active concentration suggest the formation of dopant-defect complexes,
restricting the maximum achievable electrical activation and also the mobility of free
carriers by means of a higher number of scattering events [69].

It should be pointed out that phosphorus is identified in the literature as the most suitable
donor in order to achieve high activation and shallow junctions when working in thermal
equilibrium since it is the element with the highest solid solubility and the lowest diffusivity
as compared with As and Sb [64].

• Ohmic contact formation in n-type Ge

FLP of metal contacts on n-type Ge, makes the barrier height of the contact being dependent
on the position of the charge neutrality level of c-Ge, which is known to strongly occur near
c-Ge’s valence band, forcing the electron Schottky barrier height above 0.5 eV, regardless of
the work-function of the metal used [68]. As a result of this obstacle, rectifying contacts or
ohmic contacts with resistivity higher than 10−4 Ω cm2, independently of the metal chosen,
are reported when contacting n-type c-Ge, if advanced strategies are not considered [66].
For the same reason, all metals are able to form good ohmic contact to p-type Ge [67].
Some approaches proposed in the literature to mitigate FLP on n-type Ge include: dopant
segregation [68, 72], dipole formation [73], metal germanides [74] and ultra-thin insulator
interfacial layers (such as SiNx, Ge3N4 or Al2O3) [67]. However, in this latter case, a trade-off
between reducing barrier height and degradation of the specific contact resistance, as a
consequence of higher tunneling resistance when increasing the interfacial layer thickness,
should be found [67]. Since ohmic contacts are usually obtained by a low Schottky barrier
height or by achieving very high surface dopant concentrations, another appealing technique
is to enhance n+ dopant concentration at the surface by means of out-of-equilibrium processes,
such as laser annealing mentioned above. Using this technique to activate implanted atoms,
specific contact resistivities in the order of 10−6Ω · cm2 has been achieved [66,75]

1.4 Thesis Motivation
In order to overcome the challenges of TPV technology associated with the high cost per unit

area, linked to the use of III-V materials, this thesis reconsiders the use of c-Ge as a low-cost
alternative. As it was further explained in section 1.2, even though some experimental works were
conducted in c-Ge in the context of TPV applications [44–47], the fabrication of high-efficiency
Ge-based devices based on low-cost fabrication techniques is still missing.

On one side, to accomplish the objective of fabricating high-efficiency Ge-TPV devices, we
propose the use of an Interdigitated-Back Contact (IBC) cell architecture, whose structure is shown
in Fig. 1.4, which has led to the highest efficiency ever reported for c-Si PV cells [76]. This cell
design, which has both contacts at the back side, gets rid of the trade-off between absorption
of light and series resistance losses which suffers conventional double-side PV cells depending on
the percentage of metal covering the front side. The lack of front electrodes could entail a major
advantage in the context of TPV, where the incident irradiance is much higher than for solar-PV,
making the minimization of resistance losses of utmost importance. Other key advantages of IBC
with respect to double-side TPV cells include:

• It enables the development of highly packed TPV modules. Since all electrodes are at the
back side, a tight assembly of TPV cells in a dense-array module can be accomplished, as an
alternative to MIMs, where the active area is reduced as a consequence of the area needed for
the front electrodes and subcell interconnections.

• Series resistance can be substantially reduced because each electrode can cover almost 50 %
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of the back surface of the cell [77]. Nonetheless, since not the whole rear side is covered with
a collecting emitter, losses due to recombination in the region of the base busbar and fingers
should be considered. These losses, also known as electrical shadowing losses, depend on the
geometry of the base finger, the base doping, and the passivation quality of the rear side [78].

• It could enable the development of large-area NF-TPV devices. So far, NF-TPV prototypes,
which enables a great enhancement of the electrical output power, have been only demonstrated
at very small scales < 0.3 mm2 [36–38], the reason behind being the necessity of resistance
loses’ minimization due to the high operating current densities of several A/cm2. This
requirement can be accomplished in large area IBC cells. Moreover, this cell architecture
facilitates the incorporation of low thermally conductive nano-spacers, that can be defined on
the dielectric-passivated front surface, allowing to create a uniform nanometric gap between
the emitter and the cell [79].

• High reflectance BSR can be created as a result of the high contrast in the refraction index in
the metal/dielectric structure (see Fig. 1.4).

Ge-based TPV cells with an IBC configuration were already proposed in the literature by
Nagashima et al. in late 2000s [80, 81]. In the aforementioned work, the theoretical analysis carried
out predicts conversion efficiencies for Ge TPV cells at an emitter temperature of 1500◦C in the
range of 18-25 %, depending on the spectral control strategies followed [81]. Notice that the
expected efficiencies are already higher than that of the current record efficiency of 16.5% [44],
which represents only the 27% of Ge’s upper thermodynamic limit [19], meaning that there is a large
room for improvement. Nonetheless, to the best of our knowledge, no experimental demonstrations
of GeTPV cells with IBC configuration have been conducted yet. One of the reasons behind this
could be that even though IBC architecture theoretically enables higher conversion efficiencies and
power densities [77], its fabrication is more challenging than conventional double-side contacted cells.
The added complexity to the manufacturing process is often considered too costly for commercial
production, since it usually includes several photolithography and high-temperature steps for
masking and definition of both electrodes at the back side [82], making the implementation in
industry not only too costly but also unpractical if these processes are not substituted. Moreover,
a nearly perfect front surface passivation is needed to avoid recombination of minority carriers
generated near the front side, which need to travel along the substrate thickness to be collected at
the back contacts. This fact could entail another extra issue when using Ge, taking into account
the difficulties associated with the passivation of Ge when complete removal of its native oxide is
not achieved (see section 1.3.2).

To fulfill the objective of developing a TPV cell’s manufacturing process entirely based on
low-cost processing techniques, our strategy is the use of laser doping (LD). On one hand, this
technique provides a low-cost alternative to more complex doping methods of high-capital cost
such as ion implantation [66, 83, 84] or molecular beam epitaxy [85], commonly used for n-type
doping of Ge. On the other hand, it greatly simplifies the fabrication process of IBC cells, thanks
to the possibility of selective doping without masking. LD can provide simultaneously opening
of the dielectric insulating layer and creation of a heavily doped region underneath, leaving the
contact ready for metallization [86]. In this way, the number of photolithographic steps is greatly
reduced eventually enabling a low-cost and scalable manufacturing process. This approach have
been successfully demonstrated in c-Si in industrial environments, with LD being used for selective
emitter and localized back surface field formation [87–90]. Other advantages of LD for Ge-based
devices fabrication includes:

• Ge substrate loss caused by the reaction between c-Ge and oxygen at a high temperature can
be minimized [61], since LD is based on localized heating above melting temperature in a
very short time period in the order of ns or µs.

• It allows a higher activation of dopants as compared with thermal equilibrium processes,
helping ohmic contact formation in n-type Ge.
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• Lower surface recombination velocities at the back side can be achieved with localized rear
contacts, preserving the passivation achieved in the rest of the surface.

• It enables a flexible, ambient air process with low thermal budget [91,92], reducing energy
consumption and processing costs as compared with doping based on furnace-diffusion or
Molecular Beam Epitaxy and Metalorganic Vapour-Phase Epitaxy reactors.

• It is compatible with the manufacturing of thin-film TPV devices since wafer warping occurring
at high-temperature processing steps is avoided.

Figure 1.4: Interdigitated back-contact Ge-TPV cell based on laser-diffusion processes proposed in this work.

1.5 Thesis Outline
The main objective of this work is the development of Ge-IBC cells for TPV applications.

Although no TPV cells were fabricated during the time frame of the Ph.D., the main steps necessary
for their development (Ge passivation, electron selective contact formation by LD and low resistance
ohmic contact formation in n-type Ge), were extensively studied and developed. The Ph.D. is
divided into five chapters as follows:

Chapter 2 presents the results on c-Ge surface passivation. The chapter first summarizes the
main generation and recombination mechanisms taking place in semiconductors, with a special focus
on carrier lifetime measurements and how to adapt them from c-Si to c-Ge. Also, a brief overview
of the state-of-the-art passivating layers used on c-Ge leading to the lowest surface recombination
velocities is presented. The experimental part includes the results concerning the optimization
of a SiC dielectric stack deposited by PECVD, which is the dielectric layer chosen in this thesis
to effectively passivate germanium’s surface. It also includes the optimization of an in situ H2
pre-cleaning treatment and a study of the influence of a subsequent temperature annealing on the
effective carrier lifetime.

Chapter 3 presents the result on laser doping of c-Ge. It starts with an introduction to the
concept of LD in semiconductors along with a short explanation of the physics behind LD, followed
by a compilation of the most influential laser parameters and the most commonly used dopant
sources. It gives an insight into the characterization techniques used in this work -SIMS, VdP-Hall,
c-RBS, and HRXRD- to determine the level of doping, mobility, and damage induced when carrying
out n-type doping of Ge by laser irradiation with a KrF laser source on a large area (mm2), as a
way to elucidate how the main laser parameters (fluence and number of pulses) affects to them.
Comparison between the effectiveness of two alternative dopant sources (phosphorus-containing
Spin on Dopant Solutions -hereof SoD- and phosphorus-doped SiC stack deposited by PECVD
-PassDop technology-) is explored. In the case of samples with SoD as a dopant source, a comparison
between LD performed directly on bare-Ge wafers covered with SoD or passivated-Ge with SoD
on top is conducted, with a diode fabricated as a proof of concept for laser-doped samples based
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on passivated-Ge with SoD on top. In fig. 1.5, the different dopants strategies explored in this
Chapter can be seen.

Figure 1.5: Different dopant sources and strategies explored in Chapter 3.

In Chapter 4, the lessons learned from the influence of the laser parameters on a large area
(Chapter 3) were transferred to localized junction formation by laser irradiation with a Nd:YVO4
laser source. The chapter begins with an overview of the different applications of lasers in the PV
industry, with a special focus on the Laser-Fired Contact Method (LFC) -used in this thesis for
localized back-surface field formation and ohmic contact formation-, which stands out by its impact
on the transfer’s realization of the lab to the industry of high-efficiency PV cells. Subsequently, it
introduces the methods used for the characterization of n+/p diodes fabricated by localized doping:
measurement and fitting of dark JV curves, identification of the local ideality factor (m-V curves) at
the maximum power point, and estimation of the recombination velocity at localized laser-contacts
by using the analytical Fischer’s model. Additionally, a method for specific contact resistance
determination in localized laser-fired contacts is explained. The experimental part is also divided
into two. As shown in Fig. 1.6, the first corresponds to the fabrication of n+/p diodes based on an
n-type doped SiC stack used as a passivation and dopant source: for 2 different aSiC thicknesses
(45/180 nm) and 2 metal stacks (Pd/Ti/Pd/Ag and Al). The second part of the experimental
section consists of the fabrication of LFC matrixes, where the influence of the laser power and
number of pulses on the specific contact resistance was determined.

Figure 1.6: Experimental part of Chapter 4: 1. Diode fabrication based on punctual emitter formation by LD using
n-type doped SiC stack as a dopant source; 2. Laser fired contact method for ohmic contact formation.

Chapter 5 summarizes all the main conclusions from each chapter, including a proposal for
future work.

The proposed flow for a cost-effective manufacture of Ge-IBC-TPV devices, which integrates all
the processes studied in each chapter of this thesis is shown in Fig. 1.5.
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Figure 1.7: Processing step for the manufacturing of Ge-IBC-TPV devices proposed in this PhD thesis.
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Chapter 2

c-Ge surface passivation

In this chapter, a brief overview of the main generation and recombination processes present
in semiconductors is given in order to facilitate the understanding of the main parameters used
in this work to describe the level of surface passivation achieved in c-Ge. Also, a brief overview
of the state-of-the-art passivating layers and the most effective cleaning methods used on c-Ge is
presented. In the experimental part, the optimization of the deposition temperature of an intrinsic
amorphous silicon carbide stack is carried out, revealing the huge influence of this parameter on
the maximum achievable lifetime, with an impact also in the thermal stability of the passivation
after thermal annealing. Field-effect passivation has been suggested as the main mechanism behind
surface passivation. The optimization of an in situ H2 plasma cleaning prior to dielectric deposition
has been determined also as a critical step to enhanced surface passivation.

2.1 Generation and recombination
In a semiconductor, carrier generation mainly occurs by absorption of photons with energy equal

to or greater than the bandgap (Eph ≥ Eg), leading to electron-hole pairs generation by means of
the excitation of an electron from the valence band to the conduction band, which leaves a hole in
the valence band. Ideally, these charge carriers should all contribute to the photocurrent. However,
a reverse process to generation -known as recombination- also occurs, in which electrons and holes
are annihilated.

A critical parameter in a PV cell is the rate at which recombination occurs (U), which is
proportional to the excess carrier density (∆n) and to the minority carrier lifetime (τ), the latter
being the average time an excess minority carrier takes before it recombines:

τ = ∆n
U

(2.1)

The three fundamental recombination processes in the bulk crystalline semiconductors are
radiative, Auger and Shockley-Read-Hall (SRH) recombination [1, 2]. Whereas radiative and Auger
recombination are classified as intrinsic recombination mechanisms -since they are related to material
properties and therefore unavoidable-, SRH is an extrinsic recombination mechanism that take
place via defects; hence SRH recombination can be reduced by improving the quality of the starting
material. It should be mentioned that these recombination mechanisms are independent of each
other, being the total recombination rate within the bulk the sum of every individual recombination
rate contribution. Therefore, the total bulk carrier lifetime (τbulk) can be calculated from the
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CHAPTER 2. C-GE SURFACE PASSIVATION

individual carrier lifetime according to:

1
τbulk

= 1
τrad

+ 1
τAuger

+ 1
τSRH

(2.2)

2.1.1 Radiative (band-to-band) recombination
In the radiative recombination, an electron from the conduction band directly recombines with

a hole in the valence band, emitting a photon with an energy approximately equal to the bandgap
of the semiconductor. Since this process requires both, free electrons and holes, the radiative
recombination rate (Urad) increases as the concentration of electrons -n- and holes -p- increases:

Urad = B(np− n2
i ) (2.3)

being B the radiative recombination coefficient which contains the probability of a radiative
transition to occur, with n, p and n2

i the electron, hole and intrinsic carrier concentrations,
respectively.

Although radiative recombination probability is much higher in the case of direct semiconductors
(as there is no need for the involvement of a phonon in order to satisfy conservation of energy
and crystal momentum as in the case of indirect semiconductors), a 6 times higher probability of
radiative recombination occurs in Ge (B=6.4 · 10−14) as compared with Si (B=1 · 10−14), due to
the lowest direct transition energy in Ge of only 0.14 eV larger than its indirect band gap [3].

2.1.2 Auger recombination
In Auger recombination, an electron and a hole recombine but instead of emitting a photon, as

in the case of radiative recombination, the energy is released to a third carrier. This carrier then
relaxes back to its original state by emitting phonons. Thus, Auger recombination rate (UAuger) is
given by:

UAuger = Cn(n2p− n2
0p0) + Cp(np2 − n0p

2
0) (2.4)

where n0 and p0 are the electron and hole concentration at equilibrium, and Cn and Cp are the
Auger coefficients for electrons and holes, respectively. According to the literature, for c-Ge these
coefficients are equal to: Cn= 0.8 · 10−31 cm-6/s [4] and Cp= 1 · 10−31 cm-6/s [5].

This particular recombination mechanism is the most dominant in good-quality indirect semi-
conductors such as c-Si at high carrier concentrations (caused by either heavy doping or high-level
injection conditions). In the case of c-Ge, a combination of both radiative and Auger recombination
mechanisms should be considered, because of the higher radiative recombination probability B as
compared with other indirect band gap semiconductors [3].

2.1.3 Shockley Read Hall recombination
The presence of impurities and defects in a semiconductor result in the creation of energy states

in the forbidden band which act as trapping centers for electrons and holes. These energy states
give rise to a two-step recombination process, known as SRH or recombination through defects,
where an electron (hole) is captured in a trap and recombines with another hole (electron) if the
last moves up to the same energy state before the previous carrier is thermally re-emitted. In this
case, the recombination rate (USRH) for a single defect placed at an energy level Et is given by:

USRH =
vthNt(np− n2

i )
n+ n1

σp
+
p+ p1

σn

=
np− n2

i

τp0(n+ n1) + τn0(p+ p1) (2.5)
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where n1 and p1 account for re-emission of trapped carriers, being the electron and hole densities
(cm-3) defined by the trap energy Et (eV) and the intrinsic Fermi level Ei (eV):

n1 = niexp

(
Et − Ei
kT

)
; p1 = pi exp

(
−Et − Ei

kT

)
; (2.6)

τn0 and τp0 are the capture time constant of electrons and holes (s), being a function of the
electron and hole capture cross sections -σn- and -σp- (cm2), the thermal velocity -vth- (cm/s) and
the impurity density Nt (cm-3):

τn = 1
σnvthNt

; τp = 1
σpvthNt

(2.7)

2.1.4 Recombination at surfaces
The surface of a semiconductor also promotes recombination. The severe disruption of the crystal

lattice caused by the lack of neighbours atoms to bind to, leads to the formation of non-saturated
dangling bonds, introducing electronic energy levels inside the band gap near the surface known as
interface states.

Surface recombination is a type of SRH recombination. However, unlike bulk SRH, interface
states do not occupy a single energy level, but are instead continuously distributed throughout the
band gap. In this case, the surface recombination rate can be described similarly to the bulk SRH
recombination 2.5, by replacing the bulk carrier density with the surface carrier density:

Us =
vthNst(nsps − n2

i )
ns + n1

σp
+
ps + p1

σn

=
nsps − n2

i

ns + n1

Sp0
+
ps + p1

Sn0

(2.8)

being ns and ps the electron and hole concentration at the surface (cm-3), σn and σp the capture
cross sections for electrons and holes (cm2), Nst corresponds to the number of surface states per
unit area (cm-2) and Sn0 and Sp0 the surface recombination velocity parameters of electrons and
holes (cm/s), with Sn0 and Sp0 being defined as:

Sn0 = vthNstσn;Sp0 = vthNstσp (2.9)

Note that, the unit of Nst is in cm-2 in contrast to the case of bulk recombination, resulting in
a recombination rate Us in cm-2s-1.

By analogy with equation 2.1, the surface recombination can be defined by a surface recombina-
tion velocity, SRV in (cm/s), as:

SRV = Us
∆ns

(2.10)

where ∆ns is the excess minority-carrier concentration at the surface.

Measurements of the effective lifetime (τeff ) allows to determine SRV. However, since these
measurements contain not only the contribution of the surface (τs), but also the one from the bulk
(τbulk):

1
τeff

= 1
τbulk

+ 1
τs

(2.11)
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some assumptions should be made in order to separate their contribution to τeff , as it will be
seen further on (2.2).

From equations 2.8 and 2.10, it can be deduced that there are two main ways of reducing surface
recombination [6]:

1. Reduction of the number of interface states.

2. Reduction of the surface concentration of electrons or holes.

Reduction of the number of interface states

This approach, also known as chemical passivation, consists of the reduction of the density of
surface states (Nst) by completing the dangling bonds of the disrupted semiconductor lattice. It
can be accomplished either by the deposition of an appropriate dielectric coating (in such a way
that the dangling bonds are chemically bonded to atoms within that layer) or by immersion of the
semiconductor into a chemical solution, which results in the surface coverage by chemical species,
being the most common H-, S-, Cl- or N- [6].

Reduction of the surface concentration of electrons or holes

As SRH recombination requires the involvement of one electron and one hole, if the concentration
of one type of carrier is reduced, the recombination rate can be strongly reduced. In order to
achieve this reduction, as both types of carriers are charged, the basic approach is to form an
internal electric field that repels one type of carrier below the semiconductor surface. To that end,
mainly two methods can be used [6]:

1. Field-effect or charge-assisted passivation: which consists of the deposition of a passivating
dielectric layer with a fixed charge density Qf which creates a mirror charge in the surface of
the semiconductor, producing band bending.

2. Formation of a heavily doped region below the semiconductor surface creating a high-low
junction (n+n or p+p), where the built-in electric field is formed by the spatially non-uniform
concentration of the dopant atoms.

For semiconductor devices, both techniques (chemical passivation and field-effect passivation)
are usually combined in order to achieve minimum surface recombination rates.

2.2 Carrier lifetime measurements
Contactless photoconductance decay measurements are currently the most widely spread method

to determine the effective lifetime (τeff ) [7–10], from which the bulk lifetime (τbulk) and the surface
recombination velocity (SRV) can be extracted. In this measurement technique, electron-hole pairs
are created by optical excitation with a laser source, LEDs array or a flash-lamp, generating an
excess carrier density ∆n(t) within the sample which results in a change in the photoconductance
∆σ(t), which is equal to:

∆nav(t) = ∆σ(t)
q(µn + µp)W

(2.12)

where µn and µp are the electron and hole mobilities, q the fundamental charge and W the wafer
thickness. It should be pointed out that, since mobilities are a function of the doping, the injection
level and the temperature, equation 2.12 needs to be iterated a few times to obtain self-consistent
values of ∆n and µn and µp.

This excess carrier density can be monitored under constant illumination (steady-state condi-
tions), after illumination (transient photoconductance decay -PCD-), or during a time of varying

24



light intensity (the "Quasi-Steady-State" -QSSPC- or "Generalized" case). By solving the continuity
equation, the effective lifetime in the generalized case can be determined as [10]:

τeff (∆nav) =
∆nav(t)

Gav(t)−
d∆nav(t)

dt

(2.13)

In the particular case of steady-state conditions, the sample is subjected to a very slowly-
decaying pulse of light, which means that a balance exists between generation and recombination of
electron-hole pairs:

τeff (∆nav(t)) = ∆nav(t)
Gav(t)

(2.14)

where ∆nav(t) is the average excess carrier and Gav(t) the average photogeneration per unit
of volume. To determine Gav(t), the flash intensity (Iph) must be recorded, which is done by a
calibrated light sensor integrated in the equipment (an IBC PV cell). By knowing Iph, the average
photogeneration per unit of volume (Gav(t)) can be calculated as:

Gav(t) = Iph(t) · fopt
W

(2.15)

where fopt is an optical factor that indicates the amount of incident light absorbed in the sample.
However, it should be pointed out that the effective carrier lifetimes that can be determined with
this method are restricted to values well below the longest available time constant of the flash lamp
τflash.

In transient conditions, ∆nav(t) is determined after the termination of the illumination when
the carriers are re-distributed uniformly across the wafer:

τeff (∆nav(t)) = −
∆nav(t)

d∆nav(t)/dt
(2.16)

Therefore, the determination of the lifetime τeff in transient conditions is quite robust as it
only requires the measurement of the relative change of the carrier density with time. However,
in order to obtain reliable results, the lifetime should be significantly longer than the decay time
constant τflash of the flash lamp, as a consequence of the assumption of zero photogeneration.

Note that steady-state and transient solutions (equations 2.14 and 2.16, respectively) are
obtained from equation 2.13 for Gav(t)� d∆nav(t)/dt and Gav(t)� d∆nav(t)/dt, which are the
limiting case of temporally constant G (leading to d∆nav(t)/dt = 0) or Gav(t) = 0 [10]. The main
advantage of using the generalized method (equation 2.13) is that correct determination of τeff
regardless of its relationship with the time constant of the ilumination (τeff/τflash) can be achieved,
extending the applicability of quasi-steady-state and quasi-transient methods beyond their previous
limits [10].

For all three methods, the excess carrier concentration needs to be measured. This can be
achieved by using an inductively coupled radio-frequency circuit that produces a voltage proportional
to the conductivity of the wafer, taking advantage of the practically linear relationship between
conductance and voltage over a broad range [7,11]. In addition, it can be also measured by measuring
the interaction of the photoconductance with an electromagnetic field of microwaves (µW-PCD
method [12]), by measurement of the microwave reflectivity. In this case, the conductance change
of the wafer must be sufficiently small, so that the measured reflected microwave power during the
exponential conductance decay is directly proportional to the change of the wafer conductance.
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One of the main advantages of the µW-PCD measurement [12], is the fact that it is possible to
analyze the homogeneity of the measured sample by doing an x-y scan which collects lifetime at
multiple points in the sample allowing to record maps of carrier lifetime as a function of position
(see Fig.2.1 b)). However, it also leads to long measuring times that can be in the order of several
hours depending on the sample size and the resolution. In addition, this method has the major
drawback that the dependence of lifetime on excess carrier density cannot be easily measured. This
is a consequence of the uncertainty in the determination of the illumination intensity per unit of
area [13].

In contrast to the µW-PCD method, determining τeff as a function of the excess carrier density
∆nav(t) can be achieved through inductive couple with the equipment WCT-120 developed by Sinton
Instrumentsr, which is the system of reference used worldwide to evaluate surface passivation,
heavy metal contamination or monitoring initial material quality in c-Si (see Fig.2.1 a)). However,
due to the fact that this equipment was specially designed for c-Si and is provided with a c-Si
reference cell, some adaptations should be made in order to obtain reliable results when used for
other semiconductors. In section 2.3.1, the main factors that should be taken into account to adapt
this measurement technique to c-Ge substrates are explained.

Figure 2.1: Effective lifetime for n-type Ge wafers passivated with a-SixC1–x :H in this work and measured by a)
inductive coupling and b) microwaves.

Extraction of the surface recombination velocity

Since τeff contains the contribution of all recombination mechanisms in the bulk (τbulk) and
at the surfaces τs (see equation 2.11), extraction of the surface recombination velocity at the
surfaces (SRV) is not straightforward. In order to separate bulk from surface recombination
mechanisms, τbulk can be calculated including only the intrinsic components due to Auger and
radiative recombination, with the bulk lifetime associated to SRH recombination usually assumed
infinite to minimize the propagation of error in the calculation [6]. However, the surface lifetime
component τs also has a complex relationship with SRV, since the rate of recombination at the
surfaces depends on the spatial variation of the injected carriers (i.e. carriers generated far away
from the surface may recombine while diffusing, before reaching the surface; conversely, carrier
generated close to the surface could recombine instantaneously or while diffusing to the bulk [14]).
In this regard, Luke et al [15] developed an expression to account for this effect, in which SRV is
defined as a function of an infinite sum of decaying exponential terms of effective lifetime, being
the first mode the dominant [14]:

SRV =

√
D

(
1
τs

)
tan

(
W

2

√
1
D

(
1
τs

))
(2.17)

where W is the thickness of the sample and D the ambipolar diffusion coefficient, which is
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a function of the electron and hole diffusion coefficient and the electron and hole concentration.
Eq. 2.17 can be greatly simplified when SRV is sufficiently low, so that tan(x) ≈x, leading to the
well-known expression:

SRV =
(

1
τeff

− 1
τb

)
W

2 (2.18)

Thus, for well-passivated surfaces, since SRV is independent of the diffusion coefficient and the
recombination velocity, un upper limit for SRV can be determined from lifetime measurements if
the bulk lifetime (τb) is assumed to be infinite. Equation 2.18 has an accuracy better than 4% if
the recombination at both surfaces is the same (S = Sfront = Srear) and Seff < D/4W [16]. A
more complex but also more accurate method to discriminate bulk from surface recombination is to
passivate wafers with different thicknesses and identical bulk and surface properties [9].

2.3 Characterization of surface passivation in c-Ge
In this section, the specificities for the characterization of the surface passivation of c-Ge by

lifetime and capacitance-voltage measurements will be addressed. In the first case, the results from
a collaborative work between IES and UPC led by the latter [13] are presented, in which the effects
of the bulk lifetime, the surface recombination velocity, and the transient evolution of excess carrier
density profile on the uniformity of the photogeneration along the wafer thickness are investigated
by simulations with the software PC1D [17]. In the case of CV measurements, the main concerns
that can hinder the use of this technique to estimate the fixed charged density (Qf ) in the dielectric
layer are highlighted.

2.3.1 Application of quasi-steady-state photoconductance technique to
lifetime measurements of c-Ge substrates

In order to be able to apply the widely used equation 2.18 to evaluate surface passivation of
c-Ge wafers using the Sinton WCT-120 tool, one of the prerequisites must be to assure a uniform
photogeneration along the wafer thickness to guarantee the symmetry of the ∆n(x, t) profile. For
c-Ge wafers, theoretical calculations show that photogeneration is far from being uniform when
they are measured with the flash lamp provided with the WCT-120 tool (QFlash X5dR), due to the
higher absorption coefficient in a broader spectrum of c-Ge as compared with c-Si, which results in
a dramatic decrease of the generation rate after the first 3 µm.

Nonetheless, PC1D simulations reproducing QSSPC measurements show that for high τbulk
values, the carrier profile becomes quickly symmetrical due to the fact that carriers generated near
the surface, travel fast deeper in the wafer due to their higher diffusion length. Therefore, there
is a minimum τbulk above which a symmetrical ∆n(x) profile is formed in spite of non-uniform
photogeneration. To determine the minimum τbulk, the condition that must be fulfilled is that the
diffusion length LD should be at least as large as the wafer thickness (W ). LD is defined as:

LD =

√
kBTτbulk

µq
(2.19)

being kB , T , µ and q the Boltzmann constant, the temperature, the mobility, and the electron
charge, respectively.

The effect of the surface recombination velocity on the uniformity of the photogeneration profile
has been also evaluated in [13] by PC1D simulations, through the calculation of the minority
carrier profile after 50 µs from the start of the flash illumination, for SRV in the range of 101 - 106

cm/s. The results show that for very high SRV values (> 104 cm/s), the photogeneration profile is
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strongly asymmetrical, and the time that carrier must spend to diffuse to the rear side misleads
the τeff measurement. Conversely, SRV lower than 104 cm/s leads to reasonably flat carrier profiles.

Therefore, all the simulations carried out in [13] demonstrate that τeff values higher than
τeff,min allow the application of equation 2.18 regardless of the non-uniform photogeneration profile
in c-Ge.

In addition, other aspects that should be taken into account to get reliable measurements of
τeff for c-Ge substrate with the Sinton WCT-120 tool include:

1. Use of a c-Ge sensor instead of the integrated c-Si sensor. Although c-Si sensor can partially
work, a c-Ge sensor is desirable as photons in the IR can generate electron-hole pairs in the
c-Ge sample whereas they do not in the c-Si sensor.

2. The optical factor fopt, which accounts for how much light is able to get into the sample and
photogenerate carriers, has to be determined in order to accurately calculate Gav(t) from
the Iph(t) measurement. The estimation of the fopt is made in this work by illuminating the
sample with a LED array with a pulsed light, which leads to Photoconductance Decay (PCD)
conditions, and then comparing the measurement results obtained for the LED array with
respect to the one illuminated by the flash lamp, in such a way that both curves overlap. We
estimate that this method allows the determination of the optical factor with an accuracy of
± 0.05.

3. Carrier mobility model for c-Si must be substituted by the corresponding model for c-Ge.
In order to accurately calculate ∆nav from the measured photoconductance, the carrier
dependency of carrier mobilities as a function of the doping density should be known, as
the mobility for electrons and holes and the impact of doping and temperature on them is
extremely different depending on the material.

2.3.2 CV measurements
Capacitance-Voltage measurements (CV) are one of the most popular methods to characterize

metal-oxide-semiconductor (MOS) structures. It probes the changes in the depletion layer’s width
as a function of the voltage bias [18]. The voltage has a dc component, that determines the bias
condition (accumulation, depletion, or inversion), and a small-signal ac voltage, typically in the
range of 10 kHz to 10 MHz, that allows to measure the capacitance. The oxide thickness, the
oxide charge, contamination from mobile ions and interface trap density can be quantified with this
method [4].

It should be mentioned that depending on the semiconductor type, accumulation and inversion
regions are achieved by opposite bias conditions. In the case of p-type substrates, accumulation is
achieved for negative voltages, whereas inversion is obtained by applying a positive voltage bias.
Contrary, for n-type semiconductors, accumulation is achieved at positive voltages whereas inversion
regions occur at negative polarities. Therefore, the CV curve of an n-type doped semiconductor
is essentially a mirror of the CV for a p-type semiconductor. Additionally, depending on the
ac frequency chosen, different CV measurements can be obtained. Theoretically, they behave
the same in accumulation and depletion, but they deviate in inversion [4]. However, frequency
dispersion in accumulation and depletion has been extensively reported, being this deviation from
ideality associated with: parasitic effects (series resistance, back contact imperfection, cables,
connections,...), lossy interfacial layers, and/or surface roughness. More deviations from ideality can
be caused by slow interface traps (which leads to counterclockwise hysteresis) and mobile ions such
as Na+,K+ (causing clockwise hysteresis), hindering the use of CV measurements as a quantitative
technique if the CV data are not corrected previous to parameter extraction. Moreover, if there
is a high leakage current, as is supposed to be the case for a-SixC1–x :H films used in this work
according to the literature [19, 20], erroneous capacitance could be obtained since the current is no
longer proportional to the capacitance [4].
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2.4 c-Ge surface cleaning and passivation: State-of-the-art
One of the main challenges for surface passivation of c-Ge is related to the inherent characteristics

of the germanium oxide, which unlike silicon, is less stable and forms a poor interface with a high
level of defects. Owing to that, to obtain reliable high-performance Ge-based devices, a perfectly
clean Ge surface free of oxides is of utmost importance [21,22].

To accomplish this objective, it is essential to first understand the Ge surface chemistry starting
from the main mechanisms for c-Ge surface oxidation. In this regard, several studies have deeply
analyzed Ge (100) and Ge (111) surfaces after in situ and ex situ oxidation [23,24] coming up to the
conclusion that air exposure leads to a mixture of oxides consisting mainly in GeO2 (three different
structures: water-insoluble rutile phase and water-soluble hexagonal and amorphous phases) with a
small amount of Ge suboxides GeOx (x<2), whereas oxidation by chemical treatment with H2O2
or HNO3 resulted in GeOx (x<2) as the most predominant oxide on the Ge surface.

The main differences between the various types of germanium oxides are:

1. GeO2 is water-soluble (in its hexagonal and amorphous phases, which are the most common)
whereas GeO is not.

2. A very high thermal instability is associated with GeO2 as a result of the surface reaction
taking place at around 420 ℃(in N2 or vacuum) where GeO2 and Ge react to form volatile
GeO: GeO2+Ge −−⇀↽−− 2GeO, resulting in Ge substrate loss and leading to a high deterioration
of the Ge interface [21, 25]. This is so even if thermal desorption of GeO2 occurs at higher
temperatures than GeO (<700 ℃and ≈ 550 ℃, respectively) [26].

In the next subsection, the main methods to obtain a perfectly clean Ge surface, free of oxides and
metal and organic contamination will be summed up.

2.4.1 Treatments for Ge surface cleaning
In the next paragraphs, the most outstanding ex situ treatments (wet-etching and UV light

oxidation), and the most promising in situ treatments (thermal desorption, oxygen or hydrogen
plasma treatments, and sputtering followed by Ge regrowth [22]) are briefly discussed.

Ex situ treatments

The main advantage of using wet-etching is the already existing infrastructure in industry for
the manufacturing of c-Si devices. In the case of c-Ge, the most promising etchant candidates
for Ge surface cleaning are mainly: water rinse, hydrofluoric acid (HF), hydrochloric acid (HCl),
ammonium hydroxide (NH4OH), hydrobromic acid (HBr) and hydrogen iodide (HI), as reported in
the review published by Ponath et al. [22]. In order to understand the main advantages of each
etchant, a summary of their results reported is presented here:

• Water rinse: since GeO2 is water-soluble, an easy way to remove it from c-Ge surface consists
of a dip of c-Ge in deionized water (DIW). However, since DIW is not suitable to remove
metals, organic contamination and neither germanium suboxides GeOx, its efficiency to
achieve a clean c-Ge surface is rather limited.

• HF: Many studies have been carried out using HF in order to clean c-Ge surface using different
concentrations and etching times, as it is the most common etchant to clean c-Si surface.
Even though some groups reported complete oxygen removal, most of the studies agree that
some Ge suboxides after HF treatment remains, independently of the HF concentration and
the cleaning time used. In terms of C removal from the surface, all studies agree with the
fact that some traces of C always remain at the surface. In fact, some studies revealed that
a C concentration even higher than the one observed for as-received wafers was found after
HF treatment. This effect is attributed to a higher attraction of hydrophobic H-terminated
surfaces to hydrocarbons as compared with hydrophilic oxides. Moreover, HF seems to increase
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surface roughness more than other chemical etchants such as NH4OH or HCl, especially when
high concentrated HF solutions are used. It should be pointed out that there is a huge
disadvantage of using HF to etch germanium oxides as compared to the silicon case. In the
latter, HF not only removes SiO2 but also leads to a stable H-passivation layer at the Si
surface; in contrast, the H-terminated surface in c-Ge is not stable in air, with up to 20 %
hydrogen loss from the surfaces after 1 min. Thus, the surface is prone to re-oxidation. A
solution can be the formation of a chemical oxide by a dip in a H2O2 after etching of the
native oxide with HF, in order to form a passivation layer, which could be removed afterwards
by an in situ treatment.

• NH4OH: A high efficacy of the solution NH4OH/H2O (1:4) was reported in the literature,
with etching time in the range of 120-300” needed for complete removal of GeO2 and GeOx.
Additionally, complete removal of organic contamination from the surface was also achieved.
However, since NH4OH doesn’t form a passivation layer on Ge’s surface, reoxidation will
occur very quickly. As in the case of HF, a chemical oxide, which should be removed before
dielectric deposition by in situ cleaning techniques, can be formed by dip in a H2O2 solution
after NH4OH treatment to protect the surface.

• HCl: The use of HCl has been also extensively studied in the context of c-Ge surface cleaning,
demonstrating total removal of all Ge’s oxides and carbon-free Ge surface when using high-
concentrated HCl solutions (i.e. around 20 %), with some small amounts of oxygen found
out when using lower HCl concentrations in the range of 2-10 %. It should be mentioned
that HCl has demonstrated much faster etching rates than NH4OH. Moreover, a comparison
between high (45 %) and low (2.5%)-concentrated HF, NH4OH(27 %)/H2O (1:4) and HCl
(36 %)/H2O (1:4), demonstrated that etching with HCl leads to the lowest surface roughness.
Even more importantly, etching Ge in a HCl solution results in a Cl-passivated surface, which
protects Ge’s surface from quick re-oxidation, making HCl one of the best options for Ge
surface cleaning.

• HBr and HI: Although less studied, etching of Ge’s oxides with HBR and HI seems to be a
promising solution, since they provide excellent passivation behaviour of the c-Ge surface,
with Br-passivated and I-passivated c-Ge surface stables up to 12 h in air, or more in the case
of HI. The study was performed by dipping Ge in 20% concentrated HBr or HI for 2 minutes.
Complete removal of Ge oxides was reported for HI, whereas small amounts of suboxides
seem to be still present after etching with HBr. More investigation should be made to assess
the efficiency of these etchants to remove organic contamination.

Needless to say, the choice of a proper wet-chemical pre-treatment to achieve a germanium
surface free of oxides and organic contamination is of utmost importance in order to achieve a high
effective lifetime after dielectric passivation. As it can be observed in Fig. 2.2, the higher efficacy of
HBr to remove Ge oxides as compared with HF can result in a noticeable higher effective lifetime
as reported by Berghuis et al. [27].

Concerning UV light exposure, which is another option to be used as ex situ treatment, it
is considered highly effective in terms of organic contamination removal. A carbon-free surface
can be achieved by the breakdown of the chemical bonds C-H and C-C, which react with oxygen
forming volatile CO, CO2 and H2O. For cleaning c-Ge with UV light, usually a low-pressure Hg
discharge lamp is used, which has two major emission lines at 253.7 and 184.9 nm. Depending on
the emission line, the formation of highly reactive ozone or atomic oxygen can be achieved. Thus, a
thin germanium oxide of few nm is grown after organic contamination removal, as a result of the
oxidation of the c-Ge surface. This thin oxide layer has the advantage that it serves as a protective
layer, preventing contamination readsorption at c-Ge surface. However, it should be removed before
dielectric deposition. To that end, an annealing step is usually performed in situ.

Therefore, even though ex situ treatments can be used to effectively remove metal and organic
contamination from c-Ge surface, most of the methods must be used together with an extra in situ
treatment, to remove the germanium oxide grown on purpose for the protection of the surface. An
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Figure 2.2: Effective lifetime as a function of remaining germanium native oxide, for different pre-cleaning
treatments: HBr, HF and no pre-cleaning treatment. Graph extracted from [27].

exception to that, is the use of HCl, HBr, and HI, where the surface is chemically protected by Cl– ,
Br– and I– , respectively.

In situ treatments

Among the different in situ treatments found in the literature, the most extensively used
methods to clean Ge surface are: thermal desorption, oxygen or H2 plasma treatments, and ion
sputtering with Ge regrowth.

• Thermal desorption: It is effective to completely remove GeO2, but it is rather ineffective in
removing other kinds of residues [28].

• Oxygen plasma: Similarly to UV light exposure, it decomposes and volatilizes organic
compounds. An atomically smooth and contamination-free Ge surface was reported by
Ponath et al. [22] They performed a pre-cleaning treatment in HCl (15 %) and H2O2, followed
by oxygen plasma cleaning and thermal annealing at 700 °C as the last step.

• Hydrogen plasma: H2 plasma is also known to react with carbon, volatilizing germanium
oxides at the same time [29]. Thus, an advantage over oxygen plasma is that the final step to
volatilize Ge oxides at a high temperature can be skipped.

• Ion sputtering followed by Ge regrowth: It can lead to extremely clean and well-ordered c-Ge
surfaces [30–32]. However, if this method is used as the only cleaning step, some contamination
can remain [22]. Moreover, since the c-Ge surface becomes generally rough and amorphized as
a consequence of the ion sputtering process, thermal anneal afterwards is required to improve
c-Ge surface, leading to very long processing times, which makes this method not practical
from an industrial point of view [22].

2.4.2 Dielectric layers used for Ge passivation
Surface passivation of c-Ge has been mainly studied in the context of MOSFET, where interface

traps are related with shifting in the MOSFET threshold voltage, reduced channel mobility and
penalties in terms of device current capabilities [33], so that the figure of merit that has been usually
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reported is the interface defect density (Dit) [27, 34]. However, in the context of optoelectronic
devices, not only Dit but also the capture cross-section (σ) and the fixed charged concentration (Qf )
should be taken into account, since the reduction of the SRV can be achieved either by reducing
Dit or by carrier selectivity to one type of charge carrier, which is typically quantified by Qf [27],
as already explained in 2.1.4.

In any case, the reduction of Dit is also a goal in the context of surface passivation for PV
cells, and some lessons can be learnt from the studies made on surface passivation of c-Ge in the
context of MOSFET devices. Four main approaches have been studied to create thin interface
layers between the c-Ge substrate and the gate dielectric [35]:

• Nitridation: for the formation of GeNx and GeOxNy layers. Usually achieved by NH3 thermal
treatment at temperatures > 500 °C, with minimum Dit of 1.8x1011 eV-1cm-2. Additionally,
other nitrides such as TaON, AlN, HfN, SiN have been also tested showing promising results.

• Si passivation layers: the growth of ultrathin epitaxial layers of Si is one of the most well-
developed methods for c-Ge surface passivation in the context of MOSFET devices, with SiH4
commonly used as Si precursor, and optimum Dit in the order of 7x1010 eV-1cm-2.

• Sulfur passivation: by means of a wet treatment with (NH4)2S solution, reactions in the gas
phase using H2S, or elemental S. Although S-passivation can be of interest since it is also
used for passivation of III-V material channels, relatively large Dit in the order of 2.4x1012

eV-1cm-2 are found out.

• GeO2 passivation layer: although a lot of efforts have been made in order to passivate c-Ge
with other elements rather than oxygen (i.e. N, Si, S), due to the poor properties of Ge’s native
oxide, high-quality GeO2 grown by: ozone oxidation, thermal oxidation, plasma oxidation,
sputtering, atomic layer deposition or electron-cyclotron-resonance plasma irradiation [34–37],
have demonstrated its effectiveness to achieve extremely low Dit, with best results in the
order of 6x1010 eV-1cm-2.

Further details about the level of Dit achieved by each specific passivation method can be found
in [35]. It should be pointed out that post thermal annealing has been demonstrated to further
improve the extent of passivation when proper annealing temperatures and ambient are chosen [35].

In the context of surface passivation of c-Ge for PV or TPV cells, the most appealing approaches
have been obtained for the following layers: intrinsic a-Si:H [38], intrinsic or p-type doped aSiCx [39],
GaInP [39], GeO2 [36], Al2O3 [27, 40], and SiNx [39]. However, their effectiveness is strongly
correlated not only to a higher Qf , linked to an enhanced field effect passivation, but also to
the efficacy of the pre-cleaning surface treatment to effectively remove Ge’s native oxide and
contamination from the surface as explained above. Since post-annealing conditions in terms of
temperature, time and ambient were important considerations as well when studying the surface
passivation of c-Ge for MOSFET applications, the passivation layers together with the pre-cleaning
surface and post-annealing treatments used in each case are analyzed here together:

• Pure amorphous silicon (a-Si:H) deposited by Plasma Enhanced Chemical Vapor Deposition
(PECVD), in combination with in situ plasma cleaning with H2, has led to maximum effective
lifetimes of 527 µs on lowly doped p-type substrates of 2-3x1015 cm-3, with recombination
velocities in the order of 17 cm/s in p-type wafers of 2x1014 cm-3, as reported by Posthuma
et al. [38]. In the aforementioned study, the importance of ex situ and in situ treatments
were analyzed. Ex situ treatments based on different times in deionized water (DIW) were
compared, with 5’ dip in DIW without in situ treatment leading to maximum lifetimes in
the order of 157 µs, for optimum deposition temperature and layer thickness of the a-Si:H
layer. Incresing the duration of the chemical treatment in DIW or combining DIW and HF
showed slightly higher lifetimes, but substantial increasement in lifetime (up to 527 µs) was
only achieved after an in situ plasma cleaning with H2 during 30-40” [38]. An optimization of
a different pre-cleaning chemical treatment followed by an optimized in situ plasma cleaning
with H2, previous to a-Si:H deposition, was performed also by Fernandez in lowly doped p-type
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Ge wafers of 3x1015 cm-3 [39]. The following pre-cleaning treatments after 10” H2SO4 at 60 °C
and previous to H2 plasma were considered: H2O, HCl, H3PO4, H3PO4 + HF, and no more
pre-cleaning treatment, leading to the following lifetimes: 300 µs for H2O, 350 µs for HCl, 400
µs for H3PO4, 300 µs for H3PO4 + HF, and 130 µs for no more pre-cleaning treatment. The
results suggest that apart from the in situ plasma cleaning with H2, a pre-cleaning chemical
treatment is also necessary to improve effective lifetime, with best results for H2SO4 followed
by H3PO4 or HCl treatments [39].

• SiNx: A lifetime in the order of 210 µs was obtained by Fernandez with a 30 nm thick SiNx
passivation layer, for optimum ex situ and in situ cleaning conditions (the ones describe
above), in lowly doped p-type Ge wafers of 3x1015 cm-3. Improvement of effective lifetime
after an annealing at 400 °C led to effective lifetimes > 400 µs [39].

• Intrinsic, n- and p-type doped aSiCx layers were studied by Fernandez in her PhD thesis in
lowly doped p-type Ge wafers of 3x1015 cm-3 and intrinsic wafers ni=2x1013 cm-3 [39]. For
lowly-doped p-type Ge wafers and optimal pre-cleaning conditions, effective lifetimes in the
range of 100-350 µs, 15-20 µs and 550-630 µs were found out for intrinsic, n-type and p-type
doped aSiCx layers, respectively, with slight improvements of the effective lifetime upon
annealing except for the p-type doped aSiCx passivation. In this case, decrease in lifetime up
to 40 % were reported upon annealing at 400 °C. For intrinsic germanium, extremely high
effective lifetime passivation were achieved by Fernandez, with effective lifetimes in the order
of 1500-1600 µs for intrinsic and p-type doped aSiCx, resulting in SRV in the order of 45
cm/s [39]. Although field-effect passivation is suggested as the main mechanism for surface
passivation of c-Ge, since the improvement in lifetime is observed for temperatures around
400 °C (i.e. higher than the critical temperature for bond rupture of Si-H at around 300-350
°C, decoupling H-out-diffusion and surface passivation degradation), no Qf data are reported.

• GaInP: Another passivation tried by Fernandez in her Ph.D. thesis was the use of epitaxially
grown GaInP in a Metalorganic Vapour-Phase Epitaxy (MOVPE) reactor [39]. Although it
implies the use of a high-capital cost technique, record lifetimes in the order of 2100-2450
µs have been obtained. In this case, the native oxide of Ge is removed by using arsine at a
temperature of 600 °C inside MOVPE reactor. Due to the high band gap of GaInP (1.67 eV),
a remarkable field effect is also expected, although no results confirming the hypothesis were
given.

• Thermal GeO2 formed at 500 °C in high-purity O2 gas grown on lowly-doped p-type Ge (1-3
Ω cm), have resulted in a positive Qf of +1x1012 cm-2, which reported SRV in the order of
70 cm/s [36].

• The lowest SRV in c-Ge have been very recently obtained by Al2O3 alone [40] or in combination
with a-Si:H [27]. On the one side, in the case of Al2O3 alone, minimum SRV of 10 and 15
cm/s have been achieved for layers of Al2O3 of 23 nm deposited by atomic layer deposition in
n-type c-Ge substrates (18-25 Ω cm), for HCl (31.6% v/v for 60”) or HF (1% v/v for 90”)
pre-treatments, respectively, without performing any post-thermal annealing [40]. Being the
suggested reason for the lower SRV achieved by HCl with respect to HF, associated with a
higher negative Qf in the order of -2.3x1012 cm-2, as compared with -1.8x1012 cm-2 obtained
for HF. The higher negative Qf for HCl was speculated to be achieved due to the high Cl
termination coverage, coupled with an excess of Cl– ions remaining on the surface. The
optimization of post-annealing temperature, gas atmosphere (N2, forming gas,...) and time,
led to a minimum optimized SRV of 6.55 cm/s when the samples pre-treated with HCl were
annealed in N2 at 400 °C for 20’, with higher Qf achieved as the temperature is increased, with
degradation observed for annealing temperatures above 500 °C [40]. On the other side, the
introduction of a thin a-Si:H layer (1.8-2 nm) before the deposition of Al2O3 (6 nm) by atomic
layer deposition, has led to a record SRV of 2.7 cm/s on lowly-doped p-type c-Ge substrates
(1-3 Ω cm) [27]. The extremely low recombination achieved was linked to a extraordinarily
high negative Qf , in the order of -1013 cm-2. The unintentional formation of a thin SiOx
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between a-Si:H and Al2O3 is believed to be the origin of this high negative charge [27]. The
aforementioned results were obtained by an HF pre-treatment and a post-deposition annealing
at 325 °C for 10’ in N2 [27].

As a summary, Fig. 2.3 shows the effective lifetime achieved in c-Ge as a function of the doping
level and the passivation layer used, where a strong relationship between the doping level and the
maximum achievable effective lifetimes can be observed.

Figure 2.3: Effective lifetime as a function of doping density in c-Ge for different passivation layers. Adapted
from [3] including some updates.

2.4.3 Blistering
Partial delamination and formation of blisters is a phenomenon which typically occurs in layers

such as: a-Si:H, SiNx:H, a-SixC1–x :H or Al2O3, deposited using hydrogenated precursor gases,
especially when they are subjected to a thermal annealing process [41–46], deteriorating their
passivation properties. The theory is that atomic free or bonded hydrogen molecules contained
in the passivation layers tend to accumulate at the interface between two materials due to the
difference in their segregation coefficients, resulting in an increased concentration of hydrogen at
the interfaces. There, atomic H forms H2 molecules, causing local accumulation of H2 leading to a
pressure built-up with subsequent effusion of gaseous H2 [47]. It should be emphasized that blister
formation must be avoided for device fabrication, since it can be responsible for peeling off of the
dielectric layer or even crack formation, as a result of the thinner thickness of the layers at the
position of the bubbles [43]. Although the exact mechanism responsible for blistering formation,
and the key contributors to its enhancement are still difficult to assess, some key findings from the
literature are briefly summarized here:

• Annealing conditions: A higher number of blisters are formed at higher annealing temperature
and longer annealing durations [48]. Even though it has been also argued that if the
temperature ramp is extremely low, blistering could be avoided or greatly reduced due to the
slow resulting effusion rate of hydrogen, a low heating rate would be impractical and difficult
to implement in industry [48].
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• Layer thickness: A general agreement is achieved in terms of the influence of the layer thickness
on the likelihood of blistering formation, with thick layers more likely affected by blistering
effects independently of the passivation layer used. For instance, Berghuis et al. [27] reported
that when using a-Si:H layers with a thickness of 10 nm, capped or not with Al2O3, blistering
was consistently observed upon annealing. In contrast, when a-Si:H thinner than 10 nm was
used, the blistering effect was effectively avoided. In the case of SiNx in a Al2O3/SiNx stack,
Ludera et al. found out that decreasing SiNx thickness from 120 nm to 30 nm effectively
prevents blister formation in as-deposited wafers [45]. Regarding passivation with a-SixC1–x :H
layers, Joos et al. suggest not to increase layer thickness above 60 nm in order to avoid blister,
delamination and cracks formation [49], whereas Vermang [44] found out that the Al2O3 layer
thickness should not exceed 15 nm in order to avoid blistering upon annealing.

• Deposition temperature of the dielectric layer: It has been reported in the literature that low-
deposited dielectric layers seem more prone to blister formation upon annealing as compared
with layers deposited at higher temperature [44,45], which has been linked with the higher
hydrogen content in the film for low-temperature deposition [45]. Nonetheless, the use of more
dense film layers (associated with higher deposition temperature) has been linked to higher
blistering formation in as-deposited layers [48]. Two reasons are suggested: first, since the
high-temperature deposition reduces the surface hydrogen coverage of the semiconductor, it
induces depressed surface diffusion of a precursor gas, resulting in an increased concentration
of voids, which can effectively trap molecular hydrogen. Secondly, at high-temperature
deposition, direct hydrogen evolution from the bulk of the film becomes significant, with a
portion of hydrogen most probably being trapped at the film/substrate interface, resulting in
blister formation [48].

• Radiofrequency (RF) power: A relationship between blistering and RF power was reported
by Janz [43], who observed that blistering was more likely for low power RF, closely related
to charging effects at the wafer surface.

Since the formation of blistering seems to be closely related to gaseous desorption upon annealing,
Vermang, who study the thermal stability of Al2O3/SiNx stacks, proposed a method to avoid
blistering formation, which was patented in 2012 [44]. The process consist of an annealing step for
20 min in N2 conducted prior to capping the Al2O3 layer, as an outgassing process. The Al2O3 layer
thickness must be kept below 15 nm, in order not to act as a diffusion barrier for gas desorption.
Applying these considerations, no blistering was observed for annealing temperatures from 180-900
°C. Another method which has also demonstrated its effectiveness to considerably reduce blistering
in c-Si passivated with a-SixC1–x :H, consists of the introduction of a thin layer of SiO2 in the
passivation stack, being the minimization of blistering observed most likely linked to the ability of
SiO2 to absorb excess H thanks to the high elasticity of this material at high-temperature [43,49].

2.5 Experimental results
2.5.1 Methodology
Sample preparation

The substrates used in this study are 2-inch n-type Ge wafers of 180 µm 1 Ω cm (3 · 1015 cm-3)
with front side polished and back side etched supplied by Umicore. The passivation of c-Ge starts
with a pre-cleaning step used to remove the native oxide based on the combination of a wet-chemical
treatment in HCl 18% (v/v) for 3 minutes, with no dip in DIW in order to achieve a c-Ge Cl–
passivated surface, followed by an in situ plasma cleaning with H2 under vacuum conditions, which
is developed inside the PECVD reactor where the dielectric layer is deposited afterwards. To
optimize the surface conditions prior to passivation, different plasma times from 0 to 70 seconds
have been explored. As suggested in [38], in order to avoid surface damage during cleaning, the
working conditions for the H2 plasma pre-cleaning were set as the minimum power at maximum
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pressure which results in good ignition and stable plasma. The H2 gas flow used is 30 sccm.

Then, the deposition of a stack of intrinsic a-SixC1–x :H (20 nm)/a-SiC:H (40 nm) layers
symmetrically on both sides of the wafer was carried out by using a direct PECVD commercial
reactor (Plasmalab DP-80 Oxford Instruments, 13.6 MHz) installed at UPC. The stack is composed
of a thin passivating Si-rich inner layer for surface passivation purposes, a-SixC1–x :H (with limited
thickness to reduce light absorption), covered by a stoichiometric a-SiC:H layer that acts as an
antireflecting layer in the front side and as a dielectric insulator in the back side of Ge (for instance,
to isolate the n- and p-type doped regions in an IBC-TPV cell). To get more details about the
composition of this stack, see reference [50]. After the deposition of the passivation layers, the
samples have been subjected to rapid thermal annealing in forming gas (FG) for 60 seconds at
temperatures in the range of 250-500 ◦C in order to assess the thermal stability of the passivation
stack and its compatibility with the manufacturing of TPV cells. The effectiveness of the passivation
was characterized by contactless photoconductance decay (PCD) measurements to determine the
effective lifetime (τeff ) prior to and after the annealing process.

Lifetime measurements

All the results for effective lifetime presented in this work are measured using WCT-120 tool
following the considerations necessaries to get a reliable result explained in 2.3.1, and using the
generalized analysis. It is worth mentioning that for the thickness and doping level of the wafers
used described above, a minimum value of τbulk of approximately 5 µs is needed to ensure uniform
photogeneration along the wafer thickness [13].

If the opposite it is not mentioned, values of τeff are given at an excess carrier densities of
1 · 1015 cm-3.

CV measurements

Since we have observed hysteresis and frequency dispersion in the CV measurements carried out
in this work, and we suspect from high leakage, as cautionary measure, the measured CV curves
were used just as a qualitative technique to analyze if annealing after dielectric deposition can help
to reduce the density of interface states at the interface (CV curves closer to ideality) and to check
if field-effect passivation is activated during annealing (voltage shifts in the CV curve) [4].

Regarding the conditions used for the CV measurements carried out in this work, on one side, a
high AC frequency of 1 MHz has been used in order to avoid as much as possible interface trap
effects. Although interface traps should not respond in principle to the AC probe frequency, they
do respond to the variations in the dc voltage, causing stretch-out (smoothly varying but distorted
CV curve), which helps us to identify if interface trap density is enhanced or reduced upon different
annealing conditions. On the other side, in order to reduce the hysteresis observed in the CV
measurements, the following protocol was used:

1. Initial capacitance measurement between -0.01 V and +0.01 V in continuous (stable measure-
ment, not affected by previous polarization).

2. Polarization to negative voltages, recording capacitance versus applied voltage (V ≤ 0)

3. Measurement of the capacitance between -0.01 V and +0.01 V.

4. When the measurement of the capacitance between -0.01 V and +0.01 V in step 3 is the same
as the one obtained in step 1 (previous to any polarization), positive polarization is applied,
recording capacitance versus applied voltage (V ≥ 0).

5. Overlapping of the CV curves polarized from 0 to V < 0 (step 2) and from 0 to V > 0 (step
4).
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The CV measurements have been carried out in both, n- and p-type c-Ge substrates of 1 Ω cm,
with aluminum deposited at the back side and a stack of silver and gold used at the front, as shown
in Fig. 2.4.

Figure 2.4: MOS structure used for CV measurements.

2.5.2 Results and discussion
To achieve low surface recombination in c-Ge, in this part, first, an optimization of the processing

conditions for the deposition of an amorphous silicon carbide stack (i.e. preliminary surface treatment
and deposition temperature) is addressed, followed by an investigation of the thermal stability of
this stack at different annealing temperatures and times, ending up with some insights about the
type of passivation achieved deduced from CV measurements.

Preliminary surface treatment

In order to assess the necessity of an in situ cleaning method besides the pre-cleaning treatment
in HCl (18%) for 3 minutes, Fig.2.5 shows a comparison between samples passivated with the
a-SixC1–x :H/a-SiC:H stack deposited at three different temperatures, with or without in situ plasma
cleaning with H2. As can be observed, all the samples that were cleaned just with HCl (0 seconds
H2 plasma cleaning condition in the graph), demonstrated very low effective lifetimes in the order
of tens of µs, independently of the deposition temperature. Contrary, effective lifetimes higher than
600 µs were achieved when optimum plasma cleaning conditions together with optimum deposition
temperature are used. These results indicate that apart from the optimization of the characteristics
of the layer used for the passivation itself, an in situ plasma cleaning is critical in order to obtain a
high degree of surface passivation in c-Ge, in agreement with the literature [3, 38].

In order to optimize the in situ cleaning conditions, different H2 plasma times from 0-70 seconds
have been studied for the three different substrate deposition temperatures (T3 > T2 > T1, with
T3 below 300 °C) keeping constant H2 flow, power and pressure of the PECVD process. Looking
back to Fig.2.5, it is noticeable that, although all samples showed a higher lifetime when plasma
cleaning is used, this parameter has a more drastic effect on samples deposited at the highest
temperature (T3). In this case, optimum H2 cleaning time was found to be in the range of 35-50
seconds (i.e. maximum lifetime of 637 and 588 µs, respectively), whereas shorter or longer H2
exposure times result in large drops in terms of lifetime, most likely due to a lower efficacy in terms
of oxide removal and surface damage reduction, respectively. In contrast, samples with a-SixC1–x
deposited at lower temperatures (i.e. T1 and T2) have experienced a moderate increase in lifetime
in the studied range, with the lowest impact for the lowest deposition temperature. There are
two reasonable explanations for the poorer performance with lower temperatures. The first one
is related with the possibility that the highest limitation in terms of passivation for these low
temperature PECVD deposition process comes not from the residuals or damage in the interface
Ge/a-SixC1–x , but from the network characteristics of the a-SixC1–x itself (addressed in 2.5.2).
Another possible explanation could be linked to the fact that different reactions may occur during
plasma etching with H2 depending on the temperature used during the process. In the literature,
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it was reported that substrate temperature during exposure to H2 plasma plays a critical role in
the degree of surface damage induced by the process [51] and in the effectiveness of oxide and
hydrocarbons removal [52]. It should be emphasized that although the results from Fig.2.5 are
based on the effective lifetime evaluated at 1 · 1015 cm-3, the same trends of effective lifetime as a
function of H2 plasma are observed in a wide range of excess carrier densities as shown in Fig.2.6.

Figure 2.5: Effective lifetime as a function of pre-plasma cleaning step time, for deposition temperatures T1, T2 and
T3 (T3 < 300 °C). Excess carrier density=1 · 1015 cm-3.

Influence of substrate temperature deposition in PECVD reactor

Even though several parameters during the deposition of amorphous-Si based compounds grown
by PECVD are known to affect the degree of surface passivation, in this study we have focused on
the substrate temperature. To estimate its influence, other parameters such us power, pressure,
ratio of SiH4/CH4 gases, and layer thickness have been kept constant. As the substrate temperature
affects the growth rate, the exposition time for the different processes has been changed in order to
keep constant layer thickness for all samples.

As can be seen in Fig. 2.5, when optimum plasma conditions are used, the differences found in
terms of lifetime between the three different process temperatures used are certainly remarkable,
changing from tens to hundreds of microseconds. The trend is very clear, the highest deposition
temperature (T3) results in the highest lifetime achieved (637 µs), followed by 117 µs for the
intermediate temperature deposition (T2) and 34 µs corresponding to the lowest temperature used
(T1). Although more chemical and electrical characterization would be needed to give a deeper
insight into this phenomenon, one possible explanation for the better lifetime achieved at the
highest temperature deposition could be related to the creation of a higher fixed charge (Qf ) in
the a-SixC1–x :H film at higher temperatures. This assumption arises from the study made in [53],
where it was found that when the deposition temperature is increased, the number of Si-H and
Si-C bonded atoms is significantly reduced, making more likely for Si dangling bonds and defect
centers in the amorphous film to be formed, hence increasing strongly Qf . In this way, our current
results, where a better lifetime is found for layers with lower hydrogen content too, suggest that the
passivation mechanism is related most probably to a band bending at the c-Ge surface rather than
with chemical passivation of the c-Ge surface with hydrogen. In addition, these results are also
in line with previous studies of a-SixC1–x :H in c-Ge [54,55], which suggest that hydrogen plays a
minor role in the electrical passivation of c-Ge. Although less likely, differences in the thickness of
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Figure 2.6: Effective lifetime as a function of excess carrier density for n-type doped Ge samples passivated with
a-SixC1−x:H deposited at temperatures T1 and T3, using different plasma H2 cleaning times. To cover a wider

range of excess carrier densities, LED (black) and flash (blue) lights are used for excitation.

the a-SixC1–x :H layer could also affect the degree of passivation achieved [56]. Even though we
tried to keep this thickness fixed for all the deposition temperatures, TEM measurements revealed
that thicker layers (6-9 nm higher) were obtained at T3 as compared with T1 (see Fig. 2.11).
More insights about the passivation mechanism of a-SixC1–x :H in c-Ge are given below, where the
influence of a rapid thermal annealing is analyzed.

It is worth to mention, that for the highest effective lifetime (τeff = 637 µs), an upper limit for
SRV as low as 14.5 cm/s has been estimated by using equation 2.18 explained in 2.2.

Influence of rapid thermal annealing on amorphous silicon carbide layers deposited
on c-Ge

In order to check the stability of the deposited layer, samples with a-SixC1–x :H layers deposited
at temperatures T1 and T3 were subjected to a rapid thermal annealing (RTA) for 60 seconds in
forming gas (FG) at annealing temperatures ranging from 250 to 500 °C. As it can be observed
in Fig. 2.7, all the samples experienced an increase in lifetime upon annealing, independently of
the deposition temperature, which is associated in the literature most likely with the relaxation
of the dielectric film [54, 57]. Particularly interesting is the response of the sample deposited
at T1 with no pre-plasma cleaning upon annealing, which has even outperformed the maximum
effective lifetime achieved for the samples deposited at the optimum deposition temperature (T3)
-637 µs- (section 2.5.2), achieving a record effective lifetime of 700 µs. However, in spite of its
noticeable enhancement in effective lifetime, with should be replicated for corroboration, it should
be mentioned that samples deposited at T1 suffered always from blistering when the annealing
temperature was above 300 °C. In contrast, no blistering effect was observed in samples deposited
at T3 in the range of annealing temperatures studied, if it was not present already in the dielectric
film prior to annealing. Thus, considering the higher stability of a-SixC1–x :H layers deposited at a
higher temperature, layers deposited at T3 would be in principle the most suitable option for TPV
cell fabrication.

It should be mentioned that the results found in our work are in agreement with the results from
Suwito and co-workers [54], where c-Ge wafers passivated with a-SixC1–x :H layer were subjected
to an annealing in the range of 200-600 ◦C for 30 min in a hot plate at air ambient, showing also
an improvement of the as-deposited passivation quality, with the onset of degradation starting
at temperatures around 500 °C. This fact demonstrates that H-out diffusion, which starts at
temperatures of about 300-350 °C, is decoupled from the deterioration in passivation, which starts
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Figure 2.7: Effective lifetime as a function of annealing temperature in FG, for T1 and T3. Excess carrier
density=1 · 1015 cm-3.

at considerably higher temperature [54]. Moreover, the higher increment in lifetime for samples
passivated with deposition temperatures lower than the optimum (i.e. samples with a-SixC1–x :H
deposited at T1 instead of T3) is also in fair agreement with the results from Suwito’s work in c-Si
and c-Ge substrates [19].

The influence of the annealing time has also been studied for optimum deposition temperature
(T3) and H2 plasma time (35 s). Fig. 2.8 shows the improvement in lifetime for different annealing
temperatures, ranging from 370 to 430 °C, for increasing annealing times. As it can be observed,
an increment in the effective lifetime is observed for all passivated c-Ge samples when increasing
annealing time, which tends to saturate earlier as the annealing temperature is increased. Thus,
suggesting a thermally activated reaction for the surface passivation mechanism. In order to
determine the rate of surface passivation reaction, the approach used by Mitchell et al. in [58] was
followed, in which the reaction time constant (τreac) can be determined by fitting Fig.2.8 with the
following equation:

τeff = [1/τbulk +Aexp(−t/τreac)]−1 (2.20)

with τbulk corresponding to the bulk lifetime, A to the pre-exponential factor and t to the
annealing time. Afterwards, the activation energy (EA) of the surface passivation mechanism can
be determined by plotting the reaction rate (1/τreac) versus the inverse of the temperature and
fitting the slope to equation 2.21:

1/τreac = Aexp[−EA/kBT ] (2.21)

where kB is the Boltzmann constant and T is the annealing temperature.

The results from Fig. 2.9 suggest an activation energy for c-Ge passivated with a-SixC1–x :H
of around 1.76 eV, in relatively good agreement with the results from Suwito [19], who reported
an activation energy of around 2 eV for samples annealed in ambient air. Taking into account
that the EA for the thermal dissociation reaction for Si-H bonds, estimated to be around 0.6 eV
in the literature [59], fairly agrees with the onset of degradation found for c-Si passivation with
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Figure 2.8: Effective lifetime of c-Ge samples passivated with a-SixC1–x deposited at the optimum deposition
temperature (T3) and using optimum plasma cleaning time (35 s), for annealing temperatures from 370-430 °C in

FG as a function of the annealing time. Excess carrier density=1 · 1015 cm-3.

Figure 2.9: Determination of the activation energy of the surface passivation mechanism by Arrhenius law.
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a-SixC1–x :H in Suwito’s work (EA of 0.53 eV [19]), he argued that the main mechanism for c-Si
passivation with a-SixC1–x :H was most probably saturation of recombination active Si dangling
bonds (DB) [19]. Contrarily, the noticeably higher EA for c-Ge passivation with a-SixC1–x :H found
out in our work (1.8 eV) and in Suwito’s work (2 eV) [19], as compared with the EA for Si-H bond
rupture, seems to indicate that the passivation of c-Ge is not directly linked to the saturation of
DB with interstitial H [55]. Poor passivation of DB defects in c-Ge with H might be caused by
repulsion from the negatively charged DB (associated with DB defects inducing states below the
valence band [55]) and interstitial H (which only exist in the negative charge state in c-Ge [55]).
Therefore, the higher EA for the passivation mechanism found in this work could be related to a
fixed charge inside the a-SixC1–x :H, as suggested for the passivation of c-Si by SiNx with reported
EA higher than the Si-H bond rupture [19]. However, it should be emphasized that since the Si-H
rupture affects not only the electronically active defects created at the semiconductor/dielectric
interface but also inside the dielectric film itself, the extracted activation energy, in reality, is linked
to a cooperative phenomenon. Thus, especial care must be taken when assessing the mechanisms
behind surface passivation by this method.

Figure 2.10: Capacitance voltage measurements for n- and p-type doped c-Ge substrated passivated with intrinsic
a-SixC1–x :H and annealed at different temperatures from 0-400 °C.

To confirm the suspected field-effect passivation, related to a high Qf in the dielectric passivating
film or at the semiconductor/dielectric film, capacitance-voltage (CV) measurements were carried
out. However, as previously mentioned in section 2.3.2, due to non-idealities in the CV curves
measured, the results are only used as a qualitative technique, so no quantification of Qf will be
reported. Still, some interesting features can be figured out from Fig. 2.10, where the CV curve for
n- and p-type Ge substrates is shown. For both substrates, the as-deposited sample (no annealing)
showed stretch-out, indicating a high density of interface states. Upon annealing, the CV curves
improve, getting closer to an ideal CV, suggesting that annealing can be helpful to reduce the
density of interface states. Moreover, in the case of the p-type substrates, Fig. 2.10 b), a clear shift
towards lower voltage occurs at 300 °C, indicative of positive Qf charges. In contrast, in the case
of n-type substrates, Fig. 2.10 a), a shift of the CV curve towards the right, indicates the presence
of negative Qf charges. This fact, demonstrates the amphoteric behavior of the a-SixC1–x :H layer.
It seems, that a-SixC1–x :H induces positive or negative charge depending on the substrate, in
agreement with what was found by Martín et al. for c-Si passivated by a-SixC1–x :H [60]. Moreover,
in the case of p-type substrates, where more annealing temperatures have been analyzed, increasing
the annealing temperature from 300 to 400 °C resulted in a lower shift towards the left. Thus, it
seems that the field-effect passivation is activated at 300 °C, but it get slightly worse for annealings
at 350 and 400 °C. It should be emphasized though that because of equipment availability, during
CV measurements, annealing was carried out in a furnace instead of using a RTA equipment (as in
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the case of QSSPC measurements). Thus, no direct correlation between the optimum temperature
observed by CV measurements and QSSPC measurements is expected.

Blistering detection in samples passivated with a-SixC1–x :H/a-SiC stack at different
deposition temperatures

In spite of the high effective lifetimes reported in our work in the optimum conditions (see Fig.
2.13 for a comparison with the state-of-the-art), blistering effect in the passivating a-SixC1–x :H/a-
SiC (SiC stack), was detected for the three deposition temperatures used. SiC stack deposited at
high temperature (T3) was more prone to blistering as compared to low deposition temperature (T1)
when no annealing step was conducted. Nevertheless, when annealing is performed at temperatures
equal to or beyond 350 °C, the stability of the SiC stack deposited at T3 was noticeably higher
than the one deposited at T1, with the latter showing an extremely high percentage of area covered
by blistering, as shown in Fig. 2.12. In contrast, SiC stack deposited at T3 did not show an
enhancement of blistering covered area for annealings up to > 450 °C.

Although these remarks seem to be in agreement with the literature (see 2.4.3), it should
be mentioned that the higher amount of blistering observed in as-deposited samples for the
high-temperature deposition (T3) could be affected by differences in the layer thicknesses as
compared with low-temperature deposition (T1), since it was revealed by Transmission Electron
Microscope measurements that, even though we tried to deposit same layer thickness at the different
temperatures T1 and T3, SiC stack deposited at T3 resulted in a higher thickness as compared
with samples deposited at T1 (52 nm and more than 70 nm, for T1 and T3, respectively, as shown
in Fig. 2.11).

It also should be mentioned that a systematic observation is that the deposition of the SiC stack
on bare c-Ge wafers results in a small amount of blistering or even no blistering at all, whereas the
deposition of SiC stack at the back side (when the other surface is already passivated with SiC)
generally shows a much higher blistering covered area, independently of the deposition temperature.
Different approaches were tried to avoid this phenomenon such as different pre-cleaning treatments
prior to the deposition of the second layer (i.e. combination of HCl and H2 plasma, H2 plasma
without HCl, or none of them), use of the same samples’ holder for the first and second SiC
deposition or change it for the second deposition to another one (not affected from the previous
deposit), and use of polished side c-Ge wafer for the second SiC deposition process (usually, polished
side for the first deposition and etched side for the second one). However, none of the approaches
tried demonstrated a systematic improvement in terms of blistering. Thus, further investigation is
needed in order to effectively avoid blistering formation in our passivation a-SixC1–x :H/a-SiC stack.

Figure 2.11: TEM measurements used to determine the thickness of the a-SixC1–x :H/a-SiC stack when deposited at
low (T1) and high (T3) temperatures.
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Figure 2.12: Blistering effect for intrinsic a-SixC1–x :H/a-SiC stack deposited at temperature T1 and T3 depending
on the annealing temperature.

2.6 Conclusions
• Excellent surface passivation of c-Ge has been achieved by an ex situ pre-cleaning treatment

in HCl 18% v/v for 3 min, followed by an in situ cleaning with H2 plasma, with an intrinsic
stack of a-SixC1–x :H/a-SiC used as a passivation layer, obtaining effective lifetime as high
as 600-700 us in lowly doped n-type c-Ge (1 ohm cm), and higher than 1400 µs when using
c-Ge intrinsic wafers. Calculation of the upper limit for the effective surface recombination
velocity in n-type Ge wafers, in the order of 14.5 cm/s, also indicated the good quality of the
passivation achieved.

• Annealing in FG for 60 seconds at temperatures between 250 and 400 °C resulted in an
enhancement in the effective lifetime as compared to as-deposited samples, independently
of the SiC stack deposition temperature. However, after a certain annealing temperature
the effective lifetime is reduced, being the onset of degradation for samples deposited at low
temperature (T3) established above 400 °C, whereas for samples deposited at the highest
temperature, the onset of degradation is slightly delayed to temperatures of 500 °C. This could
be explained by the higher stability of the SiC stack deposited at the highest temperature,
which showed no blistering formation upon annealing at temperatures below 450 °C, as
compared with SiC stack deposited at low temperature, which showed considerable blister
covered area already at temperatures below 400 °C.

• The enhancement in effective lifetime achieved for a-SixC1–x :H/a-SiC layers deposited on
c-Ge substrates upon annealing, is most likely associated with a reduction of the density of
interface states, and field-effect passivation activation, as deduced from CV measurements,
where an amphoteric character of the a-SixC1–x :H/a-SiC stack was revealed.

• Blistering effect, which was present in a great percentage of c-Ge samples passivated with the
intrinsic a-SixC1–x :H/a-SiC, still needs further investigation in order to be effectively avoided.

44



Figure 2.13: Effective lifetime as a function of doping level: our work within the state-of-the-art.
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Chapter 3

Laser-based diffusion processes in
c-Ge by excimer laser irradiation

In this chapter, the laser doping (LD) process is described in detail putting a special focus
on its application to c-Ge. First, the physics behind dopant diffusion in liquid state during laser
irradiation are discussed, together with the main tunable laser process parameters to control dopant
incorporation, and the influence of performing LD on bare c-Ge wafers or in the presence of a
dielectric layer. Also, the different dopant sources that can be used in conjunction with LD are
presented, followed by a summary of the main demonstrations of LD for n- and p-type doping of
c-Ge to achieve doping levels above the solubility limits.

In the experimental section, a comparison between homogeneous emitter formation by LD with
Spin on Dopant sources (SoD) (bare c-Ge wafers and passivated-Ge samples) and n-type doped
SiC stacks (PassDop technology) is carried out in all cases by excimer laser irradiation with a
KrF laser in areas of 5x5 mm2. The characterization of the emitter formed was conducted by
means of Secondary Ion Mass Spectrometry (SIMS), Van der Pau-Hall (VdP-Hall), High Resolution
X-Ray Diffraction (HRXRD), and Rutherford Backscattering (RBS) measurements. The results
demonstrate that higher active dopant doses can be achieved by using PassDop technology as
compared with SoD, independently of the laser parameters chosen. Moreover, it has been revealed
that a minimum number of pulses, depending on the energy fluence, should be given to achieve high
dopant active doses and to prevent laser-induced defects, when LD is performed in the presence of
a dielectric layer.

3.1 Laser doping in the melting regime
Absorption of laser light in a semiconductor occurred for incident photons with energy higher

than the band gap (Eg), giving rise to electron transitions from the valence band to the conduction
band. Energy is then transferred to the semiconductor lattice by phonon emission, whereas the
lattice’s temperature increases by carrier-carrier and carrier-phonon collisions. If the temperature
increases high enough, melting of the semiconductor surface occurs. In the presence of a dopant
source, as soon as the melt depth proceeds into the substrate, fast diffusion of dopants take place
in the liquid state at a rate of several orders of magnitude higher as compared with solid-state
diffusion, thanks to the higher diffusivity of dopants in the liquid state. Accordingly, the LD process
is commonly referred also as Pulsed Laser Melting (PLM). When the laser energy has decreased
high enough and the thermal energy is being dissipated to the surroundings, very fast epitaxial
recrystallization in the order of m/s occurs. During recrystallization, because of the high liquid-solid
interface velocity -which results in an increased effective segregation coefficient close to 1 [1]-, excess
dopants have no time to diffuse to the liquid being efficiently trapped. Thus, being incorporated in
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most cases above its solubility limits [2–5]. As an example, a simplified overview of the whole LD
process used in conjunction with a solid dopant source can be seen in Fig. 3.1.

Figure 3.1: Main steps of laser doping process: example for a solid dopant source.

Accurate control of the junction depth and the level of doping can be achieved by proper
selection of the most influent parameters involved in the LD process, which are briefly summarized
here:

1. Laser system specifications: The primary choice for a LD process is the selection of the
laser’s wavelength, the temporal distribution of the laser emission (pulsed versus continuous-
wave lasers), the energy distribution of the laser beam (gaussian versus top-hat) and the pulse
width range (femtosecond/picosecond/nanosecond). Although some laser systems allow a
certain degree of modularity, they are typically fixed characteristics of the system.

2. Tunable laser process parameters: Once the laser system is selected, the most influential
laser parameters that affect laser-material interaction, and thus, incorporation of dopants
and level of laser-induced damage are laser power, pulse energy, laser energy fluence, laser
frequency and n◦ of pulses.

3. Features of the doping process: Different kinds of dopant sources in solid, liquid or gas
form, can be used in the LD process. Moreover, it should be decided whether the LD process
would be carried out on bare semiconductor wafers or in the presence of a dielectric layer
since different kind of laser-induced defects can be expected based on this choice.

3.1.1 Laser system specifications
The relevance of choosing a proper laser wavelength can arise from the understanding of the

absorption of laser irradiation in a material which can be predicted by Beer-Lambert’s law:

I(z) = I0(1−R)e−αz (3.1)

where I(z) is the laser intensity in W/cm2 at a certain depth z, R is the surface reflectivity and
α is the absorption coefficient in cm-1. As it can be deduced from eq. 3.1, the laser intensity gets
attenuated when going across the material. Thus, a useful approach is to define the penetration
depth (also known as attenuation length) (δ) as the maximum length before laser intensity is
significantly attenuated:

δ = 1/α (3.2)

A huge range of different penetration depths, with differences of several orders of magnitude,
can be found for different materials depending on the laser wavelength. For instance, penetration
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depth ranging from 101 to almost 106 nm can be achieved in c-Ge for laser wavelengths between 200
and 1800 nm (see 3.2). Thereby it becomes evident why the choice of a proper laser wavelength is
key to achieving the desired objectives within the LD process. It should be noticed that apart from
the optical response of the semiconductor material to a specific wavelength, the field of application
(microelectronics, PV cells, TPV cells,...) should be also taken into account, as different levels of
doping or penetration of dopants into the material can be desired.

Figure 3.2: Penetration depth of different laser wavelengths in c-Ge and c-Si.

Furthermore, induced-laser damage is also highly dependent on the laser wavelength due to the
differences in the absorption coefficient, so a trade-off between low damage and effective doping
should be achieved. In the case of LD, considering Si as the market reference, the most commonly
used lasers in industry and at the lab are Diode-Pumped Solid State Lasers (DPSS) based on
Neodymium-doped crystals as gaining medium. Being the most widespread laser wavelength for LD
process: Nd:YVO4 or Nd:YAG emitting in the near IR at its fundamental output wavelength (1064
nm), or Frequency Doubling and Tripling green (532 nm) and UV (355 nm) lasers. Although high
efficiency c-Si PV cells have been fabricated with all the aforementioned wavelengths [6–9], several
studies agree that the higher penetration depth of the IR laser of around 100 µm in c-Si, leads to a
higher heat-affected zone, ergo a higher damage zone in most cases, as compared with green and
UV laser sources [9]. However, in spite of the lower thermal affection achieved by UV lasers [10],
the lower wafer penetration depth of UV laser sources (in the order of tens of nm for c-Si and c-Ge),
can result in higher amounts of ablation leading to insufficient doping. Therefore, a trend towards
the use of green lasers 532 nm, with intermediate penetration depth ≈ 1 µm for LD, has been
partially established in c-Si as mainstream laser wavelength [11–14]. As shown in Fig.3.2, in the
case of c-Ge, the differences in the penetration depths obtained by UV or green lasers are smaller
than in the case of c-Si. Reviewing the literature in c-Ge, most of the studies seems to use UV laser
sources for LD: i.e. excimer lasers (248 and 308 nm) or Nd:YAG 355 nm [15–20], with some isolated
demonstrations also for green [21, 22] and IR wavelengths [23, 24]. It is worth mentioning that
besides DPSS, excimer lasers (whose gain medium is a gas mixture of a noble gas and a halogen)
are also widely used for LD in c-Si and c-Ge [25]. In this sense, excimer lasers offer maximum power
and the shortest UV wavelengths (157, 193, 248, 308, and 351 nm), with a large beam leading to
homogeneous irradiation on large areas. In contrast, DPSS lasers offer excellent beam quality and
the highest repetition rate providing the smallest beam size for micro-features [26].

Beside wavelength, another fundamental laser parameter which affects the LD process is the
temporal distribution of the laser emission. Usually described in pulsed lasers by its pulse duration
or pulse width, it is defined as the time between the starting and the end of the laser pulse, based
on the full-width half maximum of the pulse shape -FWHM-, as shown in Fig. 3.3. It is usually a
fixed parameter, although some laser systems allow its modulation to a certain extent. In most
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cases, pulsed lasers with pulse durations in the nanosecond range are used for LD, since they allow
melting of the semiconductor without significant evaporation [27]. By comparing different pulses
widths within the nanosecond range (from tens to hundreds of ns), it has been demonstrated that
this parameter affects the surface melt duration, which directly influences how much deep dopants
diffuse into the semiconductor, how they are redistributed, and which is the ablation threshold.
This threshold, which is reached when temperatures beyond the vaporization temperature are
achieved, (usually when the semiconductor is heated very quickly -i.e. by short pulses-), leads to
lower dopant incorporation and possible surface damage [28]. Thus, long pulse durations (in the
order of hundreds of nanoseconds) are preferred in case of requiring deep junction depth, as they
can yield a larger process parameter window before ablation starts [29]. Another trending option
when depths up to several microns need to be achieved is the use of continuous-wave (CW) lasers
as they provide steady emission, successfully avoiding solidification between successive pulses which
greatly limits maximum melt depth [30–32].

Figure 3.3: Pulsed laser parameters.

Beyond laser wavelength and laser pulse width, the spatial distribution of the energy of
the laser beam is also a parameter of paramount relevance. Most commonly, lasers with Gaussian
or top-hat energy distribution can be distinguished, being the first the most widely commercially
available systems thanks to both their lower price and the higher consistency of their intensity
profile along with the propagation, which makes them easier to use and calibrate [33]. When a
Gaussian beam propagates through an optical system, it maintains a Gaussian irradiance profile
even if the peak value or beam size changes [34]. In contrast, in the case of flat-top beam profiles, a
flat-top incident profile will not retain a flat shape as the beam propagates through the system,
being necessary the use of an additional beam-shaping assembly to convert the beam output into
a flat-top profile [34]. Nonetheless, the use of Gaussian profiles for LD purposes also implies
some disadvantages. As it can be seen in Fig. 3.4, the energy distribution of a Gaussian beam is
characterized by a higher energy I1 in the center of the beam which exponentially decreases up to
I2 further away from the center, with minimum intensity I3 at the edges. Thus, when performing
LD with Gaussian beam profiles, the laser spot’ area is generally composed of at least two regions
as a result of the distinct incident energy: a highly-doped region in the center of the spot where
melting and recrystallization of the semiconductor takes place and a surrounding area which is
undoped or slightly-doped because the energy is high enough to affect the sample’s surface but
too low to induce melting of the semiconductor. Therefore, the use of a laser with top-hat beam
profile is highly recommended for LD, since it would create a more well-defined laser-doped area
with smaller heat-affected zones [35].
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Figure 3.4: Gaussian and top-hat laser beam energy distribution and its impact on laser spot area. Pictures from
laser irradiation of an n-type doped SiC stack with a) a Nd:YVO4 with a Gaussian beam profile (laser system used

in Chapter 4) and b) a KrF laser with top-hat beam profile (laser system used in Chapter 3).

3.1.2 Tunable laser process parameters
In laser material processing, different parameters characterizing the laser radiation can be very

relevant:

• Optical intensity of a laser beam (W/cm2): it is defined as the optical power per unit
area transmitted through an imagined surface perpendicular to the propagation direction. It
can be calculated by the product of photon energy and photon flux [36].

• Irradiance (W/cm2): Even though in the context of laser technology, the optical intensity
has the same units as the irradiance, they do not refer to the same quantity. Whereas the
optical intensity is defined as the amount of energy going through an area perpendicular to
the beam, irradiance refers to the amount of energy that arrives on a certain surface with a
given orientation [36].

• Pulse energy Ep (J): It refers to the total optical energy of a light pulse, so it corresponds to
the integral of the optical power over time [36]. It can be measured by using an energy meter
or calculated by dividing the average power (measured by a thermopile) by the frequency in
pulsed’s lasers: Ep (J)= P (W)/frep (Hz), being frep proportionally inverse to the period
-∆t(s)- as represented in Fig. 3.3. Thus, the pulse repetition rate (or pulsed frequency frep)
of a regular train of pulses is defined as the number of emitted pulses per second, or more
precisely the inverse temporal pulse spacing [36].

• Power (W): There are two distinct power-related parameters (see Fig. 3.3): the peak power
(Ppeak), which corresponds to the highest instantaneous optical power emitted, and the average
power (Pavg) which describes the power emitted as if its emission would be spread uniformily
across the period ∆t (s) =1/frep [36].

• Laser energy fluence (J/cm2): The fluence of a laser pulse is the optical energy delivered
per unit area [36]. Thus, it can be calculated by integrating the power of a single beam pulse
over time, or dividing the energy of a single laser pulse (Ep) by the area of the laser spot:
φ = Ep/A. It is also known as laser energy density.

In terms of laser doping, laser energy fluence is the most common term of choice to describe
the threshold to induce phase transformation into the semiconductor, since not only the laser peak
power, but also the amount of time that the laser is heating the material, and how the power is
distributed in a certain area are known to influence material affection. In this sense, it has been
found that the use of higher laser energy fluences results in increased melting time and melting
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depth, with an enhancement in the incorporation of dopants and an increment in the junction
depth, both leading to reduced sheet resistance (RSH). However, continuously increasing the
energy fluence above a certain threshold may lead to ablation, resulting in an increased RSH as a
consequence of the evaporation of the semiconductor and the dopants, or due to a decrease in dopant
homogeneity [8, 37]. Additionally, a higher generation of defects is obtained for recrystallization
velocities beyond 1-1.5 m/s [8], which tends to occur when a high volume is melt as a consequence
of using high energy fluence conditions. A potential solution to slow the regrowth velocity consists
of heating the semiconductor substrate during LD [38]. Another possibility to increase overall
melting time, which may result in a better redistribution of dopants, is the use of larger number
of melting cycles. This parameter can be increased by lowering the laser scan speed or increasing
the number of pulses, both increasing the overall irradiation time per area. Nonetheless, saturation
of the doping process will unavoidably occur, leading to an increase in RSH when the process
becomes source-limited, moment in which increasing the melting time would not be helpful to
increase the diffusion process [8]. Another parameter that affects the number of melting cycles is
the pulse repetition rate of the laser pulse, which is interdependent with the number of pulses and
the laser energy fluence. Increasing the frequency of the laser increases the number of times that
the laser beam is hitting the same spot. However, changing the laser frequency also affects the
pulse energy Ep, due to the fact that a higher repetition rate allows a shorter time for the laser
to build up power, resulting in a reduced Ep. Therefore, if the repetition rate is reduced and the
power is kept the same, an increased laser energy fluence is obtained. Nonetheless, even though the
same laser energy fluence can be achieved by varying both the laser power or the laser frequency,
the effects on the material could be different, since a faster repetition rate might not allow the
semiconductor to recrystallize before the subsequent pulse arrives at the surface, being able to
reduce thermal cycling, which could affect the amount of laser-induced defects [35].

3.1.3 Features of the doping process
Dopant sources

Dopant sources suitable for LD can be in gas, liquid, and solid form, although in all cases
reviewed here, doping is achieved based on the liquid diffusion of dopants during semiconductor
melting caused by laser irradiation (as explained in 3.1). As a summary, the most common dopant
sources used in the literature in conjunction with PLM are:

• Ion implantation: Even though it is considered a relatively expensive doping technique
(it requires a high capital cost equipment able to accelerate energetic ions in an electric
field toward the target), its high degree of control to introduce impurities exceeding their
solid solubility, which can be placed at the desired depth and concentration with high
reproducibility [39], explain why it is a nearly universally employed tool for the fabrication
of transistors in integrated circuits [40]. Since during ion implantation most typically the
atoms in the target are displaced from their original lattice position creating a large number
of point defects, with a high likelihood for the target material to become amorphized beyond
a critical threshold in defect density [41], an annealing step to recover crystallinity and
electrically activate the dopants is a must. In this sense, the use of PLM can provide better
annealing of defects with respect to high-temperature thermal annealing, if the melting depth
achieved extends beyond the depth of defects caused by ion implantation, due to the epitaxial
recrystallization after the rapid cool-down during the PLM process [41]. Thereby, this doping
technique has become one of the methods more extensively studied in combination with PLM
not only in c-Si [42,43] but also in c-Ge [16,18,19,44,45].

• Phosphosilicate or borosilicate glass (PSG and BSG, respectively): First introduced by
Ventura et al. [46], this dopant source is directly formed in the wafer surface after doping in a
conventional furnace diffusion in the presence of gases such as POCl3 or BBr [47]. Thus, it is
a widely dopant source for the formation of selective emitters in the PV industry, where PV
efficiency’ gains of around 0.5% has been reported [48,49].
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• SoD solutions: an easy-to-apply option for LD is the use of a sol-gel solution containing the
dopant which is spun onto the wafer surface followed by a soft-baking at low temperature to
evaporate remaining solvents and solidify the film. It has been applied to both, c-Si [8,50] and
c-Ge, in the latter, for photodetector and MOSFET fabrication [51,52]. It can be deposited
on top of either the semiconductor substrate or the dielectric used for passivation. However,
it presents some disadvantages: firstly, a wet-chemical etching (usually in high-concentrated
hydrofluoric acid [53]) is necessary after the doping process to remove the remainings of the
SoD layer. Secondly, low humidity conditions (in particular below 10 %) should be used to
prevent crack formation during curing of the film [53].

• H3PO4 solutions: Another appealing option which has been investigated in the literature
is the use of phosphoric acid solutions as a dopant source [54–56]. Being the main advantages
over SoD solutions or POCL3 gas: easily available, inexpensive, non toxic and without
constraint on its shelf-life [57].

• Chemical jet: Commonly known as Laser Chemical Processing method, it is based on a
liquid jet generated inside a nozzle where a laser beam is focused through a transparent
window on top, being guided within by internal reflection [58]. Si-PV cells with efficiencies
over 20 % has been reported using this method [59].

• Gas dopant sources: In this case dopants are provided by a precursor gas (i.e. PH3,
BCl3,...) which is chemisorbed on the surface prior to LD [60,61], being the method commonly
known as Gas Immersion Laser Doping. Highly doped regions has been formed in c-Si and
c-Ge by using this approach [61].

• Doped dielectric films: Also known as PassDop technology, it was concurrently introduced
by Orpella et al [62] and Suwito et al [63] in 2009-2010, and its great advantage is that
the same layer serves for both passivation and doping purposes. Additionally, no chemical
treatment is needed to remove the dopant source after laser irradiation as for instance when
using PSG, SoD or H3PO4 approaches. Commonly, doped SiNx:H [64] or a-SixC1−x:H [65]
deposited by PECVD, or Al2O3 layers deposited by atomic layer deposition [66] are used for
this purpose. As in the case of SoD solution deposited on top of a dielectric layer, opening of
the passivation layer and doping can occur simultaneously in one single step, which can help
to reduce the number of processing steps needed for device fabrication.

• Sputtered layers: Another option for deposition of a solid dopant source at the semiconduc-
tor surface is by means of sputtering [20,67, 68], which consist on a plasma based deposition
process in which energetic ions are accelerated towards the target [69]. High-efficiency Si-PV
cells using sputtered dopant sources such as: phosphorus [67], antimony [70] and boron
( [71]) has been demonstrated. Furthermore, Carraro et al. has reported the highest level
of electrically active antimony in c-Ge wafers by using sputtered layers in combination with
PLM [20].

• Monolayer doping: It is a relatively novel doping strategy which was conceived in 2008
by C. Ho et al. [72]. It relies on the formation of a highly uniform and covalently bonded
monolayer of dopant-containing molecules, which enables deterministic positioning of the
dopant atoms on a semiconductor surface [72], with posterior diffusion of dopants to the bulk
during a subsequent annealing step. Even though it was first developed in c-Si, Sgarbossa et
al. [73] has recently transferred this method to incorporate donor impurities in c-Ge, achieving
dopant concentrations of Sb above its solid solubility with a 100 % electrical activation [74]
when using this technique in conjunction with PLM.

Even though a high level of doping has been achieved in c-Si and c-Ge by all the dopant sources
presented above, the use of solid dopant sources is generally regarded as the most viable set-up for
commercial LD [75].
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Single and two-step laser doping processes and its relationship with laser-induced
defects

Another important decision when performing a laser-based diffusion process is whether or not it
will be performed in the presence of a dielectric layer, since different difficulties can arise depending
on this choice. As it is shown in Fig. 3.5, undesirable situations can occur when performing
the single step LD process, in which the laser doping step is performed after dielectric surface
passivation for simultaneous opening of the dielectric layer and heavily doping underneath the
contacts. Being the major issues linked to the use of the single step LD process:

• Opening of the dielectric layer beyond the extent of the laser-doped region: when this situation
occurs, undoped or slightly-doped regions -usually at the edge of the laser spot-, leads to
localized areas of high surface-recombination velocity, which can result in shunting during
subsequent metallization, due to direct contact between the metal and the substrate [76].

• Laser-induced defects (point defects, dislocations, microtwins, phase changes, oxygen incorpo-
ration and internal strain) [8, 11,77].

• Unintentional introduction of high amounts of elements contained in the passivation layer
into the bulk beyond the solubility limits [11,64].

• Discontinuities in terms of doping created by micro-cracks which can potentially induced
shunts [8, 11].

Figure 3.5: Potential risks for laser-induced defects for the single-step doping process by PLM.

It is worth mentioning that even though laser-induced defects have been reported not only when
LD is performed after passivation but also in bare wafers, in the former case, thermally-induced
stress, which has been identified in the literature as one of the most likely reason for laser-induced
defects, is greatly enhanced due to the differences in the thermal expansion coefficients of the
dielectric and the underlying semiconductor [11]. Nonetheless, the use of different dielectric layers
has been extensively studied in the literature as a way to try to reduce the density of laser-induced
defects of passivated wafers irradiated with laser [11,64]. It should be noted that a considerable
reduction of defects was achieved by double layers of SiO2/SiNx as reported in [11], where the
presence of SiO2 has proven to provide a greater relaxation of the SiNx by undergoing viscoelastic
deformation. Moreover, it has been also previously demonstrated that the use of an optimal
thickness of the dielectric layer together with careful selection of the laser process parameters can
play a major role in the lateral extension of the doping profile under the dielectric, minimizing the
risk of shunting mentioned above [76].

Reduction of the density of defects can be also achieved by a more conservative "two-step" LD
process, where LD is performed prior to passivation, followed by dielectric deposition, employing
an additional subsequent step for contact opening. Nevertheless, some thermal stress still exists in
the absence of a dielectric film [78]. In fact, in the two-step LD process at atmosphere conditions,
the high levels of oxygen incorporation to the bulk, in the order of 1018 − 1021 cm3, cannot be
avoided [11]. Actually, it has been predicted that the dominant mechanism for the deterioration
of the electrical performance is the formation of defects when using the single step LD process,
whereas contaminations and point defects are the drivers for electrical deterioration in the two-step
LD process [11]. Even though LD process conditions that minimize the generation of defects should
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be preferably used, it should be pointed out that several processing techniques have proven their
effectiveness to reduce the degradation caused by laser-irradiation afterwards. Among them, some
of the most promising methods are:

• Chemical etching after the laser process, which has been proved to be especially helpful for
removing defects generated during laser-groove formation [79].

• Hydrogen passivation of laser-induced defects, which greatly reduces the electrically active
recombination, resulting in PV cell’s efficiency gains in the order of 0.35% [79].

• Substrate heating during laser doping [38], as a way to reduce the regrowth velocity of
the melted volume by LD, which can otherwise greatly enhance the level of defects when
surpassing recrystallization velocities of 1-1.5 m/s [11].

• Post thermal treatment: it has been demonstrated that a short annealing of less than 5 min
at temperatures between 400-500 °C can improve cell performance of laser-doped selective
emitters PV cells by 0.36 % absolute, with improvements up to 0.84 % in laser-doped
n-Passivated Emitter Rear Totally Diffused cells [80].

• Laser-annealing process. It consists of a second laser step over the laser-doped region at a
lower laser power as compared with the first laser step, to anneal the damage of the latter. It
was proposed by Sun et al. very recently, demonstrating reduction in the dislocation density
and improved surface carrier lifetime [77,81]

It should be emphasized that if photolithography step for opening of the dielectric wants to
be avoided, a LD process performed in a larger area prior to passivation followed by a second
LD step (narrower than the first) to open the dielectric layer can be also used as proposed in the
literature [82].

3.2 Review of LD in c-Ge
The use of LD in c-Ge has attracted considerable interest, being extensively studied since the

2000s [25]. Research has been directed to tackle Ge’s particularities, (mainly: Ge surface loss during
high-temperature annealing, relatively low maximum solubility, and high diffusivity of donors in
c-Ge -see chapter 1-), and ultimately to obtain active concentrations higher than the ones achieved
by thermal equilibrium doping processes. To clarify the maximum active concentration achieved
in the literature by thermal-equilibrium and laser annealing processes for impurities of groups III
and V in c-Ge, a brief overview is presented here based on the more extended results reviewed in
the book "Laser annealing process in semiconductor technology" [25]. Note that most of the data
summarized make use of excimer lasers (308 and 248 nm wavelength) or Nd:YAG laser emitting at
355 nm, with pulse widths always in the nanosecond range. In terms of dopant sources, most of
the studies conducted used ion-implantation, with some demonstrations for sputtering, monolayer
doping, and gas dopant sources.

3.2.1 Acceptor impurities in c-Ge
P-type doping through PLM has been investigated using B, Al, and Ga as dopant sources:

• Boron: It is the most extensively studied impurity to achieve p-type doping used in combina-
tion with LD in the melting regime. In the literature, B is commonly introduced to c-Ge by
ion-implantation followed by laser irradiation for redistribution of dopants and annealing of
defects [83–85]. XeCl excimer laser emitting at 308 nm was used in all the studies found in the
literature, with laser pulse widths of 30 ns used in the experiments performed by Impellizzeri
et al. [84] and Milazzo et al. [85], and a longer pulse duration of 180 ns in the experiments
published by Mazzocchi et al. [83], being 4 · 1019 cm-3 the maximum active concentration
achieved [84]. As it can be seen in Fig. 3.6, although much higher B active concentrations
are obtained for PLM with respect to doping by thermal-equilibrium diffusion processes,
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the maximum active concentration is still lower than its maximum solid solubility in c-Ge.
This is a result on one hand, of the strong interaction between B and O, (which leads to
the formation of inactive B-O clusters close to the surface [85], where the high content of
O atoms is attributed to in-diffusion of O from a native oxide [84]), and on the other hand,
to B-B interaction responsible for deactivation at higher depth [85]. Moreover, noticeable
out-diffusion causing significant dose loss further limits the incorporation of B in c-Ge [83–85].

• Aluminum: In the case of p-type doping of c-Ge with Al in combination with PLM, only ion
implantation has been investigated as a dopant source. Again, a strong interaction between
Al and O in the liquid phase, even higher than in the case of B, has been confirmed by a
retarded diffusion of O in the presence of Al with respect to unimplanted Ge, which also
limits its maximum active concentration below its theoretical solubility limit [44, 45]. At high
implant doses, partial electrical activation at the highest carrier concentration of Al achieved
in the order of 1.2 · 1020 cm-3, suggests Al-Al interaction occurring during the recrystallization
process, as the most limiting phenomena hindering activation [44]. Additionally, significant
dopant loss, due to out-diffusion, was also observed by integration of the Al SIMS profiles,
especially at higher implant doses [25]. The PLM process was performed in both studies with
a Nd:YAG laser emitting at 355 nm with a pulse width of 7 ns [44,45].

• Gallium: Regarding Ga doping of c-Ge, only one study has been reported in the literature
using PLM, again in combination with ion-implantation [86]. Although no exact details about
the laser system and the laser conditions used are given, active concentrations as high as
5.1 · 1020 cm-3 were achieved, despite significant out-diffusion being reported [86].

Figure 3.6: Maximum active concentration versus equilibrium segregation coefficient (ratio of solute concentration in
the solid to that in the liquid) for n- and p-type dopants in Ge, for thermal-equilibrium and out-of-equilibrium

(i.e.PLM) doping methods. Adapted from [25]

3.2.2 Donor impurities in c-Ge
N-type doping through PLM has been deeply investigated using P, As and Sb as dopant sources:

• Phosphorus: Regarding P, a variety of UV laser systems have been used with short and
longer laser pulses duration (KrF 248 nm 23ns [15], Nd:YAG 355 nm 4ns [16] or XeCl
308 nm 180 ns [18, 83]), with most of the studies performed adding P by means of ion-

60



implantation [15, 16, 18, 83, 87], with a demonstration also for PH3 plasma-immersion ion
implantation doping (PIII) [88]. However, in spite of the differences in the ion implantation
process and the laser process conditions, all of the investigations resulted in maximum active
concentrations close to 3 · 1020 cm-3, which has been considered in the literature as the most
likely metastable solubility limit for P in c-Ge by PLM [25]. The only exception to this
maximum active concentration limit is the result reported from Heo et al., who achieved a
Hall carrier concentration of 1 · 1021 cm-3 [88] by PIII. Although their study is the only one
reported by this method, the fact that in the rest of studies all stuck at a maximum active
concentration one order of magnitude below means that it would be necessary to confirm
their results in order to be used as a benchmark [25].

• Arsenic: Concerning doping with As, the main investigations were carried out by Milazzo et
al. [19] and Shayesteh et al. [18], both using ion implantation and excimer laser XeCl emitting
at 308 nm, with short (28 ns) and long (160 ns) pulse widths, respectively. No dose loss
was detected for doping with As by PLM [19]. Nevertheless, a partial electrical activation
was achieved, reaching a maximum active concentration of 1 · 1020 cm-3 [19]. Differently
from acceptors, in the case of As deactivation is no longer related to O, since there is no
correlation between the O dose and the percentage of electrically active As [25]. After extensive
characterization, it has been stated that a high concentration of very small clusters which
contain vacancies and As atoms are formed. Thus, the partial activation would depend on
the formation of inactive AsV and As2V complexes [19].

• Antimony: With respect to Sb, a wider variety of dopant sources and laser systems have
been compared, mainly: ion implantation with laser emitting at 532 nm [21,22], monolayer
doping in combination with a Nd:YAG laser emitting at 355 nm with 7ns pulse width [74], and
sputtering, where a Nd:YAG emitting at 355 nm 7ns-pulse width and also a KrF emitting at
248 nm 22 were used for comparison purposes [20]. Even though extremely high concentration
of Sb, above 5 · 1021 cm-3 , without any sign of surface segregation nor out-diffusion [20],
maximum active carrier concentration in the order of 1− 3 · 1021 cm-3 were found out in all
cases, with fully Sb activation achieved up to 1.5 · 1020 [20]. Therefore, it seems that similarly
to the saturation limits reported for As, a similar tendency is observed for Sb, however, at
significantly higher active concentrations [25]. The results from Carraro et al. [20], based
on sputtering of Sb, are very promising, since doped layers of good crystallinity and free of
defects were achieved, setting also a record for the lowest resistivity ever achieved of 1.4 · 10−4

Ω cm, which can be of high interest for nanoelectronic and plasmonics applications [25]

3.3 Characterization methods for the laser-doped regions
In this section, the main characterization techniques used in the experimental part to determine:

the doping profile, the electrical activation of dopants, and the crystallinity of laser-doped regions,
are briefly introduced:

3.3.1 Secondary Ion Mass Spectrometry (SIMS)
Secondary Ion Mass Spectrometry (SIMS) is one of the most widespread characterization

techniques for dopant profiling [89]. It is a destructive technique based on the material removal by
sputtering by means of an incident irradiation ion beam and posterior analysis of the secondary ions
ejected from the material (about 2% of the total) by a mass analyzer. As the mass/charge ratio of
the ions should be analyzed, neutral atoms rejected after ion beam irradiation cannot be detected.
Thus, the secondary ion yield (or yield of ionized ejected atoms) should be maximized, mainly by
changing the characteristics of the primary ion beam, to enhance the sensitivity of this technique.
Generally, electronegative ions like O2

+ are predominantly used to enhance positive secondary ions
for electropositive elements (i.e. p-type dopants), whereas electropositive ions like cesium (Cs+) are
suggested to have greater yields when measuring electronegative elements (i.e. n-type dopants).
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Energies of the incident ion beam (usually in the range of 0.5-20 keV) and incident angle, along
with target sample and crystallographic orientation, also affect the secondary ion yield [90].

Once the proper conditions for the primary ion beam are selected, the dopant density can
be monitored following the secondary ion signal as a function of time. On one side, conversion
from the secondary ion signal to the impurity density is then achieved by measuring standards
of known dopant profile in a uniform matrix which contains the impurity. If the matrix is not
uniform, proportionality between ion signal and density can be compromised, being this phenomenon
commonly denominated as matrix effect. On the other side, the time axis can be converted to depth
by measuring the crater depth produced by the incident ion beam with a profilometer. It assumes
a constant sputtering rate and its predicted accuracy is around 2%.

One of the main advantages of this technique is its high sensitivity for many elements since it
can detect dopant densities as low as 1015 cm-3. However, it only detects the total impurity density
and not the electrically active profile, meaning that if the level of activation wants to be determined,
additional measurements with techniques such as Hall or Electrochemical Capacitance-Voltage
should be performed in parallel.

3.3.2 Van der Pauw-Hall
The Hall effect was discovered in 1879, and since then, it is a widely used technique for

semiconductor characterization as it gives information about sheet resistance, carrier density and
mobility. However, in order to calculate the three of them a combination of Hall effect and resistivity
measurement is needed. Hall measurements are used to determine carrier density whilst sheet
resistance is obtained by resistivity measurements, with mobility derived from a combination of
both [90,91].

The Hall effect is based on the Lorentz force. A potential difference (Hall voltage) appears
between opposite sides of an electrical conductor when an electrical current is flowing and a magnetic
field is applied perpendicular to the current. This is a result of the excess surface electrical charge
formed on one side of the sample, as electrons subjected to the Lorentz force initially drift away
from the current line.

The measured Hall Voltage (VH) can be used to determine carrier density (ns), for instance by
using Van der Pauw geometry (four contacts required) and forcing a current from nodes in one
diagonal, while measuring the voltage drop between the nodes in the other diagonal in the presence
of a magnetic field perpendicular to the current, as shown in Fig. 3.7a).

Figure 3.7: Measurement configuration for a) Hall efect and b) Van der Pauw resistivity.

The voltage is measured at positive and negative magnetic fields (denoted as B+ and B−,
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respectively) for a forward (I+) and a reverse current (I−) to improve measurement accuracy:
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The same procedure is applied to measure voltage between nodes 1 and 3 by forcing current to
flow between nodes 2 and 4:
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Then, VH is calculated as the average between VHall,a and VHall,b

VH = VHall,a + VHall,b
2 (3.9)

Since VH is the integral of the electric field across the width of the sample (of thickness t) and
the electrical field is proportional to the current (I) and the magnetic field (B), VH can also be
defined as:

VH = rIB

nsqt
(3.10)

Thus, by measuring the Hall Voltage and from the known values of I, B, q and t, assuming the
scattering factor r being equal to 1, the carrier density ns can be calculated. Carrier type can be
deduced from the sign of VH (i.e. negative sign for electrons, positive sign for holes).

To determine sheet resistance (RSH), resistivity measurement are carried out. Differently from
Hall, the current flow between adjacent nodes (1 and 2) with the voltage being measured between
nodes 3 and 4, and with no applied magnetic field (see Fig. 3.7b)). Afterwards, a current is applied
into node 2 and out of node 3 while measuring the voltage between nodes 1 and 4. In this way, the
two characteristics resistances RA=V43/I12 and RB=V14/I23 can be calculated, from which RSH is
determined by numerically solving the Van der Pauw equation:

exp(−πRA/RSH) + exp(−πRB/RSH) = 1 (3.11)

Once that ns and RSH are known and taking into account that resistivity (ρ) is related to RSH
by: ρ = RSH · t, the Hall mobility (µHall) can be estimated:
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µHall = |VHt|
BIρ

(3.12)

Some practical aspects which must be considered when carrying out Hall and resistivity
measurements are:

• Ohmic contact quality and size of the contacts: the contacts should be small and at the edge
of the sample.

• The doped layer should be uniform and homogeneous.

• Intrinsic substrates or film and substrate of opposite conductivity should be selected to isolate
the characteristics of the doped upper layer to be measured.

Thus, in the case of non-uniform doped layers (as it is the case for the samples fabricated in this
Ph.D. thesis), as doping density varies with thickness, resistivity and mobility also do, meaning
that the results from the Hall effect measurements are average values of resistivity, carrier density,
and mobility. To determine varying ns(x) and RSH(x), differential VdP-Hall technique alternating
measurement and layer removal through chemical etching can be performed [20].

3.3.3 Rutherford Back Scattering (RBS)
RBS is a non-destructive technique that provides a quantitative determination of the composition

of a material, with depth profiling of individual elements without requiring standards [90]. In
this technique, the target material is bombarded commonly by monoenergetic He+ ions in the
MeV-range (typically 0.5-4 MeV), being the energy of the backscattered ions detected with a surface
barrier detector. It allows accurately profile up to one micrometer depth [92], with depth resolution
on the order of 10 nm [90]. In terms of atomic composition, the detection limit lies in the range
of 1017 − 1019 cm-3 depending on the element to be detected [90]. RBS losses sensitivity when
working with light elements (such as oxygen, carbon, nitrogen,...), due to the fact that He+ losses
less energy when interacting with a light ion [90]. Therefore, RBS is especially suited for atom
detection when heavy elements lie in a light matrix.

When the ion beam of known mass M1, atomic number Z1, energy E0 and velocity v0 is incident
on a target material of atoms mass M2 and atomic number Z2, most of the incident ions losses
their energy through interactions with valence electrons, whereas a small fraction undergoes elastic
collision, being backscattered from the sample at various angles. As the incident ions are traversing
the sample, they start to experience energy losses due to scattering events. Taking into account
the conservation of energy and momentum, with the energy after scattering E1 being equal to the
incident energy E0 multiplied by the kinematic factor K, it can be deduced that the scattering
energy loss is approximately proportional to the projectile mass and inversely proportional to the
target mass [92]:

K = (1− (M1/M2)2 · sin2 θ)1/2 + (M1/M2) cos θ2

(1 +M1/M2)2 (3.13)

Regarding the probability of a particle to be backscattered, it can be determined by the
differential scattering cross-section dσ/dΩ, which takes into account the atomic numbers of the
projectile and the target nuclei, being the probability of scattering inversely proportional to the
square of the incident energy E0 [92], with the backscattering yield, A, which accounts for the total
number of detected ions or counts, given by:

A = σΩQNs (3.14)
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where σ is the average scattering cross section (in cm2/sr), Ω is the detector solid angle (in
steradians), Q is the total number of ions incidents on the sample, and Ns is the sample atom
concentration (cm-2) [90].

Two kinds of measurement conditions should be distinguished: rotating random (RR) and
channeling (c-RBS). In the case of RR acquisition mode, the beam is guided by adjacent planes of
lattice atoms, resulting in a spectrum equivalent to an amorphous sample. When the trajectory
of the incident beam is aligned with the crystallographic orientation of the target, channeling
occurs [92]. In this case, the collimated ion beam is confined by the periodicity of the ordered
atoms in crystalline materials. This reduces noticeably the probability of the incident projectiles
having elastic collisions with the material, reducing their chance of being backscattered. Thus, the
averaged yield signal is greatly reduced, enhancing the possibility of detecting impurity atoms or
other phenomena hidden by the high yield observed when RR conditions are used instead. Moreover,
crystalline quality can be deduced by the magnitude of the yield reduction [90,92,93]. If the damage
peak does not reach the random yield spectrum, it can be deduced that there is still some remains
from a crystal structure in the surface region [92].

3.3.4 High Resolution X-Ray Diffraction (HRXRD)
HRXRD is a non-destructive technique where X-ray sources are used as the incident beam.

The beam is diffracted by the sample when impinging on periodic structures, being the reflections
collected by a detector [94,95]. The incident angle, ω, the diffraction angle, 2θ, and the sample can
be varied (see Fig. 3.8). Depending on the configuration chosen, different kinds of scans can be
performed. Some of the most typical ones for semiconductor characterization are ω and ω − 2θ
scans. In ω scan, the detector is set at a fixed position while the incident beam or the sample are
rotated, whereas in the case of triple-axis measurement, leading to ω − 2θ scans, the detector and
the incident beam or the substrate are rotating [94,95].

Figure 3.8: X-ray measurements’ configuration.

Multiple information can be obtained from HRXRD measurements such as crystal quality
(linked to dislocation density), crystal orientation, material composition of compound materials,
lattice constant, strain, layer thickness, and composition [94,95].

3.4 Experimental results
The experimental work has been divided in three subsections depending on the dopant source

used for PLM, and wether or not the process is performed in the presence of a dielectric layer,
being the three options that can be distinguished (see Fig. 3.9:

(i) SoD solutions containing phosphorus (P-SoD) performed on bare c-Ge wafers.

(ii) P-SoD deposited on top of an intrinsic passivating SiC dielectric stack.

(iii) n-type doped a-SixC1−x:H, serving as a passivating and dopant source (PassDop technology).
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Note that strategies (i) and (ii) shared the same dopant source, being the only difference between
them the presence or not of an intrinsic SiC stack before laser irradiation. This experiment has
been carried out with the aim of assessing if the single-step doping process, which could allow a
great simplification of IBC cells fabrication, introduces significant detrimental effects due to the
greater risks for shunting and laser-induced defects discussed in section 3.1.3. Regarding the third
doping strategy evaluated (PassDop technology), the primary aim of using it is that it still allows
the single-step doping process, as in doping strategy (ii), but with the advantage of the doping
source being closer to c-Ge substrate, which could result in a higher efficacy for the introduction of
dopants. Moreover, strategy (iii) implies fewer manufacturing process steps, since no additional
layers should be deposited after dielectric passivation with SiC stack, nor chemical cleaning steps
to remove the remainings from the SoD after the LD process, are needed.

Figure 3.9: Doping strategies investigated in Chapter 3 by excimer laser irradiation with the KrF laser system: (i)
P-SoD on bare c-Ge wafers, (ii) P-SoD on top an intrinsic SiC stack, (iii) n-type doped SiC stack -PassDop

technology-. Pictures of the corresponding laser spot area for each experiment are also included.

The results reported below for strategies (i) and (ii) correspond to the published papers "N-
type doping of Ge by P spin on dopant and pulsed laser melting" [96] and "N-type doping of
SiC-passivated Ge by pulsed laser melting towards the development of interdigitated back contact
thermophotovoltaic devices" [97], respectively.

3.4.1 Methodology
Sample preparation:

Concerning n-type doping by PLM based on the use of SoD as a dopant source when deposited
on bare wafers -doping strategy (i)-, lowly-doped p-type c-Ge wafers of 1 Ω cm resistivity, with a
thickness of 180 ± 20 µm, < 100 > oriented, have been used as a substrate, whereas high purity
c-Ge intrinsic wafers (1 · 1010 cm-3), with a thickness of 200 ± 20 µm and < 100 > oriented,
have been used as a substrate for samples containing the dielectric SiC stack (intrinsic and n-type
doped) -strategies (ii) and (iii), respectively-. Moreover, different wet-chemical treatments were
used depending on the first layer to be deposited: SoD solution or amorphous silicon carbide stack.
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On one side, in the case of using doping strategy (i), the surface preparation prior to SoD
deposition consisted of one dip in acetone and another in isopropyl alcohol to remove organics,
and a second step with hot water followed by immersion in 10% hydrofluoric acid for 2 min to
remove germanium oxides, avoiding higher concentration of HF to preserve original smoothness of
the surface [98]. Afterwards, SoD with a Phosphorus (P) concentration of 5 · 1020 atom· cm-3 was
deposited by spin-coating at 4500 rpm as described in [53]. P507 solution from Filmtronics has
been adopted, owing to the knowledge of optimal conditions for its deposition on c-Ge substrates to
obtain homogeneous and crack-free dopant areas [53,99]. Subsequently, a curing step at 200 ◦C was
conducted to evaporate the remaining solvents, which resulted in a film thickness of 180 ± 10 nm as
measured by a profilometer. Then, the samples were annealed by the Coherent COMPex 201 KrF
laser, described more precisely in the Appendix: Laser Systems, whose main characteristics are:
emission at a wavelength of 248 nm, 22 ns pulse width, and laser spot areas of 5x5 mm2. All the
experiments were performed working at a repetition frequency of 1 Hz. It is also worth mentioning
that a cleaning step in HF % for 10 minutes prior to chemical and electrical characterization to
remove the remaining SoD is performed every time the experiments are based on this dopant source.

On the other side, for doping strategies (ii) and (iii), the cleaning process consits in a wet-
chemical treatment in hydrochloric acid (HCl) 18% (v/v) for 3 min followed by an in-situ plasma
cleaning under H2 for 35 s, in order to effectively remove germanium oxides. Then, the deposition
of the dielectric stack composed of intrinsic layers with varied thickness and C concentration:
(i)a-SixC1–x :H (22 nm)/(i)a-SiC:H (45 nm) layers (commonly referred as SiC stack in the text)
or the same stack but with an intermediate layer containing n-type dopants: (i)a-SixC1–x :H
(22 nm)/(n+)a-SixC1–x :H (22 nm)/(i)a-SiC:H (45 nm) (referred as n-type doped a-SixC1−x:H or
PassDop), is carried out in a PECVD reactor at 13.6 MHz. Being PLM also performed with the
same laser system describe above: Coherent COMPex 201 KrF, working at a repetition frequency
of 1 Hz.

Sample characterization:

To characterize the homogeneous emitter created by excimer laser irradiation for the three
doping strategies, SIMS, VdP-Hall, HRXRD and c-RBS measurements were performed, being the
main characteristics of the systems and the measurement procedure summarized here:

• SIMS: the P chemical dopant profiles for laser-doped samples with SoD on bare c-Ge wafers
were obtained using a CAMECA IMS-4f spectrometer at UNIPD facilities with a O2

+ primary
beam at 3 keV. Conversely, in the case of samples where LD was performed by irradiating SoD
throughout the dielectric passivation layer, a Cs+ ion primary beam with an energy of 5.5 keV
was used, collecting the following secondary ions: 133Cs2

12C+,133Cs2
30Si+, 133Cs2

31P+ and
133Cs2

74Ge+ in order to measure the C, Si, P and Ge concentration profiles. The conditions
for the primary ion beam, the energy and the secondary ion are carefully selected according to
references [100, 101], as matrix effects are expected due to the presence of high concentration
of Si in Ge as a result of the laser irradiation of the SiC stack (see 3.3.1).

• VdP-Hall: This technique is used to determine the sheet resistance (Ω/� ), the hall mobility
(cm2/Vs) and the electrically active dose (cm-2) of the laser-doped regions created. These
measurements have been also used to determine the electrically active surface concentration
(in cm-3) by following the method described in reference [44]. To that end, we start from the
SIMS profiles and calculate the maximum electrically-active P concentration (cm-3) such that
the integral of the P signal obtained from SIMS profile is equal to the electron areal density
(cm-2) measured by the Hall technique, assuming the Hall scattering factor r=1. A four point
probe electrical measurement system installed at UNIPD facilities, based on Van der Pauw
geometry (described in section 3.3.2), was used.

• RBS: These measurements have been carried out for two main purposes: on one hand, to
evaluate Si diffusion from the SiC stack during PLM when using SoD through SiC or n-type
doped aSiC as dopant sources. On the other hand, it is used for the analysis of the material
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in terms of crystalline quality, being the random spectra used for comparison purposes. Note
that the quantification of Si dose is only achieved when Si is placed in interstitial sites since
when at substitutional sites its position will be hidden from a beam aligned in a channeling
direction [92]. In the case of off-site Si, c-RBS can be used to compare Si dose deduced from
SIMS measurements, to ensure that no matrix effects are present in the latter. All RBS
measurements have been performed at the National Institute of Nuclear Physics in Legnaro,
Italy. c-RBS measurements were carried out in <001> axial conditions by using a 2.0 MeV
4 He+ beam a scattering angle of 160◦. In particular, the composition was determined by
computer simulations using a layer-by-layer simulation program, based on Ziegle stopping
power database [102].

• HRXRD: high-resolution X-ray diffraction (HRXRD) measurements in the triple-axis con-
figuration were performed using a Panalytical MRD X-PERT PRO diffractometer, equipped
with a hybrid monochromator consisting of closely coupled X-Ray parabolic mirror and a
Bartels 4 bounce Ge 220 monochromator, which is installed at IES-UPM (property of III-V
research group). These measurements were used in order to assess the degree of crystallinity
of laser-annealed samples by analyzing the peaks originated by constructive interferences from
the reflections of planes hkl, forcing ω, 2θ and the incident wavelength to meet the Bragg
condition 2d sin θ = nλ [103].

It is worth mentioning that the formation of the homogeneous emitter by irradiation with KrF
laser (areas of mm2) instead of localized point-contact emitters (areas in the range of µm2), as a
first step for the development of Ge IBC TPV cells, is justified based on the difficulties to finding
out suitable characterization techniques available for pn junction characterization on a small area.

3.4.2 Results and discussion
N-type doping of Ge by P-spin on dopant and LD on bare wafers.Doping strategy (i)

In order to analyze P incorporation depending on the laser conditions, we report the chemical
concentration profile of P atoms as measured by SIMS in figures 3.10 and 3.11. As it can be seen
in figure 3.10, junction depth increases significantly when the energy fluence increases. This is
explained by an increased melting time and depth as a result of the higher energy density. Also,
the P surface concentration depends on the energy fluence. It increases with the laser fluence up to
a value of 850 mJ/cm2, presumably due to an increase of P availability from the P source thanks
to an increased SoD heating and/or to an increase in the overall duration of the molten phase in
Ge. Then, it starts to decrease, most probably due to the exhaust of the doping source and P
out-diffusion.

Figure 3.10: Impact of the laser energy fluence on the chemical phosphorus concentration profiles measured by SIMS
for doping strategy (i) with energy fluences ranging from 750-950 mJ/cm2.
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Figure 3.11: Impact of different number of pulses on the chemical phosphorus concentration profiles measured by
SIMS for doping strategy (i). Samples irradiated with energy fluences of 750 mJ/cm2 and 950 mJ/cm2el.

Figures 3.11 (a) and (b) show the impact of the number of pulses at a constant fluence of 750
and 950mJ/cm2, respectively. In both cases, not only the junction depth but also the P surface
concentration is strongly affected. The junction depth increases with the number of pulses, as
a result of the diffusion and redistribution of the impurity atoms already incorporated during
the first pulses. On the other side, the impact of the number of pulses on the surface dopant
concentration is highly dependent on the energy fluence used. In the case of 750 mJ/cm2 (figure
3.11(a)), the P concentration at the surface is firstly increased when increasing the number of pulses
and then decreased when 32 pulses are performed. Contrary, for 950 mJ/cm2, a high drop in the P
concentration at the surface can be observed when the number of pulses is increased already above
8 pulses. Additionally, it should be mentioned that P out-diffusion [52,99], indicated by the slope
of the P profile near the surface, occurs when working at a high number of pulses and this effect is
enhanced when working also at high energy.

In essence, in order to achieve the highest dopant surface concentration, a trade-off between laser
fluence and the number of pulses should be made. In this work, the highest P surface concentration
were obtained: when working at intermediate laser fluence (750-850mJ/cm2) and up to 8 pulses, or
at higher energy fluences (i.e. 950 mJ/cm2) up to 4 pulses. Regarding junction depth, low energy
fluence and a low number of pulses are necessary to create a shallow junction.

To assess the effect of laser conditions on the electrical performance of the resulting doping
layers, the impact of energy fluence and number of pulses is evaluated in terms of sheet resistance
-RSH - (Ω/�), sheet carrier density -ns- (cm-2) and Hall mobility -µHall- (cm2/Vs), as shown in
figure 3.12. From these results, it can be deduced that higher carrier densities can be achieved by
increasing the energy fluence and the number of pulses, until out-diffusion effects become relevant
(i.e. 16 and 32 laser pulses and 16 pulses at 950 mJ/cm2, or 32 pulses at 850 mJ/cm2), and the
sheet carrier density is again reduced. Note that the sheet resistance trend is closely related to that
of the carrier density, as a small variation was found in terms of mobility (see Fig. 3.12, panel c).

In order to further understand the above behavior, we have extracted the maximum P active
concentration as a function of the process conditions, by following the method described in 3.4.1. The
results of such calculations are reported in figure 3.13, showing the maximum electron concentration
for each sample as a function of the corresponding chemical concentration (average concentrations
in a 40 nm interval around the peak of the profiles were considered). As it can be clearly noticed,
the activation is nearly 100% up to chemical concentrations of around 1 · 1019 cm-3, above which the
active concentration tends to lower with respect to the chemical one and eventually saturates to a
concentration level of about 1.5 ·1019 cm-3. This saturation behavior at high chemical concentrations
is similar to the one observed for As implanted in Ge and subjected to PLM [19]. The As behavior
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Figure 3.12: Sheet resistance (Ω/�), active dose (cm-2) and hall mobility (cm2/Vs of Ge laser-annealed samples
with energy fluences from 750 to 950 mJ/cm2 and 1-32 pulses. Doping strategy (i).

Figure 3.13: Electrically-activated P concentration versus SIMS chemical P concentration for Ge samples irradiated
with energy fluences from 750-950 mJ/cm2 and different number of pulses (4-8-16). Doping strategy (i).
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was interpreted as a result of the formation of dopant-dopant-vacancy clusters in the crystalline
phase beyond the liquid/solid interface, during the fast cool down after the liquid phase epitaxial
regrowth. We believe that a similar mechanism might occur in our samples also for P, being the
small P defect clusters stable in Ge [104]. However, the fact that the saturation concentrations
obtained in our samples, even if anyhow remarkable, are lower than maximum active concentrations
of 1 · 1020 cm-3 reported in the literature for P implanted in Ge after PLM [52] suggests that
additional deactivation mechanisms occur, related to the presence of the SoD layer, which will
require further investigation to be fully understood.

Further considerations arise from figure 3.13. The range of electrically-activated P surface
concentration reported in the figure vary between 5 · 1018 and 3 · 1019 cm-3. The values obtained
for the mobility as reported in figure 3.12 (between 346 and 463 cm2/Vs), are compatible with
those reported in literature in the above concentration range for fully active P [105], in agreement
with other observations obtained in c-Ge ion-implanted with P and subjected to PLM [18]. This
has an important implication, indicating that the laser irradiation is not likely to introduce any
detrimental defects able to introduce further carrier scattering centers able to deteriorate the carrier
mobility. Furthermore, the relatively small variation in the mobility for all the laser conditions
is mainly attributed to the weak dependence of the mobility on the dopant concentration in Ge
within the concentration range investigated [106].

In addition, in order to contrast the assumption of no significant defects introduction due to
laser irradiation, figures 3.14 (a) and (b) show the resulting HRXRD rocking curves around the
[004] peak of two samples irradiated at 750 and 950 mJ/cm2 and 8 pls, respectively. As it can be
deduced, the crystalline quality of the samples is quite good independently of the energy fluence
used, with a slightly negative (compressive) deformation -higher for higher energy fluence-, which
is in agreement with the results obtained in the supplementary material document in [107] for P
implantation in c-Ge.

Figure 3.14: HRXRD rocking curves of Ge samples annealed with a) 750 mJ/cm2 8 pls and b) 950 mJ/cm2 8 pls
compared with Ge substrate. Doping strategy (i).

Regarding the quality of surface morphology, no significant increment of root mean square
(RMS) roughness has been found after PLM. RMS roughnesses ranging from 1.5 to 2 nm have been
measured by AFM in samples treated with the highest energy fluence evaluated in this work (950
mJ/cm2, 8-16 pls). This result agrees well with the RMS roughness found in the literature for
PLM-treated samples [20].
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N-type doping of SiC-passivated Ge based on P spin on dopant and LD. Doping
strategy (ii)

Material characterization

Fig. 3.15 shows the P, Si, Ge and C chemical concentration as a function of depth as measured
by SIMS of samples irradiated at 950 mJ/cm2 and different number of pulses between 1 and 16.
As it can be seen, not only P, but also Si and C atoms diffuse into Ge, and Ge diffuses towards
the surface. The presence of Si and C in the deeper regions is explained by the melting of the SiC
stack by laser irradiation above a certain energy fluence and diffusion of Si and C within the melt
phase. Both Si and P diffuse very similarly. Their diffusion length is relatively narrow after the
first pulse, but it becomes wider when the number of pulses increases. Besides, this broadening is
unavoidably accompanied by a decrease in the surface concentration, as a result of the diffusion and
redistribution of the atoms already incorporated during the first pulses. Contrarily, a very short
diffusion length with a very high surface concentration is observed for the case of C, independently
of the number of pulses. This might be explained by its lower solubility in liquid Ge -in the order
of 108 − 1010 cm-3 [108]- which could result in some C precipitation and segregation to the surface
during cool down or by the possible presence of small nanoclusters of C difficult to break owing to
the high melting temperature of C (roughly x2.5 and x4 compared to Si and Ge, respectively) from
which a lower diffusivity could be expected.

Figure 3.15: Chemical concentration profiles of P, Si, Ge and C measured by SIMS for SiC-passivated Ge irradiated
with an energy fluence of 950 mJ/cm2 and different number of pulses (1,4,8 and 16 pulses). Doping strategy (ii).
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The accuracy of the SIMS results is confirmed by the c-RBS measurements showed in Fig. 3.16,
where the off-site Si dose (cm-2) -calculated as the integral of the area under the element peak
in c-RBS measurements-, shows a very good agreement with SIMS measurements (inset of Fig.
3.16) in the regime between 0 and 4 pulses, i.e. where the layer is highly disordered and all the Si
atoms are off-site, so that Si can be detected by c-RBS. Since nearly equal Si dose is deduced from
both techniques, it is confirmed that matrix effects (see 3.3.1) were effectively prevented in SIMS
measurements.

Moreover, also the crystalline quality of the samples irradiated with laser can be assessed with
the c-RBS measurements. Fig. 3.16 shows the yield (total number of detected ions or counts)
normalized to the total ion-beam charge as a function of energy (keV) for samples irradiated with a
laser fluence of 950 mJ/cm2 from 1 to 16 pulses. As it can be observed, a large peak at 1400-1600
keV corresponding to the surface region appears up to 4 pulses, which is indicative of a surface layer
highly defective, or even polycrystalline, is formed after PLM. We believe that an effective liquid
phase epitaxial regrowth of c-Ge at a low number of pulses is hindered by the high Si concentration
still present in these samples (which is estimated above 10% if considering Fig. 3.15). The surface
damage peak starts to vanish in samples with over 8 pulses, which also showed an overall yield
reduction, indicating that a huge improvement in Ge crystalline quality occurs as soon as the Si
concentration (observed at 1100 keV) is reduced (the Si concentration after 8 pulses is below 5% as
estimated from Fig. 3.15).

Figure 3.16: c-RBS spectra for SiC-passivated Ge samples annealed at an energy fluence of 950 mJ/cm2 and
different number of pulses (1, 2, 4, 8 and 16 pulses). Inset: comparison of total Si dose (cm-2) estimated by SIMS

and off-site Si dose (cm-2) from c-RBS as a function of the number of pulses. Doping strategy (ii).

Improved crystalline quality when the number of pulses is increased is confirmed as well from
HRXRD measurements (Fig. 3.17). The signal at higher angles detected for 8 and 16 pulses,
indicates a crystalline layer whose out-of-plane lattice parameter is smaller than c-Ge, which is
compatible with the formation of a crystalline silicon-germanium (SiGe) alloy. In contrast, in the
case of one single pulse, this crystalline phase is not detected and only the Ge substrate peak appears
with a slightly higher FWHM, indicative of a defective or disordered layer in very good agreement
with c-RBS. Moreover, the continuous range of perpendicular lattice parameters observed for the
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sample irradiated with 8 pulses -as compared with the well-defined emerging peak in the sample
with 16 pulses-could be explained by a higher concentration gradient for the 8 pulses’ sample, as
compared with the more uniform Si concentration as a function of depth in the 16 pulses’ sample,
in agreement with SIMS Si concentration depth profiles reported in Fig. 3.15. On the other hand,
this could be also related to a better crystalline quality for the sample irradiated with 16 pulses (in
agreement with c-RBS, Fig. 3.16).

Figure 3.17: Ω − 2θ scan of SiC-passivated Ge samples annealed at an energy fluence of 950 mJ/cm2 and different
number of pulses (1-8-16). Doping strategy (ii).

To determine the composition of the theoretical SiGe alloy detected by HRXRD, Vegard’s
law [109] has been applied to the 16 pulses’ sample, obtaining a Si concentration between 6 and
11%, depending on the degree of relaxation of the material assumed. It should be mentioned that
this percentage of Si, although estimated from different characterization techniques, should be taken
cautiously as the presence of C could affect the lattice strain of SiGe alloys leading to deviations
from Vegard’s law [110]. However, the fact that the total percentage of Si with respect to C and Ge
estimated from SIMS is around 4% up to a depth of 450 nm where it starts decreasing, suggests
that the SiGe layer in the 16 pulses’ sample is pseudomorphous (fully strained without relaxation)
with respect to Ge substrates.

Finally, to better understand the qualitative enhancement in the crystallinity of the laser-
irradiated samples when the number of pulses is increased, as observed by c-RBS and HRXRD,
Fig. 3.18 shows the crystalline structure of two different samples -950 mJ/cm2 1 and 8 pulses-
analyzed by TEM. The high quality of the Ge substrates is confirmed for 1 and 8 pulses irradiated
Ge with the 8 pulses irradiated substrate shown in Fig. 3.18 (a), where a high-resolution high angle
annular dark-field (HAADF) STEM image exhibits the monocrystallinity of c-Ge in the [110] zone
axis observed also in the fast Fourier transform (FFT). However, 1 pulse and 8 pulses substrates
present remarkable differences in the vicinity of the surface. 1 pulse irradiated sample reveals a
polycrystalline region near the surface, i.e. around the first 250 nm, indicated by white arrows. In
addition to the evidence shown by the real space TEM image from Fig. 3.18 (b), the disks shown at
the diffraction pattern of the red square region confirm the presence of several crystal orientations.
This result is rather different for the 8 pulses substrate Fig. 3.18 (c)-, which is monocrystalline
with some defects up to the surface as can be observed by the [110] diffraction pattern of the red
square zone. The polycrystalline nature of the 1 pulse sample is in very good agreement with
the damage peak observed by c-RBS and the defective layer deduced from HRXRD. Furthermore,
the qualitative enhancement in crystallinity observed by c-RBS and HRXRD as the number of
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pulses increases, is also confirmed as the near-surface region becomes monocrystalline for the 8
pulses sample. Unfortunately, the 16 pulses-sample, which is the one with the highest crystallinity
according to c-RBS and HRXRD measurements, could not be analyzed by TEM.

Figure 3.18: TEM images of SiC-passivated Ge irradiated substrates: (a) Left side: HAADF image of an irradiated
substrate after 8 pulses at a depth of around 300 nm from the surface. Right side: high resolution transmission

electron microscopy (HR-TEM) image of the crystalline substrate with the FFT of the same image showing the [110]
c-Ge zone axis. (b) and (c): TEM images after 1 and 8 pulses, respectively, at the surface. (d) Normalized intensity
of Energy Dispersive X-ray Spectroscopy (EDX) signals of Si and Ge K-edges from the spectrum image indicated by

the green line in (d). Doping strategy (ii).

Concerning the Si diffusion into Ge substrate, Fig. 3.18 (d) displays a high-resolution HAADF
image of the 8 pulses irradiated sample where the green line indicates the region of the EDX
spectrum image with the normalized intensity signals of Si and Ge K-edges presented aside. Once
again Si diffusion into the Ge substrate is confirmed, having its maximum intensity at a depth of
more than 300 nm. This result is consistent with the findings of the SIMS measurement for the 8
pulses irradiated sample, where the Si and P diffuse very similarly and up to 800 nm depth. In
EDX spectrum images, the P K-signal has not been considered for extra caution, because of the
overlapping of P K-edge with Pt K- edge coming from the surface of the substrate. Neither C has
been considered in the EDX analysis since C is commonly observed as a contaminant that arises
from the sample preparation process and from the environment. This C contamination prevents us
from quantifying the C concentration using TEM analytical techniques [111].

Electrical characterization

Further considerations of utmost importance for the development of Ge-based devices arise
from fig. 3.19, where the electrical performance of the resulting P-doped Ge samples is evaluated
in terms of sheet resistance -RSH - (Ω/�), sheet carrier density -ns- (also known as active carrier
dose) (cm-2) and Hall mobility -µHall- (cm2/Vs). As it can be seen, very high RSH (> 1000 Ω/�)
and ns (close to 1 · 1013 cm-2) is obtained up to 4 pulses, independently of the energy fluence
used, suggesting a very low electric activation. However, above 4 pulses, there is a threshold, from
which the electrical activation drastically improves, obtaining a much higher electrically-activated
P dose (> 1 · 1014 cm-2) for the samples irradiated with 8 and 16 pulses, close to the chemical
dose estimated by SIMS also represented in fig. 3.19 with a black star. This phenomenon could be
related likewise to the major improvement in crystalline quality observed for samples irradiated
above 4 pulses too.

Correspondingly, µHall shows an initial increase up to 4 pulses, likely due to the gradual
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Figure 3.19: Sheet resistance (Ω/�), active dose (cm-2) and hall mobility (cm2/Vs) of laser-annealed SiC-passivated
Ge samples with energy fluences from 750 to 950 mJ/cm2 and 1-16 pulses. Doping strategy (ii).

reduction of the aforementioned defectiveness. Thereafter, it reduces for a larger number of pulses,
as expected for emerging of ionized impurity scattering, namely from electrically active donors.
Indeed, the more heavily Ge is doped, the higher is the probability that carriers will collide with
ionized P in a given time, and the smaller the mean free time between collisions, and µHall reduces
accordingly. In fact, the sample irradiated with 750 mJ/cm2, which has a lower active carrier dose
(as shown in panel b) as compared with 950 mJ/cm2 regardless of the pulse conditions, shows a
higher mobility as compared with 950 mJ/cm2 in all cases.

To better understand the level of activation of P at the surface, which can influence ohmic
contact formation, the average P active concentration has been calculated by combining the results
obtained from Hall and SIMS as explained in section 3.4.1. The results of such calculations are
reported in fig. 3.20, where mobility values between 285 and 682 cm2/Vs are found for samples
irradiated with 950 mJ/cm2, which corresponds to electron active concentration in c-Ge in the range
of 1017 − 1019, consistently with the chemical concentration measured by SIMS. Our measurements
indicate that in the highly defective samples (1 pulse) the dependence of the mobility on the
free carrier concentration does not follow the one expected for uniformly doped uncompensated
germanium -experimentally established by Fistul et al. [105] and corroborated in our work also
for laser-doped Ge [96]: As deduced from fig. 3.20, for an active electron concentration of 4 · 1017

cm-3 the expected mobility would be around 1100 cm2/Vs; instead, the calculated value for 1-pulse
irradiated sample is less than half the expected (440 cm2/Vs). An exception to this result occurs
in the sample with 16 pulses (of better crystal quality) which approaches the expected trend.
This means that the additional scattering of carriers, when less than 16 pulses are used, might be
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caused by damage (i.e. polycrystalline near-surface), dislocations or charged impurity centers. The
influence of c-Ge substrate can be in principle ruled out as intrinsic wafers which can be considered
as an insulating boundary were used (see section 3.4.1). Moreover, mobilities in the order of 3660
cm2/Vs are expected for high resistivity c-Ge wafers with carrier concentration 2 · 1013 cm-3 [20],
far away from the highest mobility in the order of 682 cm2/Vs. It should be also mentioned that
slightly lower mobility is expected as compared with pure Ge because of the presence of Si in 5-11%.

Figure 3.20: Hall mobility as a function of electron concentration in c-Ge for doping strategy (ii): comparison of
laser-doped Ge with previous works.

Once that highly doped regions of relatively good crystalline quality have been demonstrated, a
first proof-of-concept has been done to validate our technology by fabricating a diode. The laser
condition chosen for n-type doping has been 950 mJ/cm2 and 16 pulses since it is the one that
resulted in the highest level of electrical activation and crystalline quality within the range of studied
conditions. Contact formation is done by using Al and Pd/Ti/Pd/Ag for p- and n-type contacts,
respectively, without any additional high-temperature step. Figure 3.21 shows the dark IV curve
characteristics of the fabricated Ge diode, with the values for the saturation current density (J01),
the ideality factor (n1) and series and shunt resistances (rs and rsh) resulting from the fitting of the
experimental data to a one diode model, commonly used to model PV devices [112]. The fitted
series resistance is 8.66 mΩ cm2 which can be considered quite low. Despite further research being
needed to identify how every element of the device contributes to it, this result demonstrates that
the laser doped n+ region and its metal contact permit the electron transport with low ohmic losses,
i.e. the contact resistivity is low. Secondly, the very low shunt resistance, in the order of 3 Ω cm2,
could be explained by the formation of microcracks on the laser-doped region, which can provide
a path for the metal to be in direct contact with the p-type Ge substrate inducing shunts [35].
Finally, the forward current mechanism is dominated by an exponential trend with an ideality
factor of 1.69 and a fairly high saturation current density (8.66 · 10−3 A/cm2). The relatively high
ideality factor value indicates that current is based on recombination in the space charge region
where significant recombination centers may be left. Despite large saturation currents are expected
in Ge due to its low band gap, the obtained result is worse than the best experimental results
obtained in the range of 1E-05 - 1E-06 A/cm2 for ideal diffusion currents, i.e. ideality factor equal
to 1 [113]. However, it must be noticed that only a small fraction of the surface will be processed in
final devices, most probably resulting in better surface passivation (lower saturation current) and a
higher shunt resistance. The former is based on the replacement of the laser processed regions by
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dielectric passivated surfaces where an excellent surface recombination velocity as low as 15 cm/s
has been measured; while the latter may simply be improved by the much smaller laser processed
area. The detailed calculation of the saturation current density and shunt resistance in such devices
needs an optimization of their geometry which is beyond the scope of this study. However, a
significant improvement on both parameters is expected taking into account that typically a 1-5%
of the area is laser processed in finished devices [114, 115]. Besides, different thicknesses of the
dielectric layer a-SixC1–x :H could be also explored, as they could affect the optimal energy fluence
conditions. It is expected that the use of a lower energy fluence results in a lower melting volume
of Ge. A large volume can hamper a proper re-alignment of the crystal during the fast cooling
and re-solidification that could result in the formation of laser-induced defects [35]. Finally, other
metallization techniques should be considered, such as for instance photoplating, which has been
demonstrated to be certainly effective for shunting prevention in laser-doped Si solar cells thanks
to its selectivity as proven by Hameiri et al. [116].

Figure 3.21: Diode fabricated by laser irradiation of SiC-passivated Ge samples with SoD on top (doping strategy
(ii)) with an energy fluence of 950 mJ/cm2 and 16 pulses.

N-type doping of Ge based on an n-type doped SiC passivating dopant dielectric stack
by LD. Doping strategy (iii)

Sheet resistance -RSH - (Ω/�), sheet carrier density -ns- (cm-2) and Hall mobility -µHall-
(cm2/Vs) for PassDop technology as a dopant source are shown in Fig. 3.22 as a function of the
laser energy fluence (mJ/cm2) and the number of pulses. As it is deduced from Fig. 3.22 (panel a),
the number of pulses has a major impact on RSH . At all energy fluences, the higher the number of
pulses, the lower RSH is achieved, with minimum values obtained for 750 mJ/cm2 and 100 pulses in
the order of 25 Ω/�. Contrarily, RSH shows a low dependency on the energy fluence, except when
only 1 pulse is given. In this case, a reduction of RSH up to 100 Ω/� is observed when increasing
the energy fluence from 750 to 950 mJ/cm2. The electrically active dose ns also shows a similar
behavior, with the major impact of the energy fluence at the lowest number of pulses (1 pls), when
active dose ranging from 1 · 1013 to 1 · 1014 cm-2 are found as the laser energy fluence is increased
from 550 to 950 mJ/cm2. A noticeable increase in ns is also found when the number of pulses is
increased, with record activation dose surpassing 1 · 1015 cm-2 for an energy fluence of 750 mJ/cm2

and maximum number of pulses (100). The mobility (panel c), decreases accordingly to the higher
activation for increased number of pulses and higher laser energy fluences. However, in order to
elucidate if there are additional phenomena reducing the mobility due to laser-induced defects
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during PLM (in addition to ionized impurities), an estimation of the active concentration (in cm-3)
and not only the active dose (in cm-2) is needed. It is worth to mention, that repeatability has also
been checked (bis measurements in Fig.3.22), finding small differences between spots irradiated
with same laser conditions.

Figure 3.22: Sheet resistance (Ω/�), active dose (cm-2) and hall mobility (cm2/Vs) of laser-annealed Ge samples
with n-type doped SiC as a dopant source (doping strategy iii), with energy fluences from 550 to 950 mJ/cm2 and

1-100 pulses.

In terms of crystallinity and Si diffusion into c-Ge, some information can be extracted from Fig.
3.23, which shows the total number of detected ions normalized to the total ion-beam charge as a
function of energy (keV) for samples annealed with 750 mJ/cm2 (higher achieved active dose) and
different number of pulses. At the lowest number of pulses (4), diffusion mechanisms have already
started, since the Si peak signal detected in the RR spectrum diminishes considerably, indicating
Si diffusion towards the bulk, whereas the shift of the Ge edge signal towards the right indicates
Ge diffusion towards the surface. At 8 pulses, or even at a lower number of pulses, Ge has arrived
at the surface, creating a unique mixed layer containing Si-Ge-C atoms of very poor crystalline
quality, as deduced from the high yield signal approaching the one for the RR spectrum. Above 8
pulses, a greater crystallinity is achieved, since the channeling signal is very low, indicating most
likely fully recovered of the laser damage. Additionally, the very low Si signal for 16, 32, and 100
pulses indicates that Si is presumably already in a lattice position. We believe that an effective
liquid phase epitaxial regrowth can be hindered at a low number of pulses, as it was observed in
PLM experiments with SoD on top of intrinsic SiC, due to the high Si and C content in the sample,
or to the incorporation of impurities initially at interstitial sites.

The improvement in crystallinity when the number of pulses is increased observed by c-RBS is
confirmed as well by HRXRD measurements performed on samples annealed with 550, 750 and
950 mJ/cm2, as shown in Fig. 3.24. For the series of 550 mJ/cm2 (panel a), a continuous range
of perpendicular lattice parameters is observed for 4 and 8 pulses, whereas a well-defined peak
appears for 16, 32, and 100 pulses, with an out-of-plane lattice parameter smaller than c-Ge, that
suggest the formation of a crystalline SiGe alloy. Similarly, a well-defined peak arises as well when
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Figure 3.23: c-RBS spectra for samples annealed at an energy fluence of 750 mJ/cm2 and 4-100 pulses. Doping
strategy (iii).

increasing the number of pulses from 8 to 16 with energy fluences of 750 and 950 mJ/cm2 (panels b
and c, respectively). The graded layer observed for 4 and 8 pulses for 750 mJ/cm2, as it happened
in the series of 550 up to 8 pulses mJ/cm2, may be explained by a higher concentration gradient of
Si for a low number of pulses, but it could be also an indicator of a lower crystalline quality, as
found out with c-RBS measurements in the case of 750 mJ/cm2. In the case of 950 mJ/cm2 and 1
pulse, the crystalline phase is not detected, and a slightly higher FWHM is observed, which can
be indicative of laser-induced defects. In contrast, for 550 mJ/cm2 and 1 pulse, a signal at higher
angles is detected, which can be interpreted as an initial start for the formation of a crystalline SiGe
layer. Note that SIMS measurements, which can be key to uncouple diffusion to crystallization
information by c-RBS and HRXRD, are pending.

Figure 3.24: Ω − 2θ scan of samples annealed at an energy fluence of a) 550 mJ/cm2 from 1-100 pulses, b) 750
mJ/cm2 4-100 pulses, c) 950 mJ/cm2 1-16 pulses. Doping strategy (iii).

3.5 Conclusions
The influence of the laser conditions in the three doping strategies investigated in this chapter

are briefly summarized in table 3.1. Also, the sheet resistance, the active dose, and the hall mobility
for SoD and PassDop technology previously shown along the chapter are summarized in Fig. 3.25,
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for comparison purposes.

From the direct comparison between the use of SoD as a dopant source on bare c-Ge or
passivated-Ge wafers, it can be concluded that:

• Similar junction depths (in the order of hundreds of nanometers) and maximum P surface
chemical concentrations (higher than 1 · 1019 cm-3) were achieved with SoD, independently
of the presence or not of the SiC passivating layer. However, slightly lower energy fluences
should be used in the case of SoD on bare c-Ge wafers in order to prevent out-diffusion.

• The maximum P active concentration is slightly higher in the case of SoD on bare c-Ge wafers
(1 · 1019 cm-3) with respect to SoD on passivated-Ge (7 · 1018 cm-3). In addition, activation is
nearly 100 % for the first doping strategy, whereas complete activation was never reached
when PLM is performed in the presence of SiC (see Fig. 3.19). It is also worth mentioning
that in the latter case, a threshold from which electrical activation noticeably improves has
been determined by VdP-Hall measurements, suggesting that a minimum number of 8 pulses
should be given for reaching high donor activation, with the best results obtained for 16
pulses.

• Laser-induced defects are not observed nor deduced when PLM is performed on bare c-Ge
wafers, whereas in the case of passivated-Ge wafers a polycrystalline near-surface has been
confirmed by TEM measurements for 950 mJ/cm2 and 1 pulse. Nonetheless, when the number
of pulses is increased from 1 to 16, a drastic improvement in terms of crystallinity is deduced
from c-RBS and HRXRD measurements, with monocrystalline nature of the near-surface
region (with some defects) already at 8 pulses confirmed by TEM. Unfortunately, TEM
measurements were not carried out for the 16 pulses sample. Thus, it cannot be concluded if
laser-induced defects were completely prevented for optimal laser conditions. Nonetheless, it
should be mentioned that in the 16 pulses sample, hall mobility closely follows the expected
trend for the level of activation achieved, meaning that the likelihood of laser-induced defects
is rather low.

In the case of n-type doped a-SixC1−x:H layer (PassDop technology) as a dopant source, similar
tendencies in terms of activation and level of laser-induced damage have been observed as compared
with SoD on top of intrinsic SiC, suggesting that a minimum number of pulses, which depends on
the laser energy fluence, are needed in order to achieve high P activation and minimum laser-induced
damage. We believe that laser-induced damage of passivated-Ge wafers for both dopant sources
could be a consequence of the high amount of Si and C incorporated during PLM, which can hinder
effective liquid phase epitaxial regrowth at a low number of puses, when the Si is mainly located at
interstitial sites (see Fig. 3.16). Nonetheless, careful selection of the optimal laser parameters has
been demonstrated to be effective in considerably improving the level of activation and minimizing
laser-induced damage. Thus, doping strategies based on passivated-Ge are still the preferred option
for device fabrication, since the simultaneous opening of the insulating layer and creation of a
heavily doped region underneath is a major priority to eventually enable a low-cost and scalable
manufacturing process for Ge-IBC-TPV cells’ fabrication.

Between the two doping strategies based on irradiation of passivated-Ge analyzed, PassDop
technology has been the one selected for local emitter formation in Chapter 4. On one side, a
higher electrically active P dose (cm-2) was revealed by VdP-Hall measurements as compared with
SoD. Even though the highest active dose of PassDop technology, 1.5 · 1015 cm-2, has been achieved
for 100 pulses, which was a condition not evaluated in the experiments with SoD, comparisons
made at the same laser energy fluence and number of pulses demonstrate that in all cases a higher
activation dose is achieved by PassDop technology (see Fig. 3.25). On the other side, the use of
SoD implicates several disadvantages with respect to PassDop. First, a cleaning process in high
concentrated HF (10 %) in order to remove the remainings of the film after the laser processing
must be used, whereas no additional treatment should be used in the case of PassDop technology.
Secondly, crack formation in the SoD layer prior to laser irradiation has been observed when film
thickness, duration of the curing process, and relative humidity are not strictly controlled. Thirdly,
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due to SoD’s ability for trapping moisture, etching pits, which can induce inhomogeneity on the
dopant distribution, are likely when relative humidity is higher than 10 %. Therefore, the use of
PassDop technology as a dopant source in conjunction with PLM is the preferred option for device
fabrication, especially when thinking about a potential industrialization of this process.

Figure 3.25: Sheet resistance (Ω/�), active dose (cm-2) and hall mobility (cm2/Vs) of laser-annealed Ge samples
with SoD and PassDop technology as dopant source, with energy fluences from 550 to 950 mJ/cm2 and 1-100 pulses.
This figure summaries the results previously shown in figures: 3.12 (SoD), 3.19 (SoD + SiC), and 3.22 (PassDop

technology).
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SoD on bare Ge wafers SoD on passivated-Ge PassDop technology

Energy fluence 650-950 mJ/cm2 750-950 mJ/cm2 550-950 mJ/cm2

N◦ of pulses 1-32 1-16 1-100

Chemical surf. conc. 5 · 1018-3 · 1019 1 · 1019-5 · 1019 cm-3 No quantitative data

Junction depth 150-600 nm 200-800 nm No quantitative data

Sheet resistance 40 -250 Ω/� 51-1730 Ω/� 25-390 Ω/�

Active dose 5.5 · 1013-4.4 · 1014 cm-2

(record: 850 mJ/cm2 16 pls)
5.3 · 1012-3.5 · 1014 cm-2

(record: 950 mJ/cm2 16 pls)
1.3 · 1013-1.5 · 1015 cm-2

(record: 750 mJ/cm2 100 pls)

Hall mobility 346-463 cm2/Vs 285-682 cm2/Vs 163-1246 cm2/Vs

Level of activation Nearly 100 % up to 1 · 1019 cm-3;
Saturation at chem. conc. 1.5 · 1019

Below 100 %;
Max. active conc.: 7 · 1018 cm-3 No quantitative data

HRXRD Slightly negative compressive strain
(compatible with P incorporation)

Signal at positive angles compatibles
with SiGe formation;

Well-defined peak ≥ 16 pulses

Signal at positive angles
compatibles with SiGe formation;
Well-defined peak ≥ 16 pulses

c-RBS No quantitative data Crystalline recovery at 16 pls
(only series of 950 mJ/cm2 investigated)

Crystalline recovery at 16 pls
(only series of 750 mJ/cm2 investigated)

Laser-induced defects Not observed Confirmed for 950 mJ/cm2 and 1-8 pls,
prevented/minimized at 16 pls

Prevented/minimized ≥ 16 pulses
(only series of 750 mJ/cm2

completely investigated)

Increased energy fluence
1. Junction depth: always increases

2. P surf. conc.: increases until out-diffusion
3. Activation: increases and then it saturates

1. No quantitative data
2. No quantitative data

3. Activation: always increases

1. No quantitative data
2. No quantitative data

3. Activation: always increases

Increased n◦ of pulses
a) Junction depth: always increases
b) P surf. conc.: always decreases

c) Activation: increases until it saturates

a) Junction depth: always increases
b) P surf. conc.: slightly diminishes

c) Activation: always increases
d) Crystallinity improvement

a) No quantitative data
b) No quantitative data

c) Activation: always increases
d) Crystallinity improvement

Table 3.1: Summary of the results from SIMS, Van der Pauw-Hall, HRXRD, and c-RBS for the three doping strategies investigated in this chapter: (i) SoD on bare c-Ge, (ii)
SoD on passivated-Ge, and (iii) PassDop tecnology.
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Chapter 4

Localized doping for PV cell
fabrication with a NdYVO4 laser

In this chapter, the work done on localized n-type doping of c-Ge by using a Nd:YVO4 laser
system is presented. In contrast to homogeneous full area emitter formed by LD, addressed in
Chapter 3, one of the main attractiveness of using localized doping for emitter formation is its
potential to greatly reduce recombination, due to a lower laser processed area fraction which in
final PV devices is in the order of 1-5%. In addition, the use of localized LD for ohmic contact
formation through a dielectric layer is also investigated using the same Nd:YVO4 laser system.
This strategy allows for the creation of heavily doped regions underneath the contact, improving
the specific contact resistance and decreasing carrier recombination at the contacted surface by the
formation of a local back surface field.

The chapter begins by summarizing the main uses of laser systems in the PV sector, followed by
a discussion about the main strategies for localized emitter formation by LD and its use for ohmic
contact and localized back surface field formation using the Laser-Fired Contact (LFC) method,
ending up with a small review of the state-of-the-art of high-efficiency Si-PV devices fabricated by
LD.

The chapter follows with the experimental part, which is divided into two sections: one devoted
to punctual emitter formation by LD with a n-type doped SiC stack used as a dopant source (the
most promising according to Chapter 3), and the later dedicated to ohmic contact formation by
laser firing of an Al metallic layer through the SiC stack (LFC). In the first case, diodes have been
fabricated and measured in order to characterize the electrical behavior of the local diffusion created
by LD. As part of the characterization, one and two diode model fittings have been applied, with
the evaluation of the local ideality factor curve as a secondary characterization tool to recognise
different limiting mechanisms in the fabricated diodes. In the LFC process, IV measurements
together with the characterization of the laser spot were used to estimate the specific contact
resistance of the ohmic contacts formed. Additionally, the formation of Ge-Al alloys has been
studied by means of Energy Dispersive X-Ray Spectroscopy measurements to find out a possible
relationship between incorporation of Al and better specific contact resistance.

4.1 Laser processes in PV
Several kind of laser processes have been historically used in the PV industry: laser scribing

is an essential tool for cutting in thin-film production lines [1, 2]. Although less extended, lasers
has been also historically used in a wide range of tasks involved in the fabrication of c-Si solar
cells, among which stand out: laser edge isolation, which is used to avoid the electrical connetion
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between the emitter and the base contact through the edge of the cell [3, 4]; laser cutting of Si
ribbons as well as c-Si solar cells [5–7]; laser wafer marking used for quality control and traceability
purposes [8]; laser texturing to minimize reflection by formation of random pyramids at the surface,
specially valuable for multi-crystalline Si cells [9, 10]; laser grooving used for improved front-side
metallization schemes with minimum shading losses, as in the Laser Grooved Buried Contact cells’
manufacturing [11]; or laser drilling, which is used to create deep holes that conduct charge carriers
to the rear side, assisting in the fabrication of Metal Wrap Through (MWT) and Emitter Wrap
Through (EWT) PV cells [12].

Although technically successful, some of these processes have been substituted or relegated
over time. For instance, laser edge isolation has been replaced by one-side wet-chemical etch
and the manufacturing of MWT and EWT PV cells has been stopped because of the low market
share [13]. Nevertheless, the interest on laser processing in the PV industry has been increasingly
renewed since mid-2000s when the introduction of laser ablation of dielectrics and laser doping
demonstrate its great potential for reducing the manufacturing cost of advanced cell designs, such as
Passivated Emitter and Rear Contact (PERC), Passivated Emitter Rear Locally-diffused (PERL),
and Interdigitated Back Contact (IBC) PV cells [14–16], thanks to its possibility for local contact
opening and doping. In fact, laser ablation was a major breakthrough toward the industrialization of
PERC concept (actual mainstream technology since 2019 [16]), which took 25 years to be transferred
to the industry since its development in 1989, mainly due the high production cost associated
with the implementation of photolithography steps for opening of dielectric layers [16,17]. Today,
although the standard fabrication process for PERC production in industry relies on laser ablation
for contact opening, likewise laser doping has demonstrated its utility for this purpose. By the
creation of localized p+ regions by laser firing of an aluminum layer through a dielectric passivation
layer, PERC c-Si solar cells fabricated in an industrial environment with efficiencies over 20% have
been reported [15].

Additionally, it should be emphasized that both, laser ablation and laser doping (LD), are
compatible with low-temperature manufacturing process, with great potential to process thin
substrates or materials where dopants need to be activated while preserving the surrounding areas.
Moreover, LD offers a unique method to achieve accurate control of the junction depth and doping
levels well above the solubility limits [18–20] while providing substantial savings in the thermal
budget associated with the fabrication of PV cells by substitution of the high-temperature diffusion
processes. In the next section, the main applications of LD on PV cells’ fabrication and their
challenges are reviewed. For more information about the different laser methods used in industry
aforementioned, the following reviews are suggested [13,21–23].

4.1.1 Laser doping for emitter formation
LD techniques enables creating heavily diffused regions just underneath the metal contact,

getting rid of the conventional trade-off in double-side contacted PV cells, where highly-doped
emitters are needed for improving contact resistance at the metal/semiconductor interface, whereas
lightly-doped emitters are needed for good spectral response [24–26]. The following LD’s strategies
for emitter formation were established after mid-2000s, used to find out industrial-suitable processes
for the manufacturing of high-efficiency PV cells designs at low-cost [24,27–29]:

• Local punctual emitters (LPE): they are patterned in small, localized regions in a point-like
structure, being the areas surrounding the laser doped regions undiffused (see Fig. 4.1 panel
b). This approach potentially reduces surface recombination, since the areas of enhanced
recombination are greatly reduced as compared with homogeneous full area emitters created
by LD (approach used in Chapter 3). Additionally, they enable to increase the throughput
in the manufacturing by reducing the laser processed area, with minimized laser energy
requirements per wafer [30].

• Selective emitters (SE): they are patterned in small, localized regions, but conversely to
LPE, in this case, the laser doped region is surrounded by a more lightly doped one of the
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same doping type (Fig. 4.1 panel a). One advantage of this method as compared with LPE
strategy, is that the risk of shunting is reduced. However, it implies an additional step in the
manufacturing of PV cells as compared with LPE. Furthermore, in double-side contacted PV
cells, higher absorption of light and reduced recombination can be expected for LPE, due to
a reduced doping covered area.

High recombination and risk of shunting can occur if LD is performed in a single-step doping
process (see Fig. 4.1). As explained in chapter 3, the LD process is preferably performed after
dielectric passivation for simultaneous opening of the dielectric layer and heavily doping underneath
the contacts, since a great simplification of the manufacturing process for PV cells can be achieved.
However, the main disadvantage, in this case, is that if the dielectric layer opening is wider than the
extension of the laser-doped region, a very high risk of shunting occurs at the edges of the opened
window. Although it affects both LD designs, SE and LPE, it is especially harmful in the case of LPE,
since an undoped unpassivated semiconductor will be exposed during the subsequent metallization
process, leading to direct metal contact to the substrate. This would result in additional paths
for the current, which can be manifested as a Schottky diode or shunts [31]. Nonetheless, this risk
could be prevented or at least minimized by properly selecting the laser conditions or by changing
the thickness of the dielectric layer [31]. More strategies to minimize this risk can be found in
Chapter 3.

Figure 4.1: Risks of shunting in a) selective emitters and b) punctual local emitters formed by LD. Figure adapated
from IEEE Journal of photovoltaics, vol. 4, 2014 [31].

4.1.2 Laser doping for ohmic contact formation
Laser doping for ohmic contact formation is usually achieved by means of the Laser-Fired

Contact (LFC) method. LFC approach was introduced in 2002 by E. Schneiderlöchner et al. [32],
and emerged as a way to create ohmic contacts at the rear contact of PERC p-type c-Si PV cells in
an industrially suitable way. Since then, this process has been extensively applied in the lab also to
the fabrication of IBC-PV devices [33–35]. In this technique, a metallic layer, commonly made of
Al, is deposited on top of a passivating dielectric film. Afterwards, laser-firing of the metallic layer
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provides opening of the dielectric layer simultaneously with Al diffusion. Thus, creating Al-doped
p+ regions in a point pattern (see Fig.4.2). Ohmic contacts and good passivation, owing to the
creation of a local back surface field (LBSF), are achieved provided that proper laser conditions
are used. Additionally, high internal reflectance is also achieved as the dielectric layer serves as an
optical mirror.

Figure 4.2: Scheme of a cell with laser-doped regions at the rear side created by the Laser-Fired Contact Method.

Different configurations for the overlying dielectric have been successfully proven, mainly
thermally-grown SiO2, various stacks deposited by PECVD (a-Si:H/SiOx, SiCx, SiNx/SiOx) and
triple stacks of SiOx/SiNx/SiOx [36,37], reporting efficiencies between 20 and 22% at laboratory
scale. Moreover, several Al dopant sources have been also tested: evaporated Al [37], screen printed
Al [38, 39] and Al foil [40], with the best efficiency reported in c-Si PV cells for evaporated Al
in combination with thermally-grown SiO2 (22%) [37]. However, it should be pointed out that
even though the highest efficiency has been achieved by evaporated Al, promising efficiencies up to
21.3% has been also obtained for Al foil on large area 156x156 mm2 c-Si PV cells [40], with the
later option having great potential to reduce manufacturing costs. In the case of screen-printed Al,
efficiencies over 20 % for in pilot line process with monocrystalline Si wafers [15] and 19.3% in case
of multicrystalline-based Si cells [41] have been achieved. In industry, the LFC process has also
become a well established method, assisting the manufacturing process of Si PERC cells at Hanwha
Q-cells (Q.UANTUM technology), which reached in 2017 a milestone of 1 billion Q.UANTUM
solar cells production equivalent to around 5 GW [42], with Si-PV cell efficiency above 21.5% since
2018 [16].

In any case, although high efficiencies with high production throughput [32] have been demon-
strated for LFC, laser ablation for local contact opening has become the most widely adopted
process for industrial PERC cell manufacturing due to lower rear contact recombination [15]. As a
matter of fact, thermal damage is one of the main concerns related to LFC technique as it generally
requires high power conditions to melt the semiconductor substrate, because the thick aluminum
layer (usually in the order of few microns) attenuates the laser energy reaching the substrate, giving
rise to a big damage zone in the surroundings [43, 44]. On the other side, thick Al films are needed
for the formation of effective Al-BSF regions in order to achieve a low surface recombination velocity
(SRV) at the local metallized contact [45], whereas trying to reduce laser power results in smaller
contact holes’ size increasing series resistance. Generally, a trade-off between induced damage
and increased series resistance should be done by finding optimum laser pitch, with a larger pitch
leading to increased VOC, due to lower extent of damage, but also lower FF, since series resistance
worsens with the distance between LFC points.

In spite of damage-related obstacles, optimization of the LFC is still an ongoing research since
nanosecond-pulsed laser systems, typically used for LFC process, are more cost-effective than
picosecond and femtosecond laser, advisable for laser ablation purposes. Thus, main studies in the
last years regarding the LFC process are focused on different strategies to reduce thermal damage.
A straightforward strategy that has been demonstrated to be useful, is the substitution of the
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commonly used IR Nd:YVO4 laser emitting on its first harmonic (1064 nm), by Nd:YVO4 laser
emitting on its second or third harmonic (i.e. green -532 nm- or UV -355 nm-). Best results in
terms of laser-induced damage were obtained for UV laser sources [46,47] presumably thanks to
the less extended heat in the absorber as compared with longer laser wavelengths. Additionally,
two main approaches have been also proposed to further reduce the level of damage:

• A more gentle and flexible process based on LD with Al2O3/SiC followed by Al metallization
proposed at UPC [48] with efficiencies up to 21.3 % in p-type Si [49].

• A modified LFC process proposed at Fraunhofer ISE [45] which comprises a three-step process:
opening of the passivation layer and partial alloying of Al-substrate, additional deposition
of Al to fill the local contact holes by the Laser Induced Transfer Method [50] and post
laser-firing of the transferred Al. Application of the modified LFC process has lead to an
increased PERC Si cell efficiency of 1 %.

Apart from Si, advantages of this technique have been also found for other materials such as
c-Ge substrates when fabricating TPV or multijunction cells (MJ) in some specific cases. In the
case of TPV applications, the main advantage is the increased reflection which allows recycling
low energy photons back to the TPV’s emitter [51], whereas in the case of MJ cells an increased
current can be achieved which can enhance cell performance for metamorphic three junction cells
or MJ cells with four or more junctions, which are not current limited by the Ge cell [52].

4.1.3 Si-PV devices fabricated by Laser Doping process
Since the beginning of the 2000s, several research groups around the world have extensively

researched the LD method to fabricate cost-effective high-efficiency Si PV cells. In table 4.1, some
of the most promising results achieved in c-Si are summarized. Within them, the work developed
by University of New South Wales (UNSW), University of Stuttgart, Fraunhofer ISE, Institut fur
Solare Energieforschung Hameln (ISFH), Universitat Politècnica de Catalunya (UPC) and Centro
Láser (UPM) should be emphasized:

• UNSW

After the development of Buried Contact Solar Cells (BCSC) fabricated by laser grooving
during the 1980 and 1990s and its successful implementation on large-scale manufacturing
by BP Solar’s Saturn Technology [53], its main contribution to the development of the LD
process itself is the Laser Doping Selective Emitter (LDSE) technology, patented by Wenham
and Green in 2002 [54]. It is based on the creation of a selective emitter by a first slight
furnace diffusion step using POCl3 or BBr3, followed by deposition of an antireflecting and
passivating SiNx:H layer, with an n- or p-type doped SoD film deposited on top of the dielectric
layer, and the selective emitter formation by means of the laser irradiation of the SoD film.
Its main advantage is the simplification of the fabrication process as localized doping with
self-alignment metallization is achieved. Although very attractive for implementation of SE
in industry because of its simplicity, Si solar cells fabricated with this method suffer from
poor metal adhesion [55] and laser-induced defects mainly attributed to thermal mismatch
between the dielectric and the underlying Si [56], leading to Si-PV efficiencies in the order of
18 % (see table 4.1). To overcome these problems, in the last few years a new technology has
been proposed that combines the benefits of the BCSC and LDSE, the Laser-Grooved Buried
Contact (LGBC) PV cell [26]. In this case, narrow grooves are formed by laser irradiation
after furnace diffusion creating simultaneously heavily doped regions underneath the contacts,
allowing the dielectric layer to be deposited after the LD process provided that the groove
walls are exposed to enable metal nucleation afterwards. In this way, the thermal mismatch
between the Si and the dielectric is avoided and adhesion strength of the contacts is greatly
enhanced because the metal is buried under the Si surface, achieving PV efficiencies higher
than 19 % as shown in table 4.1. However, high laser power for the grooving process can also
induce damage. Simplified IBC-PV cells were also reported by Wenham et al. [25] in 2012, in
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which an efficiency of 14.5% was achieved by performing a POCl3 diffusion to form the n+
active emitter on the rear and a n+ floating emitter at the front. Spinning on a B SoD layers
was used for BSF formation overcompensating the n+ emitter by laser irradiation with a 532
nm laser source, with selective emitter formation with the same laser system [25].

• Stuttgart University

Homogeneous full area emitters were mainly developed by the Institut für Photovoltaic
(Stuttgart University) [57–59], with LD based on sputtered dopant sources, with a record
efficiency for n-type doping with phosphorus of 18.9 % [57] and p-type doping with boron
for non-optimized cell structures of 16.7% [58]. The good results in terms of efficiency and
open-circuit voltage, especially for the n-type doping, were achieved by using a proprietary
process patented by researchers from Stuttgart University in 2008, known as ipv laser doping
process [60]. They found out that the use of laser line beams, in particular for widths of less
than 10 µm, were effective to prevent the formation of laser-induced defects [60,61]. After
these first developments in double-side contacted PV cells, Stuttgart University has stood out
by their contribution to the development of high-efficiency IBC-PV cells made by LD [62,63].
Efficiencies up to 22 % were first achieved by using a sputtered B layer as a dopant source for
emitter formation, with P from PSG layers used for the formation of the BSF [62]. They used
a 532 nm 50 ns laser source, with deposition of the passivating dielectric layer after the LD
process, and subsequent opening of the dielectric layer for metal contact by photolithography.
Later on, an improved IBC-PV cell with an efficiency of 23.3 % was reported, in which the
photolithography step was replaced by laser ablation with an UV laser source [63,64]. The
gain in VOC of the second approach was obtained by an improved BSF profile and a lower
contact area, which reduces the saturation current density, with thicker metallization and the
floating busbar reducing the series resistance and improving the fill factor [63,64]. Efficiencies
up to 20.8 % were also achieved with this method on large area PV cells of 156 cm2. It should
be also highlighted the development of an advanced metallization scheme used to avoid or
reduce the likelihood of emitter shunting during metallization when emitters are created by
LD, which is based on an optimized two-step laser transferred contacts process [65].

• Fraunhofer ISE

One of its first and more important developments in terms of LD was the proposal of
the LFC method in 2002 [32], which allowed to start the fabrication of PERC-PV cells in
industry in a cost-effective way. Some years later, in 2008, they proposed and patented a
new LD process more gentle for emitter formation, known as the Laser Chemical Processing
method, which is based on the combination of a chemical liquid jet and a laser beam as a
way to initiate thermochemical and photochemical reactions leading to applications such as
silicon microstructuring, local phosphorus doping, local etching and centimeter-deep grooves
formation in Si [66, 67]. Efficiencies exceeding 20 % were achieved in c-Si PV cells by this
method, with opening of the dielectric layer and groove doping made in one step, followed
by metal seed layer deposition and electroplating, with H3PO4 used as carrier liquid [67].
Another approach which has been extensively studied by researchers from Fraunhofer ISE is
the PassDop method [68], which was developed in parallel by UPC and Centro Láser-UPC in
2009-2010 [69]. In this method, LD of a predeposited solid dopant layer, which serves for both
passivation and doping purposes is used in a single step LD process with self-alignment for the
metal contact by simultaneous doping and opening of the passivating dopant layer [35,68–72].
Phosphorus-doped SiNx [71] and aSiC layers [73] for n-type doping, and Al2O3/aSiC [49] and
Al2O3/aSiC:B [74] for p-type, have been between the most commonly used dopant dielectric
layers for emitter and LBSF formation. It is worth to mention, that Steinhauser et al. have
demonstrated for the PassDop technology, that the nitrogen layer content has a vast influence
on PV cell performance, with efficiencies enhancement from 19.7 to 20.9 % in large area 149
cm2 PV cells achieved by optimization of the passivating dopant layer [71]. Since the use of
SiNx:P as dopant source for LD resulted in a large amount of nitrogen incorporated to the
LBSF, with nitrogen surface concentrations in the range of 1 · 1022 cm-3, and formation of
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crystalline Si3N4 detected by HRXRD, a reduction in the nitrogen content of the layer was
studied in order to reduce its content also in the LBSF. It was shown that by doing so, not
only doping efficiency but also metal contact formation were improved [71]. The results were
also confirmed when comparing final efficiencies on larger areas of 239 cm2 [71].

• ISFH

Another demonstration of IBC cells made by LD, is the Rear Interdigitated Single Evaporation
(RISE) PV cells proposed by ISFH. It comprises a self-alignment single evaporation step for
metallization of the rear contacts [33], where the difference in height between the emitter and
the base area about 40 µm is achieved by ablation of SiO2-covered Si, with LD used for the
formation of a local back surface field (LBSF). Efficiencies up to 21.5 % were achieved by
this method on small area (4 cm2) Si-PV cells, with potential for efficiency improvements
since only the base surface was passivated by SiO2, whereas the emitter had no passivation
and it was almost completely metallized [33]. Interestingly, a comparison between LBSF
formation achieved by two different methods: boron diffusion and post laser-annealing or LFC
method, has demonstrated cell efficiency differences up to 2 % [33]. As shown in table 4.1,
similar VOC ’s were achieved with both methods with comparable series resistance. However,
the biggest difference was found out in terms of short-circuit current, with LFC contated
RISE-PV cells showing considerably lower JSC . This is expected to be caused by the higher
recombination of LFC contacts as compared with the well-passivated B-LBSF, due to the
competition between parasitic collection of minority carriers and current collection at the pn
junction. Since LFC region is far enough from the P emitter, it is not likely to affect the
separation of the quasi-fermi levels, thus not strongly affecting VOC [33].

• Micro and Nanotechnology Research Group from UPC and Centro Láser-UPM

Researchers from UPC and UPM have also proposed approaches for the fabrication of high-
efficiency IBC-PV cells made by LD, among which stands out the fully-low temperature
DopLa-IBC method [35] and the developement of p-type IBC cells combining a silicon
heterojunction (SHJ) for emitter regions with laser processing of Al2O3/SiC films for the
formation of the base contacts [75]. Since the main limitations of DopLa-IBC PV cells
were in terms of VOC and FF , attributed to the high recombination at the laser processed
emitter regions, emitter formation by laser irradiation of a phosphorus-doped a-SixC1−x:H
layer was replaced by formation of a SHJ with the phosphorus-doped a-SixC1−x:H layer
contacted by ITO [75]. Final devices with efficiencies in the 18-19 % range were achieved,
with noticeably enhancement in terms of VOC (677 mW) as compared with the ones obtained
for laser-doped emitters in DopLa-IBC (654 mW) [35], due to lower recombination in the
SHJ emitter. However, FF still needs to be improved, since is the most limiting parameter
to increase cell efficiency in the SHJ/IBC PV cells reported in [75]. In the aforementioned
study, the low FF was mainly attributed to the amorphous silicon emitter, since identical
geometry for the base contacts have resulted in higher FF up to 74 %.

• Demonstrations in industry and/or pilot plants

In industry, demonstrations with LD performed on c-Si both prior to or after dielectric layer
deposition have been demonstrated with efficiencies over 20 %. On one side, in the case of
LD prior to passivation, a 22.5 % efficiency on average, with a peak efficiency of 23.83 % has
been achieved by LONGi Solar Technology Co., Ltd [76]. They used PSG as a dopant source
for selective emitter formation followed by passivation and firing of the metal contacts. On
the other side, efficiencies over 20 % were achieved by Suntech in 2012 by performing LD
through a dielectric, with a self-aligned plating method for metallization [17,77]. Moreover,
it should be pointed out that according to ITRPV 2020, laser-doped selective emitters are
predicted to account for more than 80 % of the market share for p-type PV cells by 2030 [17].
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Laser-doped Si solar cells: state of the art

Cell Design LD Application LD technology Dopant source Laser Source Steps Resistivity Bulk Area Jsc Voc FF Efficiency Ref.

(Ω cm2) (cm2) (mA/cm2) (mV) (%) (%)

Double-side LBSF PassDop a-SiCx (P) 1030 1 1 n-type Si (Fz) 4 41.3 699 80.5 23.2 [29]

Double-side SE
LBSF

SE: LCP
LBSF: LFC

SE: H3PO4
LFC: Al 532 1 0.5 p-type Si (Fz) NA 38.7 664.9 79.2 20.4 [67]

Double-side SE LDSE and LGSC PSG 532 1 1.6 p-type Si (Cz) 9 39.1 633 77.4 19.2 [26]

Double-side SE LDSE P-SoD 532 1 1.6 p-type Si (Cz) 9 37.1 633 76.9 18.1 [26]

Double-side Full area emitter Ipv sputtered P 532 2 2.8 p-type Si (Fz) 4 35.2 677 79.1 18.9 [57]

Double-side Full area emitter Ipv sputtered-B 532 2 3 n-type Si (Fz) 4 34.5 645 75.0 16.7 [58]

Double-side Full area emitter Ipv sputtered-Sb 532 2 3 p-type Si (Fz) 4 32.5 580 78.5 14.8 [59]

IBC Full area emitter
Full area BSF Ipv Emitter: sputtered B

BSF: PSG 532 2 2 n-type Si (Fz) 4 41.3 669 79.8 22.0 [62]

IBC Full area emitter
Full area BSF Ipv Emitter: sputtered B

BSF: PSG 532 2 2 n-type Si (Fz) 4 41.5 684 81.9 23.3 [63]

IBC LPE
LBSF Ipv Emitter: P-ink

BSF: B-SoD 248 2 100 n-type Si (Fz) 4 41.9 679 80.2 22.8 [78]

IBC LPE
LBSF PassDop Emitter: P-aSiCx

BSF: Al2O3
355 1 2.5 p-type Si (Fz) 9 40.6 654 77.0 20.4 [35]

IBC LBSF LFC Al 355 1 1.5 p-type Si (Fz) 4 38.3 650 78.5 19.5 [33]

IBC LBSF PassDop BSG 355 1 1.5 p-type Si (Fz) 4 40.5 660 80.6 21.5 [33]

Table 4.1: Si-PV cells fabricated by means of laser doping.



4.2 Characterization methods for localized laser-doped re-
gions

An overview of the main methods used to analyze localized emitter and ohmic contact formation
by LD in this work is presented here:

4.2.1 Estimation of material damage threshold by Liu’s method
An estimation of the damage threshold of a material under laser irradiation can be obtained by

applying Liu’s method [79], which is based on the relationship between energy fluence and laser
spot’ diameter size for Gaussian laser beam profiles. This method has demonstrated a relationship
between the best electrical characteristics of Si diodes fabricated by LD and energy fluences close
to the damage threshold. The study suggests that laser energy fluences lower than the damage
threshold are not useful to melt the silicon, preventing dopant diffusion in the liquid state, whereas
energy fluences above the threshold results in an excess material ablation with extended thermal
damage which can deteriorate emitter characteristics [46].

Taking into account the Gaussian spatial and temporal profile of the laser pulses whose intensity
can be described as:

I(r, t) = I0 exp
(
−r2

w2
0

)
exp

(
−t2

τ2

)
(4.1)

where I0 is the peak intensity (in W/cm2), w0 the spatial radius, τ the temporal pulse-width at
the 1/e2 intensity contour, r the radial coordinate of distance from the propagation axis and t is the
time variable. The local fluence (in J/cm2) spatial distribution at a given position (r) is given by:

Φ(r) =
∫ +∞

−∞
I(r, t) dt = Φ0 · exp

(
−2r2

w2
0

)
(4.2)

where Φ0 is the peak fluence and w0 the radius of the Gaussian beam at 1/e2. Similarly, defining
D as the diameter at which the ablation starts, the energy fluence threshold Φth is defined as:

Φth = Φ0 · exp
(
−D2

2w2
0

)
(4.3)

By applying logarithms to eq. 4.3, a linear relationship between D2 and the damage threshold
Φth is established:

D2 = 2w2
0 ln

(
Φ0

Φth

)
(4.4)

Considering the relationship between peak fluence Φ0 and the energy per pulse Ep, with the
latter being calculated as the laser power divided by the laser frequency:

Φ0 = 2Ep
πw2

o

(4.5)

equation 4.4 is related to Ep by:

D2 = −2w2
0 ln

(
πwoΦth

2

)
+ 2w2

0 lnEp (4.6)
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Then, by measuring and plotting the squared diameter of the laser spot as a function of Ep, the
spatial radius w0 can be determined by applying a logarithmic regression, being w0 equal to:

w0 =
√
slope

2 (4.7)

Then by calculating Φ0 according to equation 4.5 and representing the squared diameter as a
function of Φ0, the damage threshold -Φth- can be calculated as:

Φth = exp
(
−y.intercept

slope

)
(4.8)

4.2.2 SRV of localized point contacts
To estimate the deterioration of surface passivation caused by laser irradiation for different laser

conditions, the analytical model from Fischer [80] can be used. This model is useful to calculate
the SRV of solar cells with point- or stripes- locally defined contacts, avoiding the necessity for
3D device simulations. Fischer’s model, which is based on the relationship between the effective
diffusion length and the series resistance in the base, attributes an effective surface recombination
velocity Seff to the inhomogeneous surface:

Seff = D

W

(
Lp

2W
√
πf

arctan
(

2W
Lp
·
√
π

fc

)
− exp

(
−W
Lp

)
+ D

fcWScont

)−1
+ Spass

1− fc
(4.9)

whereD is the diffusion constant of minority carriers,W the wafer thickness, Lp the contact pitch,
fc the laser processed area fraction (which is a function the contact radius r: fc = πr2/L2

p), Spass
the SRV of the passivated areas, and Scont the unknown parameter of interest, which corresponds
to the SRV at the localized laser contacts.

The model has been validated through 3D simulations using Fourier-transform [80] and also
experimentally demonstrated later on by Plagwitz et al. [81], and it is based on the following
assumptions:

1. The transport is restricted to the base whereas the emitter is described by a diode saturation
current j0 which accounts for recombination, a shortcircuit current loss Jsc,loss to account
for the incomplete collection of photogenerated carriers, and an increased series resistance to
consider the lateral voltage drop between fingers.

2. Low-level injection (to decouple minority and majority carriers flow within the base).

3. Null recombination in the base.

4. Decoupling the two areas of the rear surface (Spass and Scont).

It should be mentioned that the determination of the SRV at the passivated areas and Seff after
laser irradiation, is done through QSSPC measurements (which allows to determine the effective
lifetime -τeff - from which SRV can be extracted assuming infinite τbulk, as explained in Chapter 2).

4.2.3 JV curve and local ideality factor
In the most simple approach, PV cell’s characteristics can be evaluated by fitting the one-diode

model established by Shockley [82], which assumes that recombination of electrons and holes only
takes place in the quasi-neutral regions. In this case, the relationship between the current density
(J) and the voltage at the terminals (V ) at a certain temperature can be expressed under dark
conditions as:
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J = J0,1

{
exp

[
qV

n1KT

]
− 1
}

(4.10)

where J0,1 is the saturation current density (which depends on material quality and temperature,
q is the electron charge, kB is the Boltzmann’s constant, and n1 is the ideality factor, which should
be considered constant and equal to 1 according to the predictions of the diffusion theory [83].

However, it was soon evident that many Si-diodes do not follow the classical theory as ideality
factors n1 > 1 were observed. Therefore, in order to describe more precisely the JV curve, an
additional diode, in parallel with the first, was added to the one diode model to account for junction
recombination. In this regard, the equation for the extended two diode model [84] is given by:

J = J0,1

{
exp

[
qV

n1KT

]
− 1
}

+ J0,2

{
exp

[
qV

n2KT

]
− 1
}

(4.11)

where the first term of equation 4.11 refers to recombination in the quasi-neutral regions
(dominant at high forward voltage bias) whereas the second term is related to recombination in the
depletion region (dominant at lower forward voltage bias). Additionally, a lumped series resistance
(Rseries) and a shunt resistance (Rshunt) contribution are also usually added to the two-diode model
to improve its accuracy. They can be used to take into account on one side, the resistive losses of
a PV cell (which is composed of the resistance of the base, the emitter, the metal grid, and the
contact resistance at the semiconductor/metal interface), and on the other side, the alternative
paths for carriers to flow instead of being injected by the pn junction (Rp). The final equivalent
circuit when considering the aforementioned resistance losses can be described as:

J = J0,1

{
exp

[
q

n1KT
· (V − JRseries)

]
− 1
}

+

+J0,2

{
exp

[
q

n2KT
· (V − JRseries)

]
− 1
}

+ V − JRseries
Rshunt

(4.12)

According to the theory, the ideality factor n2, is typically set to 2, since the most recombination
active defects are expected to be located in the middle of the bandgap. However, this analysis
does not explain the ideality factors n2 higher than 2 observed on many Si junction devices,
which have been associated with various phenomena such as trap-assisted tunneling, field-enhanced
recombination, metallic precipitates, edge regions or local shunts [85]. Furthermore, it should be
emphasized, that although the fittings with the Diode Model can give some useful information about
the characteristics of the fabricated devices, the results should be taken with care, as generally a
wide range of values for the same parameters can replicate the JV characteristics with only very
little influence on the fit residue [86,87].

In this regard, the ideality factor curve, which is the differential of the IV curve (also known as
m-V curve), can be also used in order to help with the identification of limiting mechanisms in the
fabricated diodes. As summarized by McIntosh in his PhD thesis and plotted in Fig. 4.3, some
distinctive features can be seen in the m-V curve, mainly: humps, bumps, lumps and final increase of
the local ideality factor at high voltages [88]. On one side, the presence of humps in the m-V curve,
rise and fall in m which starts at an inflection point, is associated with regions of resistance-limited
enhanced recombination (RLR). According to Hernando et al., these regions are likely be caused by
peaks of the pyramids that comprised the surface texturing [89], whereas McIntosh attributed it
to cell edges, localized Schottky contacts between the fingers and the base, grain boundaries of
multicrystalline solar cells or n-type grooves insufficiently doped in Buried Contact Solar Cells [88].
On the other side, the presence of bumps and lumps, are related to floating-junction shunting and
edge recombination, respectively [88]. Another important feature that can be extracted from m-V
curve is related with high series resistance losses, characterized by a final increase in the local
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ideality factor for increasing forward voltage [88]. Finally, evaluation of the local ideality factor at
the MPP can give some extra useful information, since worsening in the FF have been observed in
different PV cells’ designs when the hump extends beyond it [88].

Figure 4.3: Identification of limiting mechanism of PV cells by using the m-V curve. Extracted from McIntosh’s
PhD thesis, Fig. 1.1 Chapter 1 [88].

The equation corresponding to the abovementioned m− V curve is given by:

n(V ) = I

kBT
· ∂V
∂I

(4.13)

4.2.4 Specific contact resistance determination of local contacts
In order to check the electrical quality of metal contacts on semiconductors, usually the Transfer

Length Method (TLM) [90] is applied to extract the specific contact resistance. To that end,
large homogenous areas in the order of mm2 are needed. In our case, as we are interested in the
development of point-localized contacts by means of LFC, TLM method is not suitable. Hence, the
method proposed by Ortega et al. [91] to calculate specific contact resistances at localized contacts
will be used.

LFC is performed on p-type Ge samples comprising a dielectric passivating layer with Al
deposited on top, being the rear surface totally covered with Al (see a schematic in Fig. 4.4).
Disregarding ohmic losses at the back side, and by measuring the IV curve of squared metalized
matrixes with a certain number of laser spots (Nspot), the resistance associated with the whole
matrix (Rmatrix) can be extracted from the slope of the IV curve. Then, by assuming that each
laser spot corresponds to identical RLFC resistances connected in parallel and independent from
each other, the resistance associated with a single LFC spot can be estimated from the slope of the
linear fit of Rmatrix versus 1/Nspots.

As sketched in Fig. 4.4, it should be considered that the resistance of a LFC point (RLFC)
is composed of two terms: the spreading resistance due to the current distribution to the bulk
(Rspread), and the contact resistance at the metal-semiconductor interface (RC)

RLFC = Rspread +RC (4.14)

Taking into account that the contact resistance is a function of the specific contact resistance
(ρc) and the electrically active area of the contact, which is defined by the internal radius of the

104



Figure 4.4: Test structure for specific contact resistance measurement on localized LFC contacts.

laser spot area (A = πr2):

RC = ρc
A

(4.15)

and by calculating Rspread which is defined by the wafer resistivity (ρb), the wafer thickness
(W ), and the internal radius of the laser spot (r):

Rspread = ρb
2πr arctan

(
2W
r

)
(4.16)

The specific contact resistance (ρc) can be calculated according to:

ρc = (RLFC −Rspread) · πr2 (4.17)

Thus, by having knowledge about the wafer characteristics’ and by simply measuring the radius
of the spot with an optical microscope, the parameter of interest ρc (Ω · cm2) can be determined.

4.3 Experimental I: Localized emitter formation
4.3.1 Methodology
Sample preparation for emitter formation

In order to determine the most suitable laser conditions for the creation of localized n+ regions
with the Nd:YVO4 laser, diodes have been fabricated in Ω·cm p-type Ge wafers with a thickness of
180 ± 10 µm and < 100 > crystallographic orientation and characterized. The process sequence
for the fabrication of n+/p diodes is shown in Fig. 4.5. It starts with the surface preparation by
a wet-chemical treatment in hydrochloric acid (HCl) 18% (v/v) for 3 min followed by an in-situ
plasma cleaning under H2 for 35 s, in order to effectively remove germanium oxide. Then, the
deposition of a stack composed of intrinsic a-SixC1−x:H (22 nm)/n-type doped a-SixC1−x:H (15
nm)/intrinsic aSiC (45nm/180nm), which serves as a passivation layer and dopant source, is carried
out by using a direct Plasma-Enhanced Chemical Vapor Deposition (PECVD) reactor at 13.6 MHz
installed at UPC. The thickness of the intrinsic stoichiometric aSiC layer has been varied between
45 and 180 nm, to figure out its implication on the laser doping process.

After passivation, n+ local regions are created by laser irradiation of squared matrixes of 0.09
cm2 containing 15x15 laser spots with separation between spots of 200 µm. The laser process has
been optimized by varying the laser average power and the number of pulses. The average power
was controlled by changing the attenuator aperture for a fixed diode current of 4 A and a frequency
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of 20 kHz. The reason to keep the diode current fixed was that a minimum current of 4A was
necessary to ensure laser stability, whereas higher diode currents lead to minimum laser average
power higher than the desired. Finally, the laser-doped regions were metallized with two different
schemes depending on the set of experiments. In the first set, PdTiPdAg (40/20/20/1000 nm) was
used to contact n-type Ge, following the approach used at Interuniversity Microelectronics Centre
(IMEC) [92]. In the second set of experiments, the metallization was done with Al, which could
imply a great simplification of the fabrication process of IBC cells since this metal will be used for
the creation of a local BSF and to contact p-type doped regions. In the case of the metal stack
composed of PdTiPdAg, Pd is used to assist the formation of Pd-germanides which can reduce
the contact resistance when annealing at low temperatures around 230 ◦C [93], Ti is chosen as a
diffusion barrier for Ag, whereas the second layer of Pd is useful to keep good adhesion between the
different metal layers. Finally, the thick layer of silver is added to ensure low series resistance. As a
summary, laser doping to create localized n+ regions were analyzed in four sets of samples:

• thin aSiC stack (45 nm) metallized with PdTiPdAg.

• thick aSiC stack (180 nm) metallized with PdTiPdAg.

• thin aSiC stack (45 nm) metallized with Al.

• thick aSiC stack (180 nm)metallized with Al.

Being the laser conditions used in the first set of samples (PdTiPdAg): laser power ranged from
3 to 50 mW and the number of pulses from 3 to 36, whereas in the second set of samples (Al) the
laser power was varied between 3 to 22 mW and the number of pulses from 3 to 100.

Figure 4.5: LD process for the fabrication of n+/p diodes.

Diode Model

Three different fittings have been performed in order to estimate the saturation current densities
(J01 and J02), the ideality factors (n1 and n2) and the shunt (rshunt) and series resistances (rseries),
taking into account desviations from ideality. The three variants of the fitting model that have
been evaluated are:

• single-diode model with n1 as a free parameter.

• 2-diode model with n1=1 and n2=2.
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• 2-diode model with n1=1 and n2 used as a free parameter.

All the fittings have been made using the open-source program "2/3- Diode Fit" available at
Nanohub [94]. To find out the optimum parameters for the fitting, the program calculates the
Root Mean Squared Error (RMSE), which is a measure of the difference between the fit and the
measurement. It uses absolute residuals for fitting illuminated I-V curves and relative ones for dark
measurements.

Local ideality factor

The differential of the dark JV curve (m-V curve) has been extracted from the same program
used for the diode model fitting: "2/3- Diode Fit". In order to compare the different sets of samples
investigated, in the discussion part (4.3.3) we focus on the local ideality factor corresponding to a
voltage of 0.2 V, which is considered the operating voltage of Ge cells under 1 sun conditions. It is
worth mentioning that since TPV cells work under high concentration, the local ideality factor at
an operating voltage of around 0.25 V should be also analyzed. However, it would be first necessary
an optimization of the number of laser spots used for diode fabrication, since the series resistance
losses in the m-V curve at high voltages prevent us to analyze this voltage condition in this set of
experiments.

Material damage

On one side, to calculate the damage threshold of the material by Liu’s method (4.2.1), the
diameter of the laser spot has been measured by using a Confocal Laser Scanning Microscope (Leica
ICM 1000) installed at Centro Láser-UPM. The laser power has been measured with a thermopile
sensor (Newport 919P-020-12), from which the energy per pulse (Ep) is calculated taking into
account the laser frequency used (20 kHz).

On the other side, for the determination of the effective surface recombination velocity (Seff )
in laser-irradiated areas by Fischer model (4.2.2), the quasi-steady state photoconductance decay
(QSSPC) method adapted to c-Ge is used to determine the effective lifetime (τeff ), from which the
upper limit of the surface recombination velocity can be extracted assuming infinite bulk lifetime, as
explained in Chapter 2, being Spass the value of Seff at zero laser processed area fraction fc. To give
a better insight into the level of damage in the emitter, also the emitter saturation current density
(Je01) is calculated by knowing Seff , the acceptor concentration in the bulk (NA), and the intrinsic
carrier concentration (ni) by applying the method proposed by Kane and Swanson [95]. It is worth
mentioning that since QSSPC measurements are needed for this purpose, each laser condition
should be evaluated in samples with a minimum size of 40 mm diameter, which corresponds to the
eddy-current conductance sensor’s size installed in the equipment used for QSSPC measurements
(WCT-120 Sinton Tool). Thus, due to scarcity of material, this experiment has been only performed
for the thin aSiC layer for a laser power of 3 mW, varying the number of pulses. For each case,
contacts in a square matrix with a pitch of 180 and 90 µm were laser processed, corresponding to a
processed area fraction (fc) of 0.44 and 1.77 %, respectively.

4.3.2 Results: Diode characteristics
Dark JV curves

On one side, the impact of the laser power on the electrical behavior of the diodes fabricated
can be seen in Figs. 4.6 and 4.7, which show the dark JV curves of diodes made with the thin (45
nm) and thick (180 nm) aSiC layer metallized with PdTiPdAg and Al, respectively. As it can be
observed, noticeable higher leakage currents, evaluated at reverse bias, are obtained when increasing
laser power from 3 to 22 mW in all samples and for all the laser pulse conditions considered.

On the other side, the impact of the number of pulses is presented in Fig. 4.8, which shows the
dark JV curves for a fixed laser power condition (3 mW) and a varying number of pulses (from 3 to
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100) for the two different metal schemes used (panels a and b, respectively), in each of them also
including the results from the two aSiC thickness investigated. As it can be seen, a reduced leakage
current is observed in all sets of samples as the number of pulses is increased, with a higher impact
on the PdTiPdAg sample with the thin aSiC. Furthermore, series resistance losses (evaluated by
the flattening of the JV curve at high forward bias) are lower for the thin aSiC, regardless of the
metal scheme.

Finally, for comparison purposes, the results from Fig. 4.8 are transferred to Fig. 4.9, which
shows the dark JV curves for the four set of samples considered all together for fixed number of
pulses: 6, 18 and 36 pulses (panels a,b and c, respectively). As it can be seen, lower leakage current
and lower series resistance losses, are deduced for the sample with the thin aSiC metallized with
PdTiPdAg, for all the laser pulse conditions evaluated.

Figure 4.6: Impact of laser power for diode fabrication in samples with 45 and 180 nm aSiC metallized with
PdTiPdAg.
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Figure 4.7: Impact of the number of pulses in samples with 45 and 180 nm aSiC metallized with Al.

Figure 4.8: Impact of the number of pulses in samples with 45 and 180 nm aSiC metallized with PdTiPdAg and Al
for the best laser power condition -3 mW-.
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Figure 4.9: Comparison between diodes with 45 and 180 nm SiC metallized with PdTiPdAg and Al as a function of
the number of pulses for best power condition -3 mW-.

Diode model fittings

Figures 4.10, 4.11, 4.12, 4.13 and 4.14, show the results from the fittings for the normalized shunt
resistance -rshunt-, the normalized series resistance -rseries-, the saturation current densities -J01
and J02- and the ideality factors n1 and n2, respectively. To account for the spread and centers of
our data set, the results are displayed representing the median (straight line) and the 5-95 quartiles
(whisker).

As it can be deduced from Fig.4.10, a general agreement between all the different evaluating
methods used is observed in terms of rshunt, with maximum rshunt in the range of 100 Ω cm2 and
variability between methods usually in the range of 10-20 Ω cm2, which indicates a relatively high
level of reliability for this fitting parameter, especially if taking into account that usually it takes
values over 1000 Ω cm2. Thus, the results from the fittings can be used to identify if there are
alternative paths for the current in our diodes.

In the case of rseries (Fig. 4.11), fluctuations as low as 0.1 Ω cm2 are observed in the sample
with the thin SiC layer metallized with PdTiPdAg. However, in the rest of the samples, variations
in rseries as high as 0.5 Ω cm2 were found independently of the laser conditions. Taking into account
that according to the fittings, rseries varies from 0.1 to 2 Ω cm2 depending on the laser condition,
the aSiC thickness and the metal scheme, the uncertainty of around 0.5 Ω cm2 observed for the
different evaluating methods can be considered rather high. This fact, although it compromises the
accuracy of the exact value of rseries extracted from the fitting, it still provides a defined interval
for it.

In terms of saturation current density, a very strong variability was found for J01, with differences
of several orders of magnitude found when comparing the results from the three different fittings
(Fig. 4.12). Thus, in order to be cautious, neither individual data nor intervals are extracted for
this parameter. Regarding J02, even though a relatively high variability between the results is
observed in Fig. 4.13, the tendencies with the laser parameters become evident, with J02 greatly
reduced for increasing number of pulses and decreasing laser power in all samples. Thus, general
tendencies for J02 are taken into account in the discussion part (4.3.3).

Huge variability was also observed when comparing the ideality factor (left as a free parameter)
when extracted from the one diode model and the two diode model, as shown in Fig. 4.14. An
exception to this occurs in the sample of thick aSiC metallized with Al, which shows a much better
agreement between the different fitting methods. Nonetheless, as extra cautious, exact values
extracted from the fittings are disregarded, and only the tendencies with the laser parameters are
used in the discussion part.
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Figure 4.10: Variability of the shunt resistance (rshunt) as a function of the laser power and the number of pulses.

Figure 4.11: Variability of the series resistance (rseries) as a function of the laser power and the number of pulses.
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Figure 4.12: Variability of the saturation current density (J01) as a function of the laser power and the number of
pulses.

Figure 4.13: Variability of the saturation current density (J02) as a function of the laser power and the number of
pulses.
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Figure 4.14: Variability of the ideality factor n1 and n2 (comparison between both when used it as a free parameter)
as a function of the fitting model.
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Local ideality factor

To help with the identification of limiting mechanisms in the fabricated diodes, the local ideality
factor as a function of the voltage is shown in Fig. 4.15 for a laser power of 3 mW and a varying
number of pulses (from 3 to 100), for the four sets of samples investigated. As it can be observed, all
samples showed a peak (hump), which diminished as the number of pulses is increased. Moreover,
a final increase in the local ideality factor for increasing forward voltage is also observed in all
samples regardless of the laser condition.

Figure 4.15: Differential of the dark JV curves for 45 and 180 nm SiC samples metallized with PdTiPdAg and Al for
a fixed laser power of 3 mW and varying number of pulses: 3-6-9-18-36-64-100.

Material damage

To estimate the range of energy fluence theoretically more suitable for emitter formation by LD,
Fig. 4.16 (panel a) shows the squared diameter of the laser spot (D2) versus the energy per pulse
(Ep), with D2 versus the peak fluence (φ0) presented in Fig. 4.16 (panel b). The damage threshold
of the material (φth) and the gaussian beam radius (w0) calculated by applying Liu’s method are
shown in table 4.2, being w0 approximately around 6 ± 0.2 µm, with the threshold energy in the
range of 140-160 mJ/cm2 for both aSiC thicknesses.

To evaluate the laser-induced damage in terms of surface passivation deterioration depending on
the number of pulses given, Fig. 4.17 shows the effective surface recombination velocity (Seff ) of
SiC-passivated c-Ge wafers before and after laser irradiation with 3 mW and 3 or 100 pulses versus
the laser processed area fraction (fc). As it can be observed, worsening of the effective surface
recombination velocity (Seff ) from initial values of 40-50 cm/s up to 825 cm/s and 542 cm/s after
laser irradiation with a low and high number of pulses, respectively, was found for a laser-processed
area fraction (fc) of 1.77 %.
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Figure 4.16: a) Squared laser spot diameter as a function of a) the energy per pulse (Epulse) and b) the peak fluence
(φ0), for both aSiC thicknesses.

45 nm SiC 180 nm SiC

w0 (µm) 5.8 6.2
φth (mJ/cm2) 157 142

Table 4.2: Estimation of the laser beam radius and the threshold energy fluence for 45 nm SiC and 180 nm SiC by
Liu’s method.

Figure 4.17: Experimental values of surface recombination after laser processing of the n-type doped SiC stack with
a laser power of 3 mW as a function of the laser processed area fraction, evaluated at an injection level of 1 · 1015

cm-3 for the case of thin aSiC.
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4.3.3 Discussion
Impact of laser power

Diodes showing rectifying behavior have been achieved for the four sets of samples investigated
for laser power conditions between 3-22 mW, summarized in Figs. 4.6 and 4.7, with laser power
ranging from 28 to 50 mW leading to linear JV characteristics (not shown). Thus, a small parameter
window for diode fabrication is found in terms of suitable laser power conditions. Moreover, this
range is even lower if taking into account that higher recombination at the reverse and forward bias
is found when the laser power is increased in all samples, as it can be deduced from the dark JV
curves shown in Figs. 4.6 and 4.7 and from the fitting of the saturation current density J02 (Fig.
4.13). This high recombination could be related to a excessive energy fluence (calculated considering
the laser frequency and the laser spot area) which could spoil the emitter characteristics. According
to Liu’s method (4.2.1), the damage threshold of the SiC passivated-Ge is in the order of 140-160
mJ/cm2 (Table 4.2), whereas the minimum laser power used in these experiments corresponds to a
minimum laser energy fluence of around 376 mJ/cm2, which is already the double of the damage
threshold of the material. This means that the possibility of excess material ablation and extended
thermal damage is very likely in all cases, and it will be enhanced as the energy fluence (or the
power, as the repetition rate and the area of laser spot is fixed) is increased.

Additionally, shunt resistance is also reduced when increasing laser power in all samples (Fig.
4.10), with the best results in terms of the ideality factor found for minimum laser power conditions
(Fig.4.14). Conversely, series resistance seems to slightly improve as laser power increases in all the
samples, excepting the case of the thin aSiC metallized with PdTiPdAg, where minimum variation
as a function of the laser conditions was observed (Fig. 4.11). Nonetheless, since shunt resistance
seems to be one of the most limiting factors affecting the performance of all the diodes that have
been fabricated, with maximum values of rshunt in the order of 100 Ω cm2, other strategies to
improve series resistance rather than increasing laser power should be first considered. Shunting
issues could be explained by the dielectric window being opened to a wider extension as compared
with the doped region (see 4.1.1), or due to cracks in the laser-doped region (see Chapter 3), both of
them provide possible direct contact between the metal and the substrate during metallization [31].

It should be pointed out that lower average laser power conditions cannot be used with our
current laser system without compromising laser stability. One possibility to reduce the laser energy
fluence while keeping the laser power is to increase the laser spot diameter size. As it can be seen
in Table 4.3, the laser spot area has a strong influence on the energy fluence. According to the
results from 4.3, energy fluences in the range of the threshold energy obtained by Liu’s method can
be achieved for 3 mW of average laser power by increasing the diameter size to the double of its
current size (from 6 to 11-12 µm). Although the results presented in 4.3 are the ones corresponding
with the thick aSiC, very similar results have been obtained for the thin aSiC layer.

Impact of the number of pulses

Increasing the number of pulses has demonstrated to reduce the leakage current and improves
overall recombination and shunting issues in all samples, as deduced from the dark JV curves shown
in Fig 4.8, and from the fittings of rshunt and J02 (Figs. 4.10 and 4.13, respectively), being the
differences found in terms of saturation current density J01 as a function of the number of pulses
considered rather low (Fig. 4.12). A very small dependency on the number of pulses is also found
in terms of series resistance for the thin aSiC sample metallized with PdTiPdAg, whereas in the
rest of the samples the use of a large number of pulses seems to slightly worsen series resistance.
However, a clear tendency with the number of pulses in these samples cannot be cleared up, and
inhomogeneities in the metal deposited as a function of location in the wafer cannot be disregarded.
Therefore, since using a large number of pulses seems to be beneficial for most of the parameters
analyzed, this strategy is considered the main option to achieve diode behavior closer to ideality.

The overall improvement of emitter characteristics by increasing the number of pulses is also
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D Area Energy Fluence (3 mW) Energy fluence (15 mW)
(µm) (cm2) (mJ/cm2) (mJ/cm2)

4.0 1.3E-07 1194 5968
5.0 2.0E-07 764 3820
6.0 2.8E-07 531 2653
7.0 3.8E-07 390 1949
8.0 5.0E-07 298 1492
9.0 6.4E-07 236 1179
10.0 7.9E-07 191 955
11.0 9.5E-07 158 789
12.0 1.1E-06 133 663

Table 4.3: Estimation of the laser energy fluence for 3 and 15 mW as a function of the laser spot size.

observed in the local ideality factor at the operating voltage of c- Ge PV cells, whose results are
extracted from Fig.4.15 and shown in table 4.4. The results provide evidence that increasing the
number of pulses is beneficial in our range of study, with decreasing local ideality factors as the
number of pulses is increased in all samples, with the peak of the hump reduced and slightly shifted
towards lower voltages (i.e. further away of the maximum power point), with a lower likelihood
to negatively affect the fill factor of a Ge-PV cell (thanks to the improved shunt resistance and
reduction of the saturation current density). Nonetheless, even though the increment of the number
of pulses improves diode behavior, the improvement is rather moderate, and it seems to saturate in
Al metallized samples after a certain number of pulses which is dependent on the aSiC thickness.
Furthermore, local ideality factors higher than 2 are observed in all samples except the one with
thin aSiC metallized with PdTiPdAg.

N◦ of pulses 45nm SiC
PdTiPdAg

45nm SiC
Aluminum

180nm SiC
PdTiPdAg

180nm SiC
Aluminum

3 2,3 3,2 2,7 3,6
6 2,0 2,7 2,3 3,3
9 1,9 2,5 2,3 3,3
18 1,6 2,3 2,4 3,2
36 1,5 2,3 2,9
64 2,3 2,3
100 2,3 2,3

Table 4.4: Comparison between the local ideality factor at 0.2V of thin and thick SiC samples metallized with
PdTiPdAg and Al. Results extracted from Fig. 4.15.

In fact, even though worsening of the effective surface recombination velocity (Seff ) after laser
irradiation is much higher for the 3 pulse condition as compared with 100 pulses (i.e. 825 cm/s
and 542 cm/s for the low and high number of pulses, respectively, as shown in Fig. 4.17), a high
degradation of surface passivation is observed for both laser pulse conditions, since the surface
recombination at the laser contacts (Scont) estimated by Fischer’s model (4.2.2) is always higher
than 1 · 104 cm/s. It is worth mentioning that Scont obtained in this work are rather higher as
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compared with the ones achieved for n-type emitter formation in c-Si based on the same SiC
stack, which are in the range of 2850 cm/s [96]. Actually, the high Scont found in our experiments
corresponds to a very highly damaged emitter, with an emitter saturation current density Je01 in
the order of 1-2 mA/cm2. As a matter of fact, since TPV cells will work under high irradiance
spectrum, Seff has been also evaluated at higher level of injection (5 · 1015 cm-3). In this case,
slightly lower Je01 in the order of 0.6-0.9 mA/cm2 are found. However, special care should be taken
when considering high injection levels, since Auger recombination can lead to misleading results. It
is believed that the higher damage observed in this work as compared with laser irradiation of SiC
in c-Si could be explained by a higher mismatch between the thermal expansion coefficient of c-Ge
and SiC, which increases the likelihood for laser-induced defects.

Impact of aSiC thickness and metallization

The results indicate that the best diode behavior is obtained for samples irradiated with a large
number of pulses having 45 nm aSiC and using PdTiPdAg metallization. Regardless of the number
of pulses, increasing aSiC thickness or using Al, increase leakage current and series resistance losses
and reduces shunt resistance (see Fig. 4.9).

Furthermore, for samples metallized with PdTiPdAg with the 45 nm aSiC, increasing the number
of pulses is particularly beneficial, resulting in a leakage current several orders of magnitude lower
and in an increased shunt resistance at the highest number of pulses (Fig. 4.9). We believed that
using a large number of pulses could be a necessary condition to achieve both, a better redistribution
and activation of dopants, and also good epitaxial recrystallization, since a noticeable increment
in terms of activation and crystallinity was observed in Chapter 3 as the number of pulses was
increased when LD is performed on passivated-Ge wafers. This could be a consequence of the high
amount of Si and C incorporated in the sample, being the incorporation of impurities initially at
interstitial sites hindering effective epitaxial recrystallization of Ge (see Chapter 3).

Conversely, increasing the number of pulses has a rather small impact in the case of Al-metallized
samples (regardless of theaSiC thickness) and PdTiPdAg-metallized samples with 180 nm aSiC
(Fig. 4.9). The improvement of the local ideality factor for a large number of pulses observed for
all samples seems to saturate in Al-metallized samples after a certain amount of pulses (table 4.4),
further confirming our finding. A possible explanation for the small impact of the number of pulses
in Al samples could be the presence of Al spikes which induce shunting if they penetrate deeper
than the depth of the pn junction. The small impact observed in PdTiPdAg samples with the 180
nm aSiC could be explained by the higher amount of Si and C contained in the dielectric layer
as compared with the 45 nm aSiC, which is incorporated in the sample during laser irradiation,
hindering the activation of phosphorus and most probably increasing the amount of laser-induced
defects.

4.4 Experimental II: Localized ohmic contact formation
4.4.1 Methodology
Sample preparation for ohmic contact formation

To characterize the LFC process, 180 ± 1 Ω·cm p-type Ge wafers have been used. The
preparation of samples shown in Fig. 4.18, consist on a first step to deposit the dielectric passivating
SiC stack by PECVD. The stack is composed of: intrinsic a-SixC1−x:H (22 nm)/n-type doped
a-SixC1−x:H (15 nm)/intrinsic aSiC, as in the experiments used to create n+ regions, where the
n-type doped a-SixC1−x:H is used as a dopant source. For LFC experiments, the n-type doped
a-SixC1−x:H is kept in order to analyze if overcompensation of n-type doping by Al diffusion during
LFC is possible, since it would be a requirement for the fabrication of IBC cells. In this regard, two
different Al thicknesses have been tested for the front side: 1 and 2 µm deposited by e-beam. At
the back side, 500 nm of Al are deposited directly to the p-type Ge for ohmic contact formation.
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Afterwards, laser irradiation with Nd:YVO4 has been carried out at the front side in squared metal
areas of 2x2 mm2, keeping always fixed the repetition rate at 20 kHz and the laser current at 4 A.
In order to optimize the specific contact resistance, the impact of the average laser power (varied
by changing the attenuator aperture) and the number of pulses have been analyzed.

Figure 4.18: Experimental procedure for the fabrication of LFC contacts.

In the first set of experiments (2 µm Al), the two different aSiC thicknesses studied in the LD
experiments for emitter formation, 45 and 180 nm were again analyzed. The average laser power
and the number of pulses were varied between 40-77 mW and 2-10-100-1000-10000 pulses.

In the second set of experiments, the reduction of the Al thickness up to 1 µm was investigated
for the 45 nm SiC sample. This thickness reduction is helpful not only in terms of material savings
but will also allow to substitute the e-beam Al deposition by thermal evaporation of Al, which
can result in less deterioration of the surface passivation. In this set of experiments, the laser
power was varied between 22 and 68 mW, with the number of pulses varied only up to 100 pulses
(2-4-8-10-100), since giving extra pulses of what is needed is expected to increase the damage,
enhancing recombination at the contacts by the presence of cracks due to thermal stress in the
semiconductor [91], and it would also increase the processing time.

Laser spot area and Al content in the laser crater

Scanning Electron Microscope has been used in order to determine more precisely the internal
radius of the laser spot depending on the laser power condition used, since a small variation of this
parameter can affect the accuracy of the calculations to determine the specific contact resistance
(ρc) from electrical measurements (see 4.4.1). These measurements were carried out with a JEOL
6400 JSM microscope installed at Centro Nacional de Microscopía Electrónica.

In addition, energy-dispersive x-ray spectroscopy (EDX) measurements were also performed in
the same microscope, in order to assess the effectivity in the incorporation of Al to the laser crater
as a function of the laser condition used. These measurements have a predicted accuracy of about
5%.
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Specific contact resistance

To evaluate the quality of the contact at the semiconductor/metal interface, electrical measure-
ments were carried out using a four-probe configuration to prevent ohmic losses in the wires. For
each laser condition, at least 3 matrixes with a different number of spots have been fabricated, with
the aim of accurately estimating the resistance of one single LFC contact, according to the method
described in 4.2.4, from which the specific contact resistance can be estimated.

In the set of experiments performed with 2 µm, matrixes containing 8x8, 10x10 and 13x13
spots which correspond to pitch distances of 250, 200 and 150 µm, respectively, were fabricated
using a different metallized square for each matrix. In contrast, in the second set of experiments,
the number of spots was changed to 4x4, 7x7 and 13x13 spots (at distances of 600, 300 and 150
µm), which allows to include all the different matrixes for the same laser condition in the same
metallized square, one inside another, improving material savings. It should be pointed out, that the
number of spots in the matrix can be changed without compromising the estimation of one single
LFC spot, provided that the minimum distance between the LFC contacts used allows considering
them independent from each other [80]. Following the calculation proposed by Fischer, and taking
into account the maximum internal contact radius and the wafer’s characteristics used in these
experiments (resistivity and thickness), the minimum distance kept between spots in both sets of
experiments (150 µm) is estimated to be inside the range to consider the spots independent from
each other.

Furthermore, special attention should be also paid to the implication of small variations in
resistivity and thickness from wafer to wafer, and also to the plausible errors in the estimation of the
radius of the laser spot, which can lead to misleading estimation of the specific contact resistance
(ρc). In this regard, to understand the degree of certainty in ρc’s calculation, an error analysis
has been performed and included in the experimental discussion regarding LFC experiments. The
errors have been calculated by introducing eq. 4.16 into eq. 4.17 (see 4.2.4):

ρc = RLFC · πr2 − ρπr2

2πr · arctan
(

2W
r

)
= RLFC · πr2 − ρr

2 · arctan
(

2W
r

)
(4.18)

and then taking partial derivatives with respect to ρb, W and r:

∣∣∣∣∂ρc∂r
∣∣∣∣ = 2π · r ·Rspot − arctan

(
2W
r

)
+ Wρbr

r2 + 4W 2 (4.19)
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(4.20)

∣∣∣∣∂ρc∂ρb
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2 · arctan
(

2W
r

)
(4.21)

Considering an experimental error in the determination of the radius, the thickness and the
resistivity in the order of: ∆r=1 µm, ∆W=8 µm and ∆ρb= 0.1 Ω·cm, respectively, all the parameters
needed for the final determination of ∆ρc are known:

∆ρc =
∣∣∣∣∂ρc∂r

∣∣∣∣ ·∆r +
∣∣∣∣ ∂ρc∂W

∣∣∣∣ ·∆W +
∣∣∣∣∂ρc∂ρb

∣∣∣∣ ·∆ρb (4.22)
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4.4.2 Results: Ohmic contact formation
Laser spot area

In figs. 4.19 and 4.20, the morphology of the laser spots for increasing laser power and number of
pulses, respectively, is shown. As it can be seen all contacts exhibit a distinct inner crater and outer
ring, with material from the crater expelled to the surroundings. As the laser power is increased
both the external and internal radius of the laser spot increases, as shown in Fig. 4.21, following a
tendency that can be fitted by a polynomic regression. In the case of the number of pulses, a more
stable behavior is observed for the measured radius, with small differences for increased number of
pulses (not shown). In addition to the increment of the laser spot area, also the splashes of molten
Ge seem to increase as the laser power or the number of pulses are increased.

Figure 4.19: SEM image of the LFC spots as a function of the laser power for 2 pulses.

Figure 4.20: SEM image of the LFC spots as a function of the number of laser pulses for 49 mW laser power.
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Figure 4.21: External and internal spot radius as a function of the average laser power.

Al content in the laser crater

Fig. 4.22 shows the atomic Al % in the laser crater as a function of the laser power and the
number of pulses, keeping fixed one of them. The results indicate a reduction of the atomic Al %
at the center of the spot as the laser power is increased for samples irradiated with 2 pulses. When
keeping constant the laser power to 49 mW, a tendency of decreasing atomic Al % is observed when
increasing the number of pulses from 2 to 8. Afterwards, an increase in the incorporation of Al to
the laser spot is observed at 10 pulses, with intermediate levels of atomic Al % found for 100 pulses.

Apart from Al and Ge, Si coming from the SiC stack have been also detected after laser
irradiation in the external part of the laser spot crater, with percentages between 1-5 % depending
on the laser condition used and the x-axis position, as shown in Fig.4.23.

Figure 4.22: EDX analysis of LFC spots: Atomic Al as a function of a) power and b) pulses.
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Figure 4.23: EDX analysis of LFC spots: Atomic Al and Si %.

Specific contact resistance

Fig. 4.24 shows the specific contact resistance as a function of the average laser power and the
number of pulses, for samples metallized with 2 Al µm for the thin and thick aSiC layers. As it can
be seen, both aSiC thicknesses show minimum values of ρc at the lowest number of pulses (2 pls),
excepting the case of using the lowest laser power conditions. In the case of the thin aSiC stack, a
noticeably decreased of ρc is observed at 48 mW as compared with 40 mW. Concerning the thick
aSiC stack, the huge decrease in ρc occurs at an average laser power of 57 mW.

Similarly, Fig. 4.25 shows the results from the specific contact resistance as a function of the
laser condition for the thin aSiC layer for samples metallized with 1 Al µm. As it can be observed,
minimum values for ρc are achieved for the minimum number of pulses (2 pls), with increasing ρc
as the number of pulses is increased up to 10, with a moderate decrease for 100 pulses. Regarding
the laser power, minimum ρc results are in general achieved for intermediate laser power ranging
from 49 mW up to 59 mW, especially in the case of using the minimum number of pulses (2).

In order to determine if ρc values reached in our optimization are close to the physical limits,
the normalized resistance of a single LFC spot (rLFC) has been plotted in Fig. 4.25 together with
the normalized spreading resistance (rspread) limit. rLFC close to the rspread limits are achieved
for 2 laser pulses and average laser power from 49 mW to 59 mW. In contrast, when increasing the
number of pulses up to 10, the distance between rLFC and the rspread limit is increased. Afterwards,
for the 100 pulses series, a reduction of the difference between rLFC with respect to rspread limit is
observed independently of the laser power.
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Figure 4.24: Specific contact resistance for the thin and thick aSiC stack as a function of the laser average power and
the number of pulses for 2 Al µm.

Figure 4.25: Specific contact resistance as a function of a) the number of pulses and b) the laser power, for the thin
aSiC stack and 1 µm of Al.

124



Figure 4.26: Normalized laser-fired contact resistance (rLF C) and the normalized spreading resistance limit
(rspread), as a function of a) the number of pulses and b) the laser power, for the thin aSiC stack and 1 µm of Al.
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4.4.3 Discussion
Impact of laser power: samples with 1 µm Al

Regardless of the number of pulses, minimum values for the specific contact resistance (ρc) are
generally achieved for intermediate laser power ranging from 49 mW up to 59 mW, being the major
influence of the laser power observed when the minimum number of pulses (2) is used. In that
case, the minimum and maximum laser power conditions (i.e. 22 and 69 mW, respectively) results
in ρc above 1 · 10−2 Ω cm2 (see Fig. 4.25), suggesting a worsening of the electrical quality of the
contact. In fact, when evaluating the normalized resistance of a single LFC spot -rLFC - (Fig. 4.25),
which includes not only the contact resistance at the metal-semiconductor interface but also the
current distribution to the bulk -rspread- (4.2.4), it can be seen that whereas rLFC close to the
rspread limits are achieved for average laser power from 49 mW to 59 mW for an optimum number
of pulses, minimum and maximum laser power conditions are very far away from the physical limits
independently of the number of pulses used. This means, that for optimum laser power rLFC is not
limited by ρc.

This worsening of the electrical quality of the contact at the metal/semiconductor interface at
too large or too small laser powers could be explained by lower incorporation of atomic Al % in the
contact, accordingly to the results from EDX shown in Fig 4.22, which indicates that increasing
the laser power results in a reduction of the atomic Al % at the center of the spot in the studied
range. It is known that at high laser power conditions, the Al layer can be partially evaporated,
leading to lower incorporation of Al in the laser contact; whereas when using too low power, only
the surface of Al melts, and proper alloy formation is not likely to occur [44]. Since alloying of Ge
and Al is required for proper ohmic contact, both the reduction of Al due to evaporation at high
power conditions or the insufficient depth of melting at low power can lead to low or unpredicted
contact quality due to inadequate alloying [97]. This mechanism could explain the high rise of ρc
for the highest power condition (69 mW). However, it should be pointed out that since a higher
crater depth is also expected for higher laser power conditions, the results should be taken with
extra caution, as the detection of Al at higher depths can be more difficult to assess.

It is worth mentioning that apart from Al and Ge, Si coming from the SiC stack has been also
detected after laser irradiation in the perimeter of the laser spot, with percentages between 1-5 %
depending on the laser condition used and the x-axis position, as shown in Fig.4.23. However, in
these preliminary results, a clear tendency with the laser power could not be cleared up and the
exact implications of this percentage of Si in the laser spot area should still be determined.

Impact of the number of pulses: samples with 1 µm Al

In terms of the number of pulses, minimum values for ρc are achieved for the lowest number of
pulses (2 pls), with increasing ρc as the number of pulses is increased up to 10, with a moderate
decrease for 100 pulses, for all laser power conditions between 49 and 59 mW (see Fig. 4.25). An
exception to this occurs in samples where the minimum and maximum laser power conditions
(i.e. 22 and 69 mW) were used, whose distinguishing features have been discussed in the previous
section.

Accordingly to the best results found in ρc as a function of the number of pulses, 2 pulses
condition is the one with rLFC closest to the rspread limit for a wider range of average laser power,
with values pretty close to the physical limit (see Fig.4.26 panel b), which highlights the good
electrical quality of the contact achieved. In contrast, when increasing the number of pulses up to
10, the difference between rLFC and the rspread limit is noticeably increased, indicating a worse
contact resistance at the semiconductor/metal interface which further limits rLFC . Afterwards, for
the 100 pulses series, the difference between rLFC and rspread limit is reduced independently of the
laser power, but with worse results as compared with the series of 2 laser pulses (except for the
case of a laser power of 42 mW, which is the second-lowest laser power condition, and for which
more pulses with respect to optimum power conditions are expected to be needed).
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The tendencies found for ρc and rLFC could be partially explained by analyzing the Al %
content in the laser crater. It has been seen that atomic Al % decreases from above 6% to 1% when
the number of pulses increase from 2 up to 8, in agreement with the worsening in ρc observed in Fig.
4.25 from 2 to 10 pulses. However, an unexpected increase in the incorporation of Al to the laser
spot is observed at 10 pulses, which cannot explain the further increase of ρc found at 10 pulses.
Nonetheless, cross-contamination with Ca, K and Cl (common contaminants in Al pellets) was
revealed only for 10 pulses laser condition in EDX measurements, suggesting that the deterioration
of the electrical behavior in this case could be related to that fact. Finally, the intermediate levels
of atomic Al % of around 5% found out for 100 pulses seem to be again in agreement with the
electrical results, since the series of 100 pulses is the second one after 2 pulses demonstrating the
lowest values for ρc. Thus, it seems that a general tendency of reduced ρc for higher Al contents is
seen, in agreement with the literature [46], if the exception happening at 10 pulses is disregarded.

Another possibility for the highest ρc found at 10 pulses for most of the laser power conditions
could be related to differences in the three-dimensional contact geometry of the laser crater as
compared with other laser pulse conditions. It was found in the literature, that for a similar size
of the inner crater, differences in the total contact resistance are expected for hemispheres and
half-ellipsoids laser crater geometries because they affect the contact area at the LFC/semiconductor
interface [97].

Impact of aSiC thickness and Al thickness

Both Al thicknesses tested, 1 and 2 µm, have demonstrated similar minimum values of ρc around
2 · 10−4 Ω cm2 for the best laser conditions (see Figs. 4.25 and 4.24, respectively). For both sets of
experiments, the best results in terms of ρc are achieved by using 2 pulses for a wide range of laser
power conditions. In fact, a laser power threshold to minimize ρc when 2 pulses are given is found
regardless of the Al thickness when increasing the laser power from 42 to 49 mW for the thin aSiC
sample. Nonetheless, some differences between using 1 and 2 µm Al were found in terms of the best
laser power condition. Whereas the highest laser power (68 mW) used for thin aSiC in combination
with 2 laser pulses were the best conditions to minimize ρc in the 2 µm Al metallized sample, a
big worsening of ρc for 1 µm Al metallized sample was found for same laser conditions, suggesting
that when the Al thickness is reduced also the maximum laser power that can be applied should be
reduced, which might be a consequence of a lower attenuation of the laser energy for the latter.

Regarding the thickness of the aSiC layer, compared in the 2 µm Al metallized set of experiments,
almost negligible differences in terms of ρc are observed for best laser conditions (see Fig. 4.24).
Both samples showed similar tendencies with the number of pulses, with a higher influence of the
laser power observed for the thin aSiC layer. Nevertheless, ρc was strongly influenced by the laser
power for both samples at the minimum number of pulses (2 pulses). A big improvement in ρc
is observed at 2 pulses when increasing the power from 40 to 48 mW in the thin aSiC and from
48 to 57 mW in the case of the thick aSiC layer. The best laser conditions were in both cases the
highest laser power (68 mW and 77 mW, for the thin and thick aSiC, respectively) together with
the minimum number of pulses (2 pls). It should be noted that generally, slightly higher laser
average power is needed for the thick aSiC thickness as compared with the thin stack in order to
obtain similar results, similarly to the higher laser power necessary to reduce ρc in the case of thick
Al thickness.

4.5 Conclusions
4.5.1 Local emitter formation

• Diodes showing rectifying behavior have been achieved for the thin (45 nm) and thick (180)
aSiC thicknesses, when using the n-type doped SiC stack as a dopant source, for laser power
conditions between 3-22 mW and 3 to 100 pulses, with contact to n-type Ge based on
PdTiPdAg and Al metals. However, diode behavior is far from ideal, with shunting issues
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revealed from the fittings of the dark JV curves by the one- and two- diode model, with good
agreement between the different fitting methods used, which showed maximum rshunt in the
range of 100 Ω cm2.

• In terms of laser conditions, the minimum laser power (3 mW) and the highest number of
pulses (36 or 100 pls depending on the set of experiments), seem to improve diode behavior
in terms of recombination and shunting in the four sets of experiments. The results from
the dark JV curves and the fittings are further confirmed by the reduction in the local
ideality factor at 0.2 V observed for all sets of samples as the number of pulses is increased.
However, the improvement is moderate, and more strategies to improve performance are
needed. Calculations of the laser-induced damage based on QSSPC measurements before
and after laser processing following Fischer’s model, indicate that a highly damaged emitter
is created for low and high number of pulses at the minimum laser power, with emitter
saturation current in the range of mA/cm2. The high level of damage induced could be
explained by the use of an excessive energy fluence in our experiments. Estimation of the
damage threshold of the material by Liu’s method, suggests that lower energy fluences should
be used in order to avoid excessive material ablation and extended thermal damage. While
the minimum energy fluence used was in the order of 376 mJ/cm2, the energy threshold of the
material is in the order of 140-160 mJ/cm2. According to the literature, values close to the
thermal energy fluence are the ones resulting in better electrical behavior for emitters created
by LD [46]. Since the laser power cannot be reduced to a greater extent, other strategies to
reduce energy fluence, such as increasing laser spot size, or the implementation of a second
attenuator or filter in the laser system should be considered.

• Comparing both metal schemes, better contact resistance is achieved for PdTiPdAg in all
cases, regardless of the aSiC thickness and the laser conditions used. Moreover, lower leakage
current, higher shunt resistance, and lower local ideality factors (at 0.2 V), were also achieved
for PdTiPdAg as compared with Al metallized diodes. The latter could be explained by the
presence of Al spikes, which can degrade the diode characteristics.

• Some differences between the two aSiC thicknesses are also found, with increased leakage
current and series resistance losses, and lower shunt resistance obtained when increasing aSiC
thickness from 45 to 180 nm, regardless of the metal scheme. Furthermore, attending to the
local ideality factor curve, the 45nm aSiC thickness in conjunction with the PdTiPdAg metal
stack, is the only diode resulting in local ideality factors lower than 2 at 0.2 V (i.e. 1.5 for
3 mW and 36 pulses). The worsening of the diode behavior for increased aSiC thickness is
believed to be caused by the higher amount of Si and C contained in the dielectric layer, which
is likely to be incorporated in the sample during laser irradiation, hindering the activation of
phosphorus and increasing the likelihood for laser-induced defects.

4.5.2 Ohmic contact formation
• Both Al thicknesses tested, 1 and 2 µm, with 45 or 180 nm dielectric aSiC, have been

demonstrated to be effective to overcompensate n-type dopants from the SiC stack, successfully
creating ohmic contacts with minimum values of ρc around 2 · 10−4 Ω cm2 for best laser
conditions for all set of experiments.

• Regarding the thickness of the aSiC layer, compared in the 2 µm Al metallized set of
experiments, negligible differences in terms of ρc are observed for best laser conditions. Both
samples (45 and 180 nm aSiC) showed similar tendencies with the number of pulses, with a
higher influence of the laser power observed when the thin aSiC layer or when the minimum
number of pulses (2 pulses) are used, regardless of the aSiC thickness. Furthermore, a
threshold in laser power to reduce substantially ρc after 2 pulses is observed for both thickness
(from 40 to 48 mW in the thin aSiC and from 48 to 57 mW in the case of the thick aSiC
layer). The best laser conditions were in both cases the highest laser power (68 mW and 77
mW, for the thin and thick aSiC, respectively) together with the minimum number of pulses
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(2 pls). It should be noted that generally, slightly higher laser average power is needed for the
thick aSiC thickness as compared with the thin stack in order to obtain similar ρc.

• In the case of 1 µm Al metallized sample, intermediate values of the laser power (49-59 mW)
in conjunction with 2 laser pulses resulted in minimum ρc values of about 2 · 10−4 Ω cm2.
The big improvement in ρc at 2 pulses occurred again in the same range of laser power (42-49
mW) than for the thin aSiC sample with 2 µm of Al. Conversely, the highest laser power
condition (69 mW), which was the best condition for the 2 µm Al metallized sample, resulted
in a big worsening of ρc for 1 µm Al metallized sample when using 2 laser pulses, suggesting
that when the Al thickness is reduced also the maximum laser power that can be applied
should be reduced.

• The formation of a Ge-Al alloy is confirmed by EDX measurements, proving the formation
of a localized back surface field by means of LFC method. Furthermore, it seems that a
correlation between the atomic Al content (%) with reduced values of ρc exists, if disregarding
the sample of 10 pulses condition, which showed contamination with common impurities of
Al pellets. Moreover, the exception for the tendency found at 10 pulses could be also related
to a different three-dimensional geometry as compared with other pulses conditions, which
could result in a lower effective area connected with the surrounding metal.

• The calculation of the normalized resistance of a single LFC spot for 1 µm Al metallized sample
(rLFC) suggest that for best laser conditions, ρc is mainly limited by rspread, confirming the
quality of the contact formed by LFC.
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CHAPTER 4. LOCALIZED DOPING FOR PV CELL FABRICATION WITH A NDYVO4
LASER
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Chapter 5

Conclusions and future work

The primary aim of this Ph.D. thesis is to set the path for the development of low-cost high-
efficiency Ge-TPV cells for applications in industrial waste heat-recovery and energy-storage systems.
To that end, we propose the use of an interdigitated back contact TPV cell architecture, which
theoretically allows higher conversion efficiencies thanks to the boosted photogenerated current
achieved by zero shadowing losses at the front side and series resistance losses minimization by a
high electrode covered area at the back-side. Laser doping in the melting regime (PLM) is proposed
to achieve the simultaneous opening of the dielectric layer and doping underneath, allowing the
minimization of the fabrication complexity associated with IBC cells manufacturing. Additionally,
enhanced TPV cell’s efficiency thanks to the use of PLM when localized contacts are implemented
is expected, thanks to the creation of a high reflectance BSR, which allows photon recycling to
the TPV emitter due to the high contrast in the refraction index in the metal/dielectric structure
which covers the majority of the area. In order to start the development of Ge-IBC-TPV cells, the
key steps of surface passivation and local electron and hole selective contacts’ formation have been
studied and developed.

5.0.1 Conclusions
In order to reduce front surface recombination velocity in c-Ge substrates, the optimization

of the deposition conditions of an intrinsic a-SixC1–x :H/a-SiC (SiC stack) and a pre-cleaning
treatment based on HCl and in-situ H2 plasma have been carried out, analyzing also the impact of
a subsequent annealing step. The effectiveness of the passivation has been characterized by the
quasi-steady-state photoconductance decay (QSSPC) technique. Since this technique was originally
developed for c-Si, the conditions to adapt it to c-Ge were also explored in a collaborative work
between IES and UPC. The results of this work are:

1. To obtain a reliable measurement of τeff , the effective diffusion length must be longer than the
thickness of the c-Ge substrate to ensure that the excess carrier density profile is flat enough
to involve both surfaces. To improve measurement accuracy, a Ge photosensor is desirable,
the optical factor must be known (to that end, the use of a LED array to calibrate the QSSPC
measurements is proposed), and Si electron and hole mobilities must be substituted by Ge
mobilities to properly convert photoconductance in carrier density.

2. Excellent surface passivation of c-Ge has been achieved for optimum SiC stack deposition
and pre-cleaning conditions, with effective lifetimes higher than 600 µs and 1400 µs, for
lowly doped n-type c-Ge (1 Ω cm) and intrinsic c-Ge wafers. These results are in the range
of the best ones achieved in the state-of-the-art for the same c-Ge substrate doping levels.
The estimation of the upper limit for the surface recombination velocity in n-type wafers,
indicates maximum SRV in the order of 14.5 cm/s, further confirming the good quality of
the passivation achieved. A slightly lower effective lifetime, in the range of 300-400 µs, has
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been achieved for lowly doped p-type Ge substrates (1 Ω cm). However, a higher amount of
blistering was observed during the passivation of the p-type Ge set of samples, which could
partially explain the lower effective lifetimes.

3. The use of an in-situ H2 plasma after HCl pre-cleaning, has been determined as a critical
step necessary to achieve high effective lifetimes, since c-Ge samples undergoing just the
pre-cleaning in step in HCl showed un upper limit for the maximum achievable effective
lifetime in the order of 100 µs, independently of the temperature used for SiC stack deposition
by PECVD. Optimum plasma cleaning time in the range of 35-50 seconds has been found out.

4. For the optimization of the deposition temperature of the SiC stack by PECVD, three different
temperatures were tested: T1, T2 and T3 (with T3 > T2 > T1, being T3 ≤ 300 °C), which
resulted in maximum effectively lifetimes of 34, 143 and 637 µs, respectively, revealing the
huge influence of this parameter on the maximum achievable effective lifetime. Since the
deposition of hydrogenated layers by PECVD at higher temperatures is known to result in
lower hydrogen content inside the film, leaving a higher amount of Si dangling bonds and
defect centers without passivation, a higher fixed charged in the SiC stack is suggested as the
main explanation for the higher effective lifetimes at increasing deposition temperatures.

5. The stability of the SiC stack for layers deposited at T1 and T3 was analyzed by subjecting
the passivated-Ge samples to a rapid thermal annealing in forming gas for 60 seconds, with
annealing temperatures ranging from 250 to 500 °C. An enhancement of the effective lifetime
was observed in all cases, independently of the deposition temperature used, reaching a
maximum τeff at a certain annealing temperature after which lifetime decreases, even if it
remains above the one of the as-deposited sample. The onset for degradation was slightly
different depending on the deposition temperature, with maximum effective lifetimes achieved
at temperatures in the order of 400 °C and 450 °C for SiC deposited at T1 and T3, respectively,
and deterioration of the passivation for temperatures above. Nonetheless, blister formation
was enhanced with respect to as-deposited wafers in samples with SiC deposited at low
temperature (T1), with blistering already starting at annealing temperatures above 300
°C. On the other hand, no blistering enhancement was observed for SiC deposited at high
temperature (T3) up to temperatures of 500 °C. Thus, not only higher effective lifetimes but
also higher thermal stability was achieved for SiC deposited at the highest temperature (T3),
which has been set as the optimum deposition temperature.

6. The influence of annealing time has also been analyzed, suggesting a thermally activated
reaction for the surface passivation mechanism, associated with an enhancement of the
effective lifetime which tends to saturate earlier as the annealing temperature is increased.
An activation energy in the order of 1.8 eV has been calculated, which is much higher than
the one associated with Si-H bond rupture (0.6 eV), suggesting that decreasing hydrogen
content in the SiC stack has no direct impact on the Ge surface passivation quality. A higher
thermal stability mechanism, such as field-effect passivation, could be linked to the higher
activation energy observed.

7. Preliminary analysis of capacitance-voltage measurements in n- and p-type Ge wafers, before
and after annealing, indicates a reduction of the density of interface states upon annealing
and confirms the field-effect passivation. Moreover, considering the voltage shift in the CV
curves, the amphoteric behavior of SiC on c-Ge substrates was demonstrated, with positive
and negative charges found out for n- and p-type c-Ge substrates, respectively.

8. In spite of the high effective lifetimes with low surface recombination velocities reported in our
work, it should be pointed out that blistering effect in the passivating a-SixC1–x :H/a-SiC stack
supposes a negative constrain for TPV device fabrication, which needs further investigation
to be overcome.

A comparison between the use of two different dopant sources, Phosphorus Spin on Dopant
(SoD) solution (deposited on bare or passivated-Ge wafers) and an n-type doped SiC stack, is
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performed using an excimer laser KrF to create homogeneous emitters in large areas (5x5 mm2).
An optimization of the emitter’s properties was conducted by changing the laser energy fluence and
the number of pulses. The influence of the laser parameters was assessed by evaluating its impact
on the phosphorus surface chemical dopant concentration, the level of electrical activation, and the
likelihood for laser-induced defects, being the key findings for each technology:

• P-SoD on bare c-Ge wafers of 1 Ω cm:

1. Energy fluences in the range of 750 and 850 mJ/cm2 have been assessed as the most appropriate
to get a high level of electrically active dopant concentration at the surface since higher fluence
shows severe out-diffusion at a relatively low number of pulses and lower fluence results in a
surface doping concentration below 1019 cm-3. 16 pulses should be used to achieve the highest
electrical activation.

2. The electrical activation is nearly 100% up to chemical concentrations of around 1 · 1019 cm-3,
above which the active concentration tends to lower with respect to the chemical one and
eventually saturates to a concentration level of about 1.5 · 1019 cm-3. This saturation behavior
is believed to be linked to the formation of dopant-dopant-vacancy clusters.

3. The laser irradiation process has introduced any relevant detrimental effect for device fab-
rication, as confirmed by HRXRD and VdP-Hall measurements, with Hall mobility values
between 346-463 cm2/Vs, following the expected values for the level of activation achieved.

• P-SoD on passivated-Ge intrinsic wafers:

1. A higher electrical activation was achieved by using 950 mJ/cm2 as compared with 750 and
850 mJ/cm2, independently of the number of pulses used, indicating that a higher energy
fluence on passivated-Ge wafers as compared with bare c-Ge wafers should be used in order to
increase electrical activation. Regarding the optimum number of pulses, a threshold above 4
pulses has been determined, from which the electrical activation drastically improves, meaning
that at least 8 pulses should be given for reaching high donor activation, with best results
obtained for 16 pulses.

2. The laser conditions leading to the highest activation (950 mJ/cm2 and 16 pulses) resulted in
an electrical P dose of 3.5 · 1014 cm-2 as compared with a chemical dose of 5.5 · 1014 cm-2.
The lower activation, as compared with PLM based on SoD in bare c-Ge wafers, could be
explained by the high amount of Si and C incorporated coming from the SiC-passivating
stack.

3. Similarly to the electrical activation, crystalline quality is improved at over 8 pulses, as
deduced from c-RBS and HRXRD measurements, with the higher level of crystallinity being
also obtained for 16 pulses. In agreement with the improvement of crystallinity observed as
the number of pulses is increased, the only sample following the dependence of the mobility
on the free carrier concentration is the sample irradiated with 16 pulses. Additional scattering
of carriers, when less than 16 pulses are used, might be caused by laser-induced damage.
TEM measurements have further confirmed the improvement in crystallinity as the number
of pulses is increased, since a polycrystalline region near the surface has been found out for 1
pulse irradiated sample, with monocrystalline near-surface already at 8 pulses.

4. EDX measurements have confirmed that a SiGe layer has been unintentionally formed in the
near-surface region, as a consequence of the diffusion of Si from the phase separation of the
insulating SiC stack during laser irradiation. The impact of this layer on device performance
should be further investigated.

5. A diode has been fabricated as a proof-of-concept of the technology using the optimum laser
conditions (950 mJ/cm2 16 pulses), with contact formation made by using aluminium and
Pd/Ti/Pd/Ag for p- and n-type contacts, respectively, without any annealing step. Rectifying
behavior has been achieved. The obtained series resistance, of 8.66 mΩ cm2, demonstrates
that the laser doped n+ region and its metal contact permit the electron transport through
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them with low ohmic losses. However, very low shunt resistance (3 Ω cm2) has been observed,
which could be explained by the formation of microcracks on the laser-doped region, providing
a path for the metal to be in direct contact with the p-type c-Ge substrate inducing shunts.
Moreover, a large saturation current, in the order of 8.4 · 10−3 A/cm2, was obtained, which is
higher than the ones reported in the literature for ideal diffusion currents which are in the
order of 1 · 10−5-1 · 10−6 A/cm2. Nevertheless, improvements in terms of ideality factor and
saturation current densities can be expected at the device level since the laser processed area
will be reduced to 1-5%.

• n-type doped SiC stack (PassDop) wafers:

1. Optimum laser conditions: For all energy fluences in the range of 550-950 mJ/cm2, activation
increases as the number of pulses is increased from 1 to 100, with similar results in terms
of activation for different energy fluences above 4 pulses. A high number of pulses (i.e.
36-64-100), independently of the energy fluence in the studied range, must be used in order
to maximize activation. Active dose higher than 1 · 1015 cm-2 were achieved for 750 mJ/cm2

and 100 pulses.

2. Laser-induced defects: Laser-induced defects are suggested from c-RBS measurements, due to
the high yield signal approaching the one for the rotation random measurement, for certain
laser conditions (i.e. usually for a number of pulses < 16 pulses). Similarly to what happened
for laser irradiation of P-SoD on passivated-Ge intrinsic wafers, an enhancement of the
crystalline quality is deduced from c-RBS and HRXRD measurements as the number of pulses
is increased, suggesting that depending on the laser energy fluence, a minimum number of
pulses is needed in order to achieve recovery of the laser-induced damage.

Taking into consideration the three sets of experiments performed, the following general conclu-
sions can be extracted:

1. Junction depth always increases for increased laser energy fluence and number of pulses. A
higher energy fluence results in an increase in the overall duration of the molten phase, with
higher diffusivity of elements as the number of pulses is increased, as a result of the diffusion
of atoms already incorporated during the first pulses.

2. The surface dopant concentration is highly dependent on the combination of the laser energy
fluence and the number of pulses. For a certain energy fluence, the surface concentration
is reduced for increasing number of pulses as a result of the diffusion and redistribution of
atoms. A lower number of pulses as the laser fluence is increased should be used in general in
order to avoid P-out diffusion on bare c-Ge wafers.

3. Level of activation in the range of 7 · 1018 − 1 · 1019 cm-3 has been achieved for the SoD
dopant source in conjunction with PLM, on bare or passivated-Ge samples. Although the
electrically-active P concentration could not be determined for the PassDop technology, the
higher active dose with respect to the ones achieved for SoD, for the same laser conditions,
suggests a higher dopant efficiency for PassDop technology. Moreover, the use of SoD implies
several disadvantages with respect to PassDop. First, a cleaning process in high concentrated
HF (10 %) must be used in order to remove the leftovers of the film after the laser processing,
whereas no additional treatment should be used in the case of PassDop technology. Secondly,
crack formation in the SoD layer prior to laser annealing has been observed when film thickness,
duration of the curing process, and relative humidity are not strictly controlled. Thirdly,
due to SoD’s ability for trapping moisture, etching pits, which can induce inhomogeneity
on the dopant distribution, are likely to appear when relative humidity is higher than 10
%. Therefore, the use of PassDop technology as a dopant source in conjunction with PLM
is the preferred option for device fabrication, especially when thinking about a potential
industrialization of this process.

4. Laser-induced defects were detected by c-RBS and HRXRD measurements when performing
PLM on passivated-Ge wafers (i.e. SoD on top of intrinsic SiC stack or PassDop technology)
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for certain laser conditions. In contrast, the use of SoD on bare c-Ge wafers seems not to
introduce any detrimental effect in the studied range, with carrier mobilities in agreement
with the ones expected for the level of activation achieved. Nonetheless, laser-induced defects
can be minimized or even avoided in Ge-passivated samples, which are the preferred option to
reduce fabrication complexity of IBC-TPV cells, when optimum laser conditions are chosen.
A higher dependency on laser-induced defects on the number of pulses as compared with
the energy fluence was found out, suggesting that a minimum number of pulses should be
given to achieve good epitaxial recrystallization after PLM. We believe that an effective liquid
phase epitaxial regrowth can be hindered at a low number of pulses for laser irradiation of
Ge-passivated samples (SoD on top of intrinsic SiC and PassDop technology), due to the high
Si and C content in the sample, or to the incorporation of impurities initially at interstitial
sites.

As a final step towards IBC fabrication based on laser-diffusion process, PLM has been used to
form local electron and hole selective contacts based on PassDop technology by using a Nd:YVO4
laser source with a gaussian spot of 6 µm. Different experiment conditions were used, combining
two different thicknesses of the SiC stack (45/180 nm) and two different metallization schemes
(PdTiPdAg or Al). In terms of electron selective contacts, the key findings are:

1. Diodes showing rectifying behavior have been achieved for the thin (45 nm) and thick (180)
aSiC layers, when using the n-type doped SiC stack as a dopant source (PassDop technology),
for laser power condition between 3-22 mW and 3 to 100 pulses, with contact to n-type Ge
based on PdTiPdAg and Al metal stacks. However, diode behavior is far from ideal in all
cases, with shunting issues revealed from the fittings of the dark JV curves, which showed
maximum rshunt in the range of 100 Ω cm2. Additionally, the presence of humps in the local
ideality factor curve, which is associated in the literature with regions of resistance-limited
enhanced recombination, is observed for all sets of samples and laser conditions used, with
high series resistance losses revealed by the high increase in the local ideality factor at high
forward bias. Optimization of the number of laser spots contained in each diode should be
carried out.

2. The minimum laser power (3 mW) and the highest number of pulses (36 or 100 pls depending
on the set of experiments) seems to improve diode behavior in terms of recombination and
shunting in the four sets of experiments. However, the improvement is moderate, and more
strategies to improve performance are needed.

3. Comparing both metal stacks, better contact resistance is achieved for PdTiPdAg in all cases,
independently of the aSiC thickness and the laser conditions used. Moreover, lower local
ideality factors at voltages of 0.2 V, which corresponds to the expected operating voltage
at the maximum power point under 1 sun conditions, were also achieved for PdTiPdAg as
compared with Al metallized diodes. In order to evaluate the local ideality factor at higher
voltages, interesting from the point of view of TPV cells working under high concentration,
optimization of the number of laser spots should be carried out first, since high series resistance
losses observed at high voltages in the local ideality factor curves for our current distribution
of spots (i.e.matrix of 15x15 spots separated 200 µm), hinders the analysis at higher voltages
at this moment.

4. Preliminary results show that 45nm aSiC thickness in conjunction with the PdTiPdAg metal
stack seems to perform slightly better than the 180 nm one, being the only diode resulting in
local ideality factors lower than 2 at 0.2 V.

5. Lower energy fluences than the ones used in these experiments should be used in order to
avoid excessive material ablation and extended thermal damage. While the minimum energy
fluence used was in the order of 376 mJ/cm2, the calculated energy threshold of the material
by Liu’s method is in the order of 140-160 mJ/cm2. Since the laser power cannot be reduced
to a greater extent in our current laser system, some modifications such as the incorporation
of an additional second attenuator or a filter might be necessary to reduce the energy fluence.
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6. Highly damaged emitter is created for low and high number of pulses at the minimum laser
power, with emitter saturation current in the order of mA/cm2. Thus, strategies to reduce the
level of damage after laser processing, such as chemical etching or thermal treatments, must
be implemented. Slightly lower surface recombination velocities and lower emitter saturation
current density were achieved by the 100 pulses irradiated sample as compared with 3 pulses,
in agreement with the better performance in terms of diode behavior observed for samples
irradiated with a high number of pulses.

It is believed that the main challenges associated with the local emitter fabricated by PLM in
this work based on PassDop technology are:

• The presence of laser-induced dislocations due to thermal expansion coefficient mismatch
between germanium and the overlying SiC stack.

• The formation of cracks due to thermally-induced stress at the semiconductor’s surface. If
cracks are sufficiently deep, they could form passageways between the metal and the base
region creating shunting paths.

• The appearance of holes in the dielectric SiC stack, when the dielectric window opened by
the laser is wider than the laser doped region so that an undoped Ge surface will be exposed.
This increases the recombination rate locally and results in additional conduction paths after
metallization, as the metal will directly contact the substrate.

• The unintentional introduction of large amounts of Si, C, and O in the recrystallized area,
whose role should be further investigated.

• The insufficient distribution of dopants caused by inadequate melting time, which could result
in a too shallow junction (more likelihood for shunting during post-metallization), or islands
of p-type on n-type regions, if the laser parameters are not carefully chosen.

To form the hole selective contact, the Laser-Fired Contact (LFC) method has been used, testing
different aluminum thicknesses in combination with the n-type doped SiC stack have been tested.
The laser conditions used for 2 µm Al were: laser power between 40-68 mW and 40-77 mW, for the
thin and thick SiC, respectively, and 2-10000 pulses. For the experiments carried out with 1 µm Al
and the thin aSiC, laser power between 22 and 69 mW and number of pulses between 2-100 were
analyzed. The main findings are:

1. Both Al thicknesses tested, 1 and 2 µm, with 45 or 180 nm dielectric aSiC, have been
demonstrated to be effective to overcompensate n-type dopants from the SiC stack, successfully
creating ohmic contacts with minimum values of ρc around 2 · 10−4 Ω cm2 for best laser
conditions in all set of experiments, indicating that the Al and the aSiC thicknesses does not
play a key role to achieve a low contact resistance when the laser processing conditions are
properly optimized.

2. Regarding the thickness of the aSiC layer, compared in the 2 µm Al metallized set of
experiments, negligible differences in terms of ρc are observed for best laser conditions. Both
samples show similar tendencies with the number of pulses, with a higher influence of the laser
power observed for the thin aSiC layer, or when using only 2 pulses for both aSiC thicknesses.
Best laser conditions were in both cases the highest laser power (68 mW and 77 mW, for the
thin and thick aSiC, respectively) together with the minimum number of pulses (2 pulses).
It seems that slightly higher laser average power is needed for the thick aSiC thickness as
compared with the thin stack in order to obtain the same results in terms of ρc.

3. In the case of 1 µm Al metallized sample, intermediate values of the laser power (49-59 mW)
in conjunction with 2 laser pulses resulted in minimum ρc values of about 2 · 10−4 Ω cm2,
similarly to the results obtained for 2 µm Al. Moreover, the big improvement in ρc when
2 pulses are given occurred again in the same range of laser power (42-49 mW) where it
happened in the thin aSiC sample with 2 µm of Al. Conversely, the highest laser power
condition (69 mW), which was the best condition for the 2 µm Al metallized sample, resulted
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in a worsening of ρc for 1 µm Al metallized sample when using 2 laser pulses, suggesting that
when the Al thickness is reduced, lower laser power conditions should be used.

4. There is a relationship between the atomic Al content (%) and a reduced ρc, as revealed by
EDX measurements. Although the results from EDX measurements could be affected by the
crater depth, it should be emphasized that the atomic Al content of 6.4 % detected in the
best laser conditions for 1 µm Al metallized sample, confirms the formation of a Ge-Al alloy,
demonstrating that a local BSF is formed.

5. The calculation of the normalized resistance of a single LFC spot for 1 µm Al metallized sample
(rLFC) suggests that for best laser conditions, ρc is mainly limited by rspread, confirming
the quality of the contact formed by LFC. However, laser-induced damage should still be
analyzed, since a trade-off between electrical resistance and laser-induced damage must be
considered.

Proposed processing conditions for IBC fabrication

In the light of the conclusions present above, the following fabrication process is proposed:

1. Cleaning step: HCl 18 % (v/v) for 3 min followed by an in situ H2 plasma for 35 s.

2. Passivation and dopant source: Deposition of a stack composed of intrinsic a-SixC1−x:H (22
nm)/n-type doped a-SixC1−x:H (15 nm)/intrinsic aSiC (45nm) (i.e. thin stack) in a PECVD
reactor at temperature T3 (< 300 °C).

3. Local selective contact: laser irradiation of the SiC stack with a laser average power of 3 mW
and 36 pulses.

4. Metallization for electron selective contact: PdTiPdAg (40/20/20/500 nm).

5. Metallization for hole selective contact: Al (1 µm).

6. Ohmic contact formation and local back surface field: laser firing of Al-metallized regions
with a laser average power of 47 mW and 2 pulses.

The number of spots per finger and the geometry of the back side (percentage of area devoted
to the emitter and base fingers and separation between them) should be optimized.

5.0.2 Future work
Since the main issues regarding the laser-diffusion processes for local electron and hole selective

contacts developed in this work are most likely related to laser-induced damage, a thorough study
of this potential damage should be performed. To that end, some potential ideas to reduce the
level of induced damage are proposed:

1. Among the different methods proposed in the literature to reduce the level of laser-induced
damage (chemical treatments [1], hydrogen passivation [1], substrate heating during laser
treatment [2], post thermal treatment [3] or laser-annealing after laser doping [4,5]), chemical
and post thermal treatment should be explored, since they are easy to implement both
in the lab and also in a potential industrial process. In order to characterize the level of
damage, in addition to QSSPC measurements before and after the laser doping process,
other characterization techniques such as Lock in Thermography [6, 7], Laser Beam Induced
Current [8] or Electron Beam Induced Current measurements [7, 9] should be investigated.

2. Reduction of C in the SiC stack could be tried as a way to achieve higher electrical activation
of dopants and better contact resistance, similarly to the approach followed by Steinhauser
et al., in which a reduction of N in a passivating phosphorus-doped SiNx layer resulted in a
phosphorus dose one order of magnitude higher and a decreased nitrogen dose, improving
doping efficiency and contact formation significantly [10].
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3. Reduction of the minimum stable laser energy fluence should be pursued by increasing the
laser frequency in the cavity, or by adding a second attenuator or a filter. Moreover, the
use of a beam shaper or a diffuser to re-shape the gaussian beam profile in a top-hat energy
distribution can be of utmost importance to avoid slight doping or puncture of the dielectric
at the edges of the laser spot. Since diffusers are much more cost-effective than beam-shapers
(around 1000 and 7000 AC, respectively [11]), and they slightly reduce the laser power while
increasing the laser spot (consequently reducing the laser energy fluence), the implementation
of a diffuser is a very interesting option to be tested in our case, as we need not only a more
homogeneous spot but also a lower energy fluence that the minimum achievable right now.
Lastly, the use of another laser wavelength such as 532 nm, may allow a better compromise
between low damage and effective doping, since 355 nm seems to have a very narrow process
window in order to avoid ablation [12].

4. Since degradation is typically more pronounced when a dielectric layer is present during
the laser process [9], laser doping could be performed before the passivating dielectric layer
is deposited. However, this would imply changing the dopant source and it would require
opening of the dielectric layer prior to the subsequent metal deposition, adding complexity
to the manufacture of the Ge-IBC-TPV cells. Because of the flexibility of using chemical
solutions, that can be easily removed by a chemical treatment after the laser process, H3PO4
solution is proposed as an alternative phosphorus dopant source to be used in conjunction with
PLM. Another possibility would be the use of sputtered antimony, which in conjunction with
PLM has led to fully dopant activation up to 1.5 · 1020 in c-Ge, achieving good crystallinity
and free of defects [?]. Laser ablation, which is already a standard process in the fabrication
of c-Si PV cells in industry, could be tried for the opening of the passivating layer without
recurring to the use of photolithography steps.

5. The use of photoplating and/or other advanced metallization techniques based on the use
of laser-induced transfer method [13] should be analyzed as a way to reduce shunting issues.
On one side, since photoplating is highly dependent on the internal voltage, regions with low
voltages such as microcracks or lowly-doped regions may result in little or no metal plated in
these areas [14]. On the other side, the use of the laser-induced transfer method may help to
avoid metal being introduced deeper than the emitter depth [13].

Once the laser-induced damage is reduced, it would be interesting to implement the Ge-IBC-TPV
cells in a large-area near-field TPV (NF-TPV) system, in which an increased output power at lower
emitter temperatures can be achieved by reducing the distance between the emitter and the cell,
further helping to reduce the cost per output power.
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Appendix A

Laser systems

The experiments performed during this PhD have been carried out in two different laser systems.
One one hand, for homogeneous emitter formation studied in Chapter 3, a KrF excimer laser
(Coherent COMPex 201F) emitting at a wavelength of 248 nm, with 22 ns pulse duration and a
top-hat energy distribution over an area of 5.1 × 5.1 mm2 was used (Fig. A.1a). This equipment
belongs to the Physics and Astronomy’s department: Galileo Galilei at UNIPD (Italy), where I did
the PhD international stay. On the other hand, for the development of localized doping for emitter
and ohmic contact formation studied in Chapter 4, a Q-switched Nd:YVO4 laser (Talon 355-6
Spectra-Physics) working at 355 nm wavelength with 15 ns pulse width and gaussian distribution was
used. In the table below the main characteristics of the two different laser sources are summarized:

(a) KrF system installed at UNIPD (b) NdYVO4 system installed at IES-UPM

Figure A.1: Laser Systems

Especifications Talon 355-6 Coherent
COMPex 201F

Wavelength 355 nm 248 nm

Maximum Power 6 W 7.5 W

Maximum Pulse Energy ≥ 100 µJ 750 mJ

Repetition rate 0-500 kHz 0-10 Hz

Pulse width < 25 ns 22 ns

Spatial mode Gaussian (Tem00)
M2 < 1.2 Top-hat

Table A.1: Summary of the main features of the two laser systems used in this work. Coherent COMPex 201F -used
in chapter 3-, and Talon 355-6 -used in chapter 4-.
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Appendix B

Fitting parameters and
repeatability

B.0.1 Diode model
Since non-ideal diode behavior has been observed in all diodes fabricated in this work, applying

the common practice of using fixed values for the ideality factor n1 = 1 and n2 = 2 could lead to
a noticeable disparity of the fitting curves with respect to the experimental data, which can be
translated in errors in the extraction of the parameters from the fitting. Thus, three variants of
the fitting model have been used to evaluate the influence of the laser conditions on the saturation
current densities (J01 and J02 in A/cm2), the ideality factors (n1 and n2) and the normalized shunt
(rshunt) and series resistances (rseries), in order to account from deviations from ideality:

• One-diode model with n1 as a free parameter.

• Two-diode model with n1 = 1 and n2 = 2.

• Two-diode model with n1 = 1 and n2 used as a free parameter.

Fig.B.1 shows the experimental and fitting data for the dark JV curve and the m-V curve of
a diode fabricated in this work. As it can be observed, the method with the smallest differences
between the fitted and the experimental data, especially when taking into consideration the correct
fitting of the m-V curve, was the 2-diode model with n1 = 1 and leaving n2 as a free parameter.
Although just one diode was shown as an example, similar results were obtained in the majority
of cases. In the next tables, the fitting with the three models for each set of samples is shown. It
is worth highlighting that the parameters with a higher disparity between the results from the
different fitting methods used were found in terms of J01 and n2.

Figure B.1: Fitting of the dark JV curve and the m-V curve with one- and two- diode model
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APPENDIX B. FITTING PARAMETERS AND REPEATABILITY

45 nm SiC Al

• Two-diode model with n1 = 1 and n2 used as a free parameter:

Average Power n◦ of pulses J01 n1 J02 n2 rshunt rseries Error
(mW) (A/cm2) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 7,56E-06 1 2,45E-03 2,93 17,20 0,57 0,54%
6 9,80E-06 1 3,12E-03 3,50 22,79 0,40 0,60%
9 1,08E-05 1 3,28E-03 3,97 26,91 0,39 0,77%
18 1,17E-05 1 2,31E-03 3,93 28,45 0,46 0,81%
36 1,12E-05 1 7,94E-04 2,97 37,42 0,72 0,71%
64 7,85E-06 1 1,45E-04 1,72 54,55 1,12 0,71%
100 4,68E-06 1 8,13E-05 1,43 72,95 1,41 1,25%

6

3 1,17E-05 1 4,57E-03 3,49 12,58 0,39 0,73%
6 1,22E-05 1 4,45E-03 3,72 15,96 0,31 0,75%
9 1,30E-05 1 3,99E-03 4,00 23,71 0,28 0,87%
18 1,32E-05 1 3,26E-03 4,39 35,93 0,41 0,92%
36 1,46E-05 1 1,81E-03 4,09 51,28 0,55 1,02%
64 1,48E-05 1 6,76E-04 3,23 76,25 0,88 0,99%
100 1,54E-05 1 6,18E-04 3,30 77,76 1,02 0,87%

9

3 1,61E-05 1 5,56E-03 4,08 20,85 0,41 0,92%
6 1,43E-05 1 5,41E-03 4,00 17,12 0,31 0,97%
9 1,42E-05 1 5,48E-03 4,21 14,09 0,33 0,96%
18 1,30E-05 1 2,84E-03 3,60 13,15 0,65 0,87%
36 1,38E-05 1 1,52E-03 3,24 19,49 0,96 0,75%
64 1,60E-05 1 7,70E-04 2,82 31,86 0,53 0,67%
100 1,68E-05 1 5,29E-04 2,66 47,79 0,68 0,90%

15

3 1,86E-05 1 5,97E-03 4,03 21,88 0,37 0,89%
6 1,61E-05 1 5,92E-03 4,43 29,03 0,32 1,01%
9 1,74E-05 1 5,89E-03 4,45 24,30 0,27 1,08%
18 1,79E-05 1 4,85E-03 4,47 21,78 0,27 1,13%
36 1,53E-05 1 1,78E-03 3,13 16,66 0,66 0,82%
64 1,88E-05 1 1,81E-03 3,74 30,61 0,34 1,17%
100 1,88E-05 1 1,50E-03 3,65 32,80 0,42 1,17%

22 3 1,83E-05 1 8,61E-03 4,11 3,46 0,70 1,31%
18 1,84E-05 1 4,63E-03 4,11 14,74 0,28 1,14%

Table B.1: Fitting of 45 nm SiC sample metallized with Al with 2-diode model with n2 variable
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• Two-diode model with n1 = 1 and n2 = 2:

Average Power n◦ of pulses J01 n1 J02 n2 rshunt rseries Error
(mW) (A/cm2) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 3,05E-07 1 9,94E-04 2 15,32 0,51 3,75%
6 2,96E-07 1 9,06E-04 2 18,65 0,30 5,16%
9 9,52E-07 1 7,88E-04 2 21,09 0,28 5,45%
18 3,07E-06 1 6,08E-04 2 23,71 0,38 4,17%
36 5,93E-06 1 3,79E-04 2 34,96 0,66 2,06%
64 1,05E-05 1 1,85E-04 2 55,22 1,16 0,93%
100 1,26E-05 1 1,29E-04 2 74,50 1,52 1,79%

6

3 3,85E-07 1 1,26E-03 2 10,58 0,33 4,78%
6 3,91E-07 1 1,12E-03 2 12,97 0,22 5,24%
9 1,58E-06 1 9,46E-04 2 18,29 0,20 5,73%
18 2,53E-06 1 7,10E-04 2 26,54 0,32 5,70%
36 5,38E-06 1 5,01E-04 2 40,64 0,46 4,48%
64 8,64E-06 1 3,09E-04 2 68,24 0,80 2,64%
100 9,40E-06 1 2,76E-04 2 70,00 0,94 2,44%

9

3 2,78E-07 1 1,25E-03 2 15,28 0,32 6,32%
6 4,05E-07 1 1,20E-03 2 13,17 0,23 5,86%
9 6,12E-07 1 1,10E-03 2 11,25 0,23 5,08%
18 9,81E-07 1 8,10E-04 2 11,83 0,51 2,91%
36 3,57E-06 1 5,98E-04 2 18,11 0,83 2,11%
64 1,05E-05 1 4,12E-04 2 30,26 0,50 1,66%
100 1,22E-05 1 3,27E-04 2 45,74 0,64 1,55%

15

3 2,79E-07 1 1,41E-03 2 15,61 0,29 6,63%
6 3,12E-07 1 1,17E-03 2 19,00 0,22 7,46%
9 1,14E-06 1 1,18E-03 2 16,87 0,19 6,73%
18 3,68E-06 1 9,92E-04 2 16,42 0,21 5,50%
36 4,20E-06 1 7,37E-04 2 15,49 0,57 2,20%
64 9,51E-06 1 5,72E-04 2 26,45 0,30 3,42%
100 1,00E-05 1 5,06E-04 2 28,88 0,38 3,06%

22 3 3,90E-06 1 1,82E-03 2 3,08 0,73 2,45%
18 3,52E-06 1 1,08E-03 2 12,14 0,22 4,40%

Table B.2: Fitting of 45 nm SiC sample metallized with Al with 2-diode model with n1 and n2 fixed as 1.00 and
2.00, respectively

155



APPENDIX B. FITTING PARAMETERS AND REPEATABILITY

• One-diode model with n1 as a free parameter:

Average Power n◦ of pulses J01 n1 rshunt rseries Error
(mW) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 1,76E-03 2,51 16,66 0,31 1,81%
6 1,50E-03 2,39 20,11 0,18 3,82%
9 1,12E-03 2,24 22,18 0,17 4,93%
18 6,29E-04 1,97 24,01 0,25 4,65%
36 2,79E-04 1,69 34,45 0,50 3,18%
64 1,06E-04 1,40 53,83 0,99 1,21%
100 7,62E-05 1,32 72,67 1,34 1,30%

6

3 2,55E-03 2,62 11,67 0,17 2,73%
6 1,90E-03 2,40 13,94 0,13 3,92%
9 1,26E-03 2,18 19,11 0,12 5,44%
18 8,38E-04 2,07 27,33 0,20 5,89%
36 4,38E-04 1,82 40,35 0,32 5,56%
64 2,16E-04 1,59 66,10 0,63 4,22%
100 1,86E-04 1,55 67,76 0,75 4,02%

9

3 2,45E-03 2,59 17,17 0,16 4,25%
6 2,17E-03 2,46 14,36 0,12 4,38%
9 1,82E-03 2,37 11,97 0,14 4,19%
18 1,14E-03 2,27 12,32 0,36 2,53%
36 6,16E-04 2,00 18,40 0,64 2,34%
64 2,59E-04 1,56 29,53 0,40 3,09%
100 2,00E-04 1,49 44,30 0,52 3,11%

15

3 2,72E-03 2,58 17,69 0,15 4,44%
6 2,06E-03 2,44 21,08 0,12 5,89%
9 1,76E-03 2,28 18,02 0,11 6,01%
18 1,14E-03 2,05 16,82 0,13 5,77%
36 7,47E-04 1,98 15,69 0,43 2,49%
64 3,97E-04 1,65 25,87 0,22 4,88%
100 3,42E-04 1,62 28,21 0,29 4,48%

22 3 4,74E-03 3,73 3,79 0,22 1,47%
18 1,25E-03 2,07 12,43 0,14 4,55%

Table B.3: Fitting of 45 nm SiC sample metallized with Al with 1-diode model with n1 variable
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180 nm SiC Al

• Two-diode model with n1 = 1 and n2 used as a free parameter:

Average Power n◦ of pulses J01 n1 J02 n2 rshunt rseries Error
(mW) (A/cm2) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 7,40E-06 1 1,50E-03 2,72 14,82 1,03 0,82%
6 5,78E-06 1 1,11E-03 2,71 15,09 0,82 1,28%
9 4,14E-06 1 5,91E-04 2,24 15,32 0,84 1,06%
18 2,51E-06 1 2,81E-04 1,81 17,02 1,01 1,90%
36 8,43E-13 1 8,74E-05 1,40 36,07 1,70 3,28%
64 1,26E-10 1 5,57E-05 1,27 49,14 1,17 3,93%
100 3,00E-11 1 3,61E-05 1,17 76,83 1,21 5,81%

6

3 8,98E-06 1 2,12E-03 2,91 11,93 0,73 0,60%
6 6,51E-06 1 1,15E-03 2,49 11,46 0,47 0,80%
9 4,70E-06 1 7,84E-04 2,21 11,13 0,66 1,07%
18 5,00E-06 1 4,71E-04 2,12 18,34 1,06 1,54%
36 8,13E-09 1 1,63E-04 1,52 24,17 0,98 2,10%
64 4,17E-12 1 9,95E-05 1,36 32,39 0,71 2,72%
100 1,51E-12 1 6,18E-05 1,22 37,68 0,53 5,55%

9

3 1,20E-05 1 2,49E-03 2,99 10,97 0,56 0,75%
6 8,93E-06 1 1,47E-03 2,61 10,91 0,35 0,92%
9 7,35E-06 1 8,90E-04 2,26 10,93 0,35 1,22%
18 5,60E-06 1 4,32E-04 1,87 11,87 0,36 1,72%
36 6,19E-06 1 3,90E-04 1,95 18,22 0,62 1,71%
64 3,15E-06 1 1,73E-04 1,51 23,76 0,63 2,24%
100 1,03E-14 1 1,07E-04 1,32 28,81 0,43 3,27%

15

3 1,37E-05 1 2,89E-03 3,12 10,21 0,54 0,85%
6 8,64E-06 1 1,41E-03 2,46 9,81 0,33 0,92%
9 7,83E-06 1 9,36E-04 2,18 9,60 0,35 1,19%
18 5,83E-06 1 4,55E-04 1,80 10,16 0,28 1,76%
36 4,40E-06 1 3,51E-04 1,77 16,12 0,57 1,56%
64 3,88E-06 1 1,70E-04 1,48 21,58 0,44 2,62%
100 3,96E-06 1 1,44E-04 1,45 24,2 0,33 2,64%

22 3 1,31E-04 1 6,48E-03 3,12 0,74 0,45 0,11%
18 9,70E-06 1 4,86E-03 2,42 1,99 0,42 0,36%

Table B.4: Fitting of 180 nm SiC sample metallized with Al with 2-diode model with n2 variable
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• Two-diode model with n1 = 1 and n2 = 2:

Average Power n◦ of pulses J01 n1 J02 n2 rshunt rseries Error
(mW) (A/cm2) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 5,93E-07 1 7,37E-04 2 14,08 0,91 2,06%
6 9,30E-07 1 5,42E-04 2 14,54 0,69 2,05%
9 2,17E-06 1 4,50E-04 2 15,18 0,78 1,20%
18 4,72E-06 1 3,49E-04 2 17,10 1,06 1,94%
36 9,68E-06 1 1,50E-04 2 36,4 1,94 3,76%
64 1,18E-05 1 9,45E-05 2 49,68 1,32 4,54%
100 1,38E-05 1 4,12E-05 2 77,07 1,34 6,35%

6

3 6,10E-07 1 8,81E-04 2 11,17 0,63 2,40%
6 2,18E-06 1 6,79E-04 2 11,17 0,41 1,46%
9 2,27E-06 1 6,15E-04 2 11,05 0,62 1,18%
18 3,77E-06 1 4,16E-04 2 18,26 1,04 1,56%
36 8,71E-06 1 2,75E-04 2 24,44 1,14 2,42%
64 1,15E-05 1 1,91E-04 2 32,97 0,82 3,24%
100 1,59E-05 1 1,02E-04 2 38,02 0,61 6,22%

9

3 8,61E-07 1 1,00E-03 2 10,22 0,46 2,50%
6 3,26E-06 1 7,94E-04 2 10,52 0,31 1,79%
9 4,71E-06 1 6,67E-04 2 10,79 0,33 1,39%
18 7,14E-06 1 5,05E-04 2 11,93 0,38 1,75%
36 6,71E-06 1 4,11E-04 2 18,25 0,62 1,71%
64 1,18E-05 1 2,92E-04 2 24,14 0,70 2,56%
100 1,44E-05 1 2,14E-04 2 29,39 0,51 3,87%

15

3 8,83E-07 1 1,07E-03 2 9,43 0,44 2,66%
6 4,40E-01 1 8,65E-04 2 9,55 0,30 1,53%
9 5,42E-06 1 7,62E-04 2 9,52 0,33 1,28%
18 8,86E-06 1 5,86E-04 2 10,24 0,29 1,84%
36 8,03E-06 1 4,56E-04 2 16,26 0,60 1,67%
64 1,31E-05 1 3,02E-04 2 21,95 0,49 2,96%
100 1,29E-05 1 2,71E-04 2 24,69 0,37 3,11%

22 3 3,26E-05 1 2,56E-03 2 0,76 0,41 0,20%
18 5,65E-06 1 3,27E-03 2 1,91 0,46 0,81%

Table B.5: Fitting of 180 nm SiC sample metallized with Al with 2-diode model with n1 and n1 fixed as 1.00 and
2.00, respectively
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• One-diode model with n1 as a free parameter:

Average Power n◦ of pulses J01 n1 rshunt rseries Error
(mW) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 1,08E-03 2,35 14,78 0,68 1,37%
6 6,50E-04 2,13 14,89 0,52 1,95%
9 4,09E-04 1,92 15,30 0,62 1,41%
18 2,42E-04 1,70 17,07 0,89 1,93%
36 8,74E-05 1,40 36,07 1,70 3,28%
64 5,57E-05 1,27 49,14 1,17 3,93%
100 3,61E-05 1,17 76,83 1,21 5,81%

6

3 1,38E-03 2,40 11,79 0,44 1,52%
6 6,85E-04 1,99 11,30 0,31 1,67%
9 5,86E-04 1,96 11,16 0,50 1,30%
18 3,40E-04 1,82 18,31 0,85 1,74%
36 1,63E-04 1,52 24,17 0,98 2,11%
64 9,95E-05 1,36 32,39 0,71 2,72%
100 6,18E-05 1,22 37,68 0,53 5,55%

9

3 1,43E-03 2,29 10,65 0,33 1,95%
6 7,63E-04 1,95 10,60 0,23 2,15%
9 5,23E-04 1,80 10,77 0,25 1,88%
18 3,06E-04 1,62 11,81 0,30 1,91%
36 2,67E-04 1,64 18,07 0,51 1,97%
64 1,59E-04 1,44 23,72 0,59 2,25%
100 1,07E-04 1,32 28,81 0,43 3,27%

15

3 1,57E-03 2,32 9,87 0,32 2,08%
6 8,30E-04 1,95 9,62 0,22 1,86%
9 6,04E-04 1,81 9,51 0,26 1,68%
18 3,41E-04 1,59 10,12 0,24 1,90%
36 2,92E-04 1,62 16,09 0,50 1,64%
64 1,53E-04 1,40 21,53 0,42 2,64%
100 1,29E-04 1,36 24,13 0,31 2,67%

22 3 2,27E-03 2,18 0,86 0,31 0,23%
18 4,58E-03 2,50 2,06 0,35 0,38%

Table B.6: Fitting of 180 nm SiC sample metallized with Al with 1-diode model with n1 variable
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45 nm SiC PdTiPdAg

• Two-diode model with n1 = 1 and n2 used as a free parameter:

Average Power n◦ of pulses J01 n1 J02 n2 rshunt rseries Error
(mW) (A/cm2) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 7,34E-06 1 2,09E-03 3,06 23,01 0,20 0,72%
6 7,08E-06 1 1,15E-03 2,59 29,85 0,15 0,61%
9 8,09E-06 1 1,20E-03 2,81 31,39 0,17 0,74%
18 9,39E-06 1 8,29E-04 2,81 66,71 0,16 1,57%
36 1,09E-05 1 7,24E-04 3,25 139,24 0,19 1,63%

9

3 1,38E-05 1 8,87E-03 5,17 12,45 0,17 1,35%
6 1,31E-05 1 3,98E-03 3,68 18,90 0,16 0,90%
9 1,34E-05 1 2,34E-03 3,16 31,10 0,14 0,74%
18 1,48E-05 1 1,84E-03 3,28 49,02 0,15 1,42%
36 1,49E-05 1 1,15E-03 3,28 85,13 0,19 1,80%

15

3 1,48E-05 1 2,73E-03 3,38 26,56 0,19 0,75%
6 1,53E-05 1 3,23E-03 3,37 20,79 0,17 0,69%
9 1,53E-05 1 2,41E-03 3,05 26,22 0,14 0,53%
18 1,64E-05 1 1,83E-03 3,07 51,09 0,15 0,69%
36 1,80E-05 1 1,57E-03 3,49 68,36 0,17 0,98%

22 3 1,89E-05 1 4,84E-02 10,42 1,83 0,17 0,47%
18 1,85E-05 1 4,66E-03 4,23 22,54 0,14 1,15%

Table B.7: Fitting of 45 nm SiC sample metallized with PdTiPdAg with 2-diode model with n2 variable
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• Two-diode model with n1 = 1 and n2 = 2:

Average Power n◦ of pulses J01 n1 J02 n2 rshunt rseries Error
(mW) (A/cm2) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 1,59E-06 1 7,89E-04 2 20,13 0,15 4,30%
6 3,55E-06 1 6,38E-04 2 27,69 0,13 2,82%
9 4,11E-06 1 5,70E-04 2 28,61 0,14 3,19%
18 5,82E-06 1 4,23E-04 2 59,32 0,14 3,72%
36 6,96E-06 1 3,06E-04 2 112,32 0,16 4,83%

9

3 1,65E-06 1 1,13E-03 2 9,13 0,11 6,08%
6 2,63E-06 1 1,07E-03 2 15,27 0,11 5,46%
9 4,55E-06 1 9,16E-04 2 25,98 0,11 4,89%
18 7,13E-06 1 7,03E-04 2 39,63 0,13 5,28%
36 8,62E-06 1 4,77E-04 2 68,78 0,16 4,95%
100 3,91E-06 1 1,00E-03 2 4,33 0,20 4,79%

15

3 4,72E-06 1 9,39E-04 2 22,00 0,15 4,81%
6 4,14E-06 1 1,09E-03 2 17,37 0,13 4,78%
9 5,49E-06 1 1,01E-03 2 22,50 0,11 4,34%
18 7,24E-06 1 8,16E-04 2 41,82 0,12 4,89%
36 9,75E-06 1 5,81E-04 2 53,64 0,15 5,12%
100 4,32E-06 1 1,22E-03 2 3,02 0,17 4,48%

22 3 2,96E-06 1 1,22E-03 2 1,52 0,13 2,22%
18 6,23E-06 1 1,03E-03 2 16,99 0,11 5,92%

Table B.8: Fitting of 45 nm SiC sample metallized with PdTiPdAg with 2-diode model with n1 and n2 fixed as 1.00
and 2.00, respectively
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• One-diode model with n1 as a free parameter:

Average Power n◦ of pulses J01 n1 rshunt rseries Error
(mW) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 8,90E-04 2,05 20,53 0,09 4,53%
6 5,11E-04 1,80 27,24 0,08 4,45%
9 4,25E-04 1,75 28,03 0,09 4,97%
18 2,66E-04 1,61 56,41 0,09 6,58%
36 1,77E-04 1,51 104,08 0,11 8,42%

9

3 1,59E-03 2,20 9,49 0,06 5,85%
6 1,25E-03 2,06 15,66 0,06 5,68%
9 8,72E-04 1,91 25,99 0,06 6,03%
18 5,33E-04 1,73 38,38 0,08 7,65%
36 3,11E-04 1,60 64,92 0,11 7,91%

15

3 9,12E-04 1,92 22,08 0,09 5,75%
6 1,14E-03 1,98 17,60 0,08 5,40%
9 7,56E-02 1,89 22,47 0,06 5,49%
18 6,85E-04 1,79 40,85 0,07 6,91%
36 3,96E-04 1,63 51,04 0,09 7,89%

22 3 1,56E-03 2,17 1,58 0,08 2,24%
18 9,43E-04 1,87 16,97 0,07 7,09%

Table B.9: Fitting of 45 nm SiC sample metallized with Al with 1-diode model with n1 variable
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180 nm SiC PdTiPdAg

• Two-diode model with n1 = 1 and n2 used as a free parameter:

Average Power n◦ of pulses J01 n1 J02 n2 rshunt rseries Error
(mW) (A/cm2) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 5,25E-06 1 1,64E-03 2,92 20,70 0,87 0,86%
6 5,24E-06 1 1,29E-03 2,95 22,52 0,48 1,54%
9 4,94E-06 1 7,60E-04 2,34 23,05 0,26 1,67%
18 5,58E-06 1 3,26E-04 2,01 29,74 0,58 1,89%
36 2,70E-07 1 6,97E-05 1,32 25,31 0,70 1,28%

9

3 1,36E-05 1 3,29E-03 3,55 10,11 0,60 0,40%
6 1,11E-05 1 2,70E-03 3,39 12,75 0,28 0,69%
9 1,25E-05 1 2,82E-03 3,51 12,00 0,24 0,53%
18 1,17E-05 1 1,07E-03 2,61 18,11 0,21 1,24%
36 1,15E-05 1 5,07E-04 2,23 26,07 0,31 1,84%

15

3 1,50E-05 1 5,49E-03 4,32 12,58 0,25 0,71%
6 1,33E-05 1 3,78E-03 3,71 11,21 0,19 0,80%
9 1,15E-05 1 1,95E-03 2,80 6,57 0,49 0,33%
18 1,34E-05 1 1,92E-03 3,16 17,20 0,20 0,98%
36 1,31E-05 1 8,89E-04 2,60 22,22 0,21 0,66%

22 3 1,71E-05 1 4,96E-03 4,03 13,85 0,32 0,78%
18 1,62E-05 1 1,77E-03 2,98 12,73 0,20 0,40%

Table B.10: Fitting of 180 nm SiC sample metallized with PdTiPdAg with 2-diode model with n2 variable
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• Two-diode model with n1 = 1 and n2 = 2:

Average Power n◦ of pulses J01 n1 J02 n2 rshunt rseries Error
(mW) (A/cm2) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 2,61E-07 1 6,63E-04 2 18,82 0,77 3,26%
6 8,77E-07 1 5,24E-04 2 20,78 0,37 3,21%
9 3,74E-01 1 5,21E-04 2 22,38 0,24 2,14%
18 5,39E-06 1 3,20E-04 2 29,71 0,58 1,89%
36 9,08E-06 1 1,51E-04 2 25,60 0,80 1,77%

9

3 8,96E-07 1 9,23E-04 2 9,18 0,49 2,76%
6 3,43E-06 1 9,18E-04 2 10,79 0,14 4,21%
9 4,05E-06 1 8,19E-04 2 10,81 0,20 3,12%
18 7,25E-06 1 6,01E-04 2 17,34 0,19 2,07%
36 9,56E-06 1 4,04E-04 2 25,70 0,30 1,94%

15

3 2,21E-06 1 1,06E-03 2 10,25 0,19 4,69%
6 3,75E-06 1 9,57E-04 2 9,83 0,15 3,78%
9 2,41E-06 1 8,82E-04 2 6,40 0,42 1,28%
18 6,40E-06 1 7,18E-04 2 15,67 0,17 3,06%
36 9,06E-06 1 5,11E-04 2 21,31 0,20 1,68%

22 3 1,58E-06 1 1,15E-03 2 11,37 0,24 4,60%
18 8,54E-06 1 7,59E-04 2 11,99 0,17 2,11%

Table B.11: Fitting of 180 nm SiC sample metallized with PdTiPdAg with 2-diode model with n1 and n2 fixed as
1.00 and 2.00, respectively
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• One-diode model with n1 as a free parameter:

Average Power n◦ of pulses J01 n1 rshunt rseries Error
(mW) (A/cm2) (Ω · cm2) (Ω · cm2) (%)

3

3 1,16E-03 2,49 20,25 0,49 1,69%
6 6,18E-04 2,09 21,23 0,26 3,18%
9 4,20E-04 1,81 22,17 0,17 3,00%
18 2,01E-04 1,61 29,17 0,46 2,40%
36 6,96E-05 1,32 25,31 0,70 1,28%

9

3 1,42E-03 2,36 9,64 0,33 2,17%
6 8,91E-04 2,01 11,66 0,15 3,56%
9 7,64E-04 1,90 10,87 0,14 3,75%
18 3,90E-04 1,65 17,02 0,13 3,47%
36 2,21E-04 1,50 24,99 0,24 3,09%

15

3 1,37E-03 2,15 10,58 0,12 4,60%
6 9,47E-04 1,94 10,38 0,08 4,52%
9 7,04E-04 1,82 11,26 0,10 4,47%
18 5,29E-04 1,73 15,47 0,12 4,37%
36 2,89E-04 1,55 20,73 0,15 3,53%

22 3 1,62E-03 2,24 11,89 0,15 4,17%
18 5,27E-04 1,69 11,84 0,12 3,34%

Table B.12: Fitting of 180 nm SiC sample metallized with Al with 1-diode model with n1 variable
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B.0.2 Repeatability
In order to determine if a certain laser condition leads always to the same electrical behavior,

some repetitions were done in each sample at different locations in the wafer. Even though some
variations were observed, generally their dark JV curves are reproducible (see figures B.2, B.3 and
B.4). In fact, their differences seem to be higher in diodes too much close to the wafer edge, samples
named with column -c- or lines -f- 7,8,9), meaning that it could be a result of variations in the
properties of the aSiC stack itself, and also inhomogeneities in the metal as a function of location.
The fabrication of a higher number of samples would be advisable to understand the minimum
distance to the border and to disregard instabilities in the LD process. Meanwhile, attention should
be paid when comparing diodes with different laser conditions and similar electrical behavior, as
if variability is not taken into account it could lead to wrong conclusions about the impact of a
specific laser condition.

Figure B.2: Comparison between diodes fabricated with same laser conditions: case of thin aSiC layer metallized
with PdTiPdAg

Figure B.3: Comparison between diodes fabricated with same laser conditions: case of thick aSiC layer metallized
with PdTiPdAg

166



Figure B.4: Comparison between diodes fabricated with same laser conditions: case of thick aSiC layer metallized
with Al
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