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Abstract

Hydrogenated amorphous silicon has been studied and used in photo-
voltaic solar cells for over �fty years. It is used as active layer in thin
�lm technology, either in single junction, tandem or multijunction solar
cells. Recently, the e�ciency records for single a-Si:H cell and tandem
cell with a-Si:H have been beaten, proving that there are still chances to
improve the performance of technologies with a-Si:H as absorber layer.
On the other hand, a-Si:H is used as complementary material in other
technologies, specially heterojunction with intrinsic thin �lm (HIT) solar
cells. The main objective of this work is to study and optimize the
amorphous silicon deposited in a PECVD reactor of recent acquisition,
making it suitable to be used in thin �lm and c-Si based solar cells.

First, the optimization of both intrinsic and doped a-Si:H single layers
was developed, based on several optical and electrical properties, such as
absorptance, Tauc band gap, dark conductivity, activation energy and
photoconductivity. Concerning intrinsic a-Si:H to be used as active layer,
series in three parameters were developed. The �rst series revealed a
strong dependence on the depletion, showing a marked maximum on the
deposition rate in the central values. This tendency was also found in the
rest of the properties. This behavior comes as a result of the contribution
of two mechanisms during the plasma deposition that reach equilibrium
in the central values. The most suitable considered conditions were those
corresponding to low depletion regimes. For the hydrogen series, an
optimum point was found for a 2:1 ratio between hydrogen and silane
�ows in this plasma regime, and it was found that higher concentrations
led to poor attachment of the layers. The temperature series proved that
the temperature had less in�uence. Although higher temperature layers
showed slightly better parameters, 200oC was considered the optimum
value in order to not a�ect the potential open circuit voltage of the device.
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p-type material (a-Si:H and µc-Si:H) was also optimized to be used
as doped layer in thin �lm solar cells. The series developed for p a-Si:H
(TMB �ow, temperature, pressure and CH4 �ow) led to obtaining device
quality material, with a conductivity of 1.1·10−5 S/cm, an activation
energy of 0.43 eV and a band gap of 2.02 eV. For p µc-Si:H, device quality
material was also obtained after four optimization series (temperature,
TMB �ow, power and SiH4 �ow), with a conductivity of 1.32 S/cm, a
band gap of 2.07 eV and a cristallinity factor of 0.596. With the optimized
layers, studies over complete solar cells were developed. The front doped
layer thickness and the back re�ector optimizations led to increments on
the short circuit current of 11% and 12% respectively, and some smaller
improvements in other parameters. A working PIN a-Si:H solar cell fully
deposited at the UB with an e�ciency of 7.08% was obtained. This value
is still low compared to the state of the art, due to lower open circuit
voltage and short circuit current.

In the context of increasing the open circuit voltage of thin �lm solar
cells, a study over polymorphous silicon solar cells in both PIN and NIP
con�guration has been developed in the Laboratoire de Physique des In-
terfaces et des Couches Minces (LPCIM), in Palaiseau. It has been proved
that depositing a-Si:H bu�er layers before the pm-Si:H intrinsic material
produces an increase in the V oc due to the formation of better interface
with the existing µc-SiOx doped layer. On the contrary, when the a-Si:H
layer is deposited over the pm-Si:H and before the µc-SiOx material, the
performance of the cell drops dramatically, probably due to a bad growth
of µc-SiOx over amorphous material, which results in the failure of the cell.

One of the key points to actually optimize amorphous silicon is to study
the e�ect that light induced degradation (LID) has over it. To do so, a low
cost light soaking system based in LED illumination has been designed
and constructed. The inclusion of several platforms that make possible
the use of di�erent degradation temperatures allowed the development
of experiments involving the seasonal e�ect of LID in amorphous silicon.
Before the seasonal e�ect experiments, an optimization of the intrinsic
layer thickness was developed, �nding an optimal thickness of 200 nm. A
simple model based on the mobility-lifetime product was used to explain
the results.
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To study the role of the temperature in seasonal e�ect, both solar cells
extracted from the module production line of T-Solar and laboratory
UB cells have been degraded varying the temperature between di�erent
stages of degradation (1000 h). The fact that all degradations were
developed with the same constant illumination removes the spectral e�ect,
so the real in�uence of the temperature was studied. The samples going
from lower degradation temperatures to higher experienced a recovery
of their properties appreciable in less than 10 hours after the switch.
Conversely, samples going from higher to lower temperatures experienced
a sudden drop of their properties. So, it has been proved that the
�nal state of the parameters of the sample does not depend on the pre-
vious history of the sample, but only on the �nal degradation temperature.

When the temperature coe�cients were calculated, it was found that
for T-Solar samples the temperature coe�cient is almost canceled by the
fast temperature change coe�cient provided by the manufacturer, which
points that, on the �eld, the seasonal e�ect is mostly due to spectral
changes. For UB cells, it was found that the coe�cients for �ll factor and
e�ciency are quite larger than those in commercial cells. This indicates
that higher LID is produced in these samples.

After being studied as active layer, the a-Si:H deposited in the UB was
used as part of c-Si solar cells in a series of experiments developed in
collaboration with the Universitat Politècnica de Catalunya (UPC). First,
the role of sputtered alumina combined with a-Si:H in passivation was
studied. A very thin layer of a-Si:H was deposited over the crystalline
wafer to act as intermediate layer before the alumina deposition by sput-
tering. This a-Si:H layer has a double function: it acts as physical barrier
that protects the wafer from the ion bombardment in the sputtering
process; and it also serves as a hydrogen source that contributes to the
saturation of surface defects, helping passivation. The carrier lifetimes
obtained with the a-Si:H layer are more than one order of magnitude
higher than those without it. Furthermore, the results of passivation with
alumina with i a-Si:H layer are promising to be used as an alternative in
c-Si technologies.
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Finally, some materials (i a-Si:H, p a-Si:H and p µc-Si:H) deposited
at the UB reactor were used to develop a p-type emitter on an n-wafer
aiming to reproduce the results obtained with n-emitter over p-wafer. A
reoptimization of these materials for this purpose was done, �nding that
raising the deposition temperature is bene�cial. ITO deposited at the UB
was also optimized to be the front contact substituting the one deposited
at the UPC, obtaining an absolute increment of 3% in the e�ciency of the
devices with n-emitter. On the other hand, the thickness of the p-layers
for the emitter was adjusted based on their performance in an a-Si:H solar
cell. The open circuit voltage is good (0.875 V), but the absorption on
the blue part of the spectrum has still to be minimized. The �rst trials
of UB p-emitters showed values of the lifetimes which are still lower than
expected, and limited by the passivation of the a-Si:H. A study on the
in�uence of carbon concentration and deposition temperature in a.Si:H
passivation was also developed, obtaining that including some methane
in the plasma and increasing the temperature help passivation. Further
experiments are needed in this �eld as these are the results of the �rst trials.
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Resumen

El silicio amorfo hidrogenado (a-Si:H) ha sido estudiado y empleado en
células solares fotovoltaicas durante más de cincuenta años. Es utilizado
como capa activa en la tecnología de lámina delgada, ya sea en células
solares independientes o como parte de células tándem o multiunión.
Recientemente, los récords de e�ciencia en células de a-Si:H y en células
tándem que incluyen a-Si:H han sido batidos, probando que aún existe
la posibilidad de mejorar el rendimiento de las tecnologías que emplean
silicio amorfo como capa activa. Por otro lado, el a-Si:H es utilizado
también como material complementario en otras tecnologías, especial-
mente en células de heterounión con capa intrínseca delgada (HIT). El
objetivo principal de este trabajo es estudiar y optimizar el silicio amorfo
depositado en un reactor PECVD de reciente adquisición, consiguiendo
que sea adecuado para ser utilizado en células de lámina delgada y como
parte de células basadas en silicio cristalino.

En primer lugar, se realizó la optimización del silicio amorfo (tanto
intrínseco como dopado) en lámina delgada de modo independiente,
basándose en varias propiedades ópticas y eléctricas, como absorbancia,
gap entre bandas (Tauc), conductividad en oscuridad, energía de acti-
vación y fotoconductividad. En lo que al silicio amorfo empleado como
capa activa se re�ere, se han realizado series en tres parámetros diferentes.
La primera serie reveló una importante dependencia de las propiedades
con el nivel de agotamiento del silano, presentando un marcado máximo
para la velocidad de depósito en los valores centrales, tendencia que se
observa también en el resto de propiedades. Este comportamiento surge
a consecuencia de la contribución de dos mecanismos durante el depósito
asistido por plasma, que alcanzan el equilibrio en dichos valores centrales.
Las condiciones más adecuadas son las correspondientes a valores bajos
de agotamiento. En cuanto a la serie en �ujo de hidrógeno, se encontró un
punto óptimo para una relación de 2 a 1 de �ujo de hidrógeno sobre �ujo
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de silano. Se encontró que valores más altos de dilución resultaban en
una mala adhesión de las capas en el substrato. La serie en temperatura,
por su parte, reveló que la temperatura tiene una menor in�uencia.
A pesar de que las capas a mayor temperatura mostraban parámetros
ligeramente mejores, la que se seleccionó como óptima es 200oC, a �n
de no reducir el valor potencial del voltaje de circuito abierto en dispositivo.

El material dopado tipo p (tanto amorfo como microcristalino) fue
también optimizado para usarse como capa dopada en células solares
de lámina degada. A través de las series realizadas para el material
p amorfo (�ujo de TMB, temperatura, presión y �ujo de metano) se
obtuvo material con calidad su�ciente para ser empleado en dispositivo,
con una conductividad de 1,1·10−5 S/cm, una energía de activación de
0,43 eV y un gap de 2,02 eV. Para el material p microcristalino, se
obtuvo igualmente material de calidad para dispositivo a través de cuatro
series (temperatura, �ujo de TMB, potencia y �ujo de silano), con una
conductividad de 1,32 S/cm, un gap de 2,07 eV y un factor de cristalinidad
de 0,596. Con las capas optimizadas, se realizaron experimentos sobre
dispositivos completos. La optimización del espesor de la capa dopada
frontal y del re�ector posterior permitieron obtener incrementos en
la corriente de cortocircuito del 11% y 12% respectivamente, y otras
mejoras menores en otros parámetros. Finalmente, una célula PIN
funcional fue depositada enteramente en la UB con una e�ciencia del
7,08%. Este valor es aún bajo comparado con el estado del arte, de-
bido a un voltaje en circuito abierto y una corriente de cortocircuito bajos.

En la línea de incrementar el voltaje en circuito abierto en células
solares de silicio en lámina delgada, un estudio en células de silicio
polimorfo (pm-Si:H) en ambas con�guraciones (PIN y NIP) se realizó en
el Laboratoire de Physique des Interfaces et des Couches Minces (LPCIM),
en Palaiseau. Se probó que depositar una capa de a-Si:H intermedia
antes de depositar el pm-Si:H produce un aumento del voltaje en circuito
abierto debido a la formación de una mejor inter�cie con el oxido de
silicio microcristalino de la capa dopada. Por el contrario, si el silicio
amorfo se deposita después del material polimorfo y justo antes del oxido
de silicio microcristalino, el rendimiento de la célula se ve gravemente
reducido. Esto es probablemente debido a que el óxido de silicio mi-
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crocristalino no crece bien sobre el silicio amorfo y por tanto la célula falla.

Uno de los puntos clave en la optimización real del silicio amorfo es
estudiar cómo le afecta la degradación por iluminación (LID). Para ello,
se ha diseñado y construido un dispositivo de degradación por iluminación
de bajo coste basado en LEDs. La inclusión de varias plataformas cuya
temperatura puede ajustarse independientemente permitió la realización
de experimentos acerca del efecto estacional de la LID en el silicio amorfo.
Antes de realizar experimentos sobre efecto estacional, se ha realizado
una optimización del espesor de la capa intrínseca, obteniendo 200 nm
como espesor óptimo. Los resultados se explicaron empleando un modelo
sencillo basado en el producto entre la movilidad y el tiempo de vida de
los portadores.

En el estudio del rol de la temperatura en el efecto estacional, se han
realizado experimentos de degradación sobre células extraídas de la línea
de producción de módulos de T-Solar y células de laboratorio de la UB;
realizando cambios en la temperatura tras diferentes fases de degradación
(1000 h). El hecho de que todas las degradaciones se realizaron con
idéntica iluminación constante permite eliminar el efecto espectral y
estudiar el efecto real de la temperatura. Las células que pasaron de
temperaturas más bajas a más altas experimentaron una recuperación en
sus propiedades en un periodo inferior a 10 horas tras el cambio. Por el
contrario, las muestras que pasaron de temperaturas más altas a otras
más bajas sufrieron una brusca disminución de sus propiedades. Por
tanto, se ha demostrado que el estado �nal no depende de la historia de
la célula, sino solamente de la temperatura �nal de degradación.

Cuando los coe�cientes de temperatura fueron calculados, se encontró
que el coe�ciente obtenido para las células de T-Solar es prácticamente
cancelado por el coe�ciente para cambios rápidos de temperatura propor-
cionado por el fabricante, lo que apunta a que la mayoría de del efecto
estacional en módulos operativos es causado por el efecto espectral. Por
otro lado, los valores de los coe�cientes obtenidos para las células de la
UB son bastante mayores que los obtenidos para células comerciales, lo
que sugiere la necesidad de una mayor optimización del dispositivo de la
UB contra la degradación.
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Tras estudiar su papel como capa activa, el silicio amorfo depositado
en la UB fue empleado como parte de dispositivos de silicio cristalino
(c-Si) en una serie de experimentos realizados en colaboración con la
Universitat Politècnica de Catalunya (UPC). Primero, se estudió el uso
de alúmina depositada por sputtering combinada con silicio amorfo en
pasivación. Una capa muy delgada de silicio amorfo se depositó sobre
la oblea antes de depositar la alúmina por sputtering. El silicio amorfo
cumple una doble función: proporciona una barrera física que protege a la
oblea del bombardeo de iones del sputtering; y sirve además como fuente
de hidrógeno para la saturación de defectos en la super�cie, ayudando a la
pasivación. La vida media de los portadores obtenida en las muestras con
silicio amorfo es más de un orden de magnitud superior a aquellas que no
lo tienen. Los valores obtenidos en pasivación con alumina y a-Si:H son
prometedores para su uso como alternativa a otros materiales y técnicas.

Finalmente, algunos materiales (i a-Si:H, p a-Si:H y p µc-Si:H) de-
positados en la UB han sido empleados para desarrollar un emisor tipo
p sobre oblea tipo n, intentando reproducir los resultados obtenidos con
emisores tipo n sobre oblea p. Una reoptimización de los materiales
para este uso fue realizada, descubriendo que aumentar la temperatura
es bene�cioso. También se optimizó ITO depositado en la UB para
ser utilizado como contacto frontal en lugar del depositado en la UPC,
obteniendo una mejora absoluta del 3% en la e�ciencia en dispositivos
con emisor tipo n. Por otro lado, el espesor de las capas del emisor tipo
p se ajustó en función de su funcionamiento en células de silicio amorfo.
El voltaje en circuito abierto presenta un buen valor (0,875 V) pero la
absorción en la parte azul del espectro tiene que ser aún minimizada.
Las primeras pruebas de emisores presentaron valores de tiempo de vida
bajos, limitados por la pasivación del silicio amorfo. Se realizó un estudio
sobre la in�uencia de la concentración de carbono y la temperatura de
depósito en la pasivación con a-Si:H, encontrando que incluir metano en
el plasma y aumentar la temperatura es bene�cioso. Se requieren más
experimentos en este campo, dado que esto son aún los resultados de las
primeras pruebas.
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1 Introduction

1.1 The importance of renewable energies: The
role of solar photovoltaic (PV) energy.

The world population has experienced a tremendous growth in the last
65 years. In 1950 it was around 2.5 billion people; now it is 7.3 billion,
almost three times larger. This, combined with the changes in human
lifestyle, makes the energy demand greater than ever. In this scenario, the
global energy consumption in 2014 was approximately 13000 Mtoe [1], and
78.3% is still produced by fossil fuels [2]. This fact is troublesome, because
fossil fuels are bound to be exhausted at some point, and also because
of the environmental issues associated with them, specially with CO2

emissions [3]. The role of renewable energies in electricity production has
been slightly increasing in the last 15 years, reaching 22.8% of estimated
energy share of global production. Most of this production is achieved
by hydropower (16.6%), being the role of solar photovoltaics (PV) 0.9% [2].

However, although the contribution of solar PV energy is still low, its
role has been becoming more important in the last ten years, being the
solar PV global capacity 177 GW, after its value has increased 60 times
in the last 10 years. The strong global demand has produced a recovery
in the solar PV industry during the last two years. It can be seen at
Fig. 1.1 that the growth of the solar PV global capacity in 2013 and
2014 is as large as 38 and 39 GW respectively. This is associated to an
important decrease in the cost in PV electricity during the last years
[4]. The evolution in the United States can be observed in Fig. 1.2, but
this tendency is extendable to all over the world. This has allowed solar
energy to become more competitive against fossil fuels. However, its use
has still to be encouraged as its role in the global energy market is still low.
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Figure 1.1: Solar PV global capacity, 2004-2014. Courtesy of REN21, 2015, Renewables
2015 Global Status Report (ISBN 978-3-9815934-6-4) [2].

Figure 1.2: Median reported installed prices of residential and non-residential PV sys-
tems over time in the United States. This plot is extracted from SunShot
Photovoltaic System Pricing Trends 2015 edition, courtesy of the National
Renewable Energy Laboratory (NREL), Golden, CO. [4].

1.2 Solar photovoltaic technologies

1.2.1 Principle of operation of solar cells

PV technologies receive their name following the process that rules them,
this is, photovoltaic e�ect. It is the phenomenon that allows a semicon-
dutor material to convert incident light into electric current. When a
photon incides over a semiconductor material, if its energy is higher than
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the band gap of the material, it is absorbed and its energy is transfered
to an electron, which can then escape from its normal position. The
electrons jump (energetically) to the conduction band, leaving electron
vacancies in the valence band (holes). If the semiconductor is somehow
included in an electric circuit, the electrons can be collected as electric
current. So essentially, a solar cell is a rectifying junction that favors the
carrier collection by separating the electrons and the holes. This work
will present a basic explanation; some bibliography can be consulted for
more exhaustive explanations [5][6].

The electric behavior of a pn junction can be described using the diode
equation, which relates the current density through the junction as a func-
tion of the applied voltage. For an ideal diode, this equation is as follows:

J = J0(e
(qV/κT ) − 1)− JL (1.1)

where J 0 is the saturation density current, q is the elemental charge, κ is
the Boltzmann's constant and T is the temperature. JL is a parameter
that represents the photogenerated current when the cell is under illumi-
nation. If a real diode is considered the equation is as follows:

J = J0(e
(q(V−RsJ)/nκT ) − 1) +

V −RsJ
Rp

− JL (1.2)

Here, several e�ects present in the real cell are taken into account. n is
an ideality factor that serves to evaluate the e�ect of the recombination,
and Rs and Rp are the series and parallel resistances, which are related
with the ohmic contacts and leak currents respectively.

There are several characteristic parameters that are used to evaluate
the quality of the cell, like the short circuit current density (J sc), open
circuit voltage (V oc) or �ll factor (FF ). Chapter 2, Sec. 2.3.5.1 presents
a description of these parameters and the two parasitic resistances.

The typical and most simple con�guration of a solar cell is a pn junction,
in which one type of the layers is thinner and is called emitter and the
other is quite thicker and called base or absorber, and is responsible of
most of the light absorption. However, during the development of pho-
tovoltaic technologies, this structure has evolved and has been modi�ed,
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and di�erent materials have been tried on it, all aiming to increase the
conversion e�ciency and reduce the manufacturing costs. The speci�c
materials and structures used in this thesis work will be presented with
more detail in the next sections.

1.2.2 Use of silicon in solar cells

PV solar cells are then based on semiconductor materials that produce
direct conversion of light into electricity. There are several materials and
technologies that are used with this purpose. Silicon properties make it
suitable for PV technology, it is very abundant (second element on the
Earth's crust), economic and non-toxic. This results into the fact that
the most employed technology by far is wafer-based crystalline silicon,
covering an 85% of the market [7]; and also that the most developed
technology is based on silicon. More accurately, monocrystalline silicon
(c-Si) technology shows the highest e�ciency conversion rates, of 25.6%
for cells and 22.9% for modules [8]. In the �rst case, the technology used
is Heterojunction with Intrinsic Thin layer (HIT) rear junction solar cells
[9] and in the second is Passivated Emitter Rear Locally di�used (PERL)
cell technology [10]. The main drawback of technologies involving c-Si is
that some necessary processes like silicon puri�cation and monocrystal
wafer growth imply high manufacturing costs.

Several alternative technologies try to overcome this problem. Poly-
crystalline silicon (p-Si) is an interesting alternative, as p-Si wafers are
cheaper to fabricate keeping a similar material. In this case, the silicon
is melted and when it cools, it crystallizes forming random crystals of
varying sizes. This process lowers the cost, but also the e�ciency is
reduced (21.25% for cells [11] and 19.2% [12] for modules). The second
generation solar cells, this is thin �lm (TF) technologies, aimed to make
the production less expensive by reducing the quantity of used material
between 2 and 3 orders of magnitude, while making possible the use of
large area substrates like metal, glass or even �exible plastics. Among
TF technologies, the most used is cadmium telluride (CdTe) technology,
which has proved itself capable of achieving module e�ciencies as high
as 18.6% [13]. However, it presents two main disadvantages, which are
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the toxicity of Cd and the low availability of Te. This situation is also
present in other thin �lm technologies involving materials such as Gallium
Arsenide (GaAs), Cadmium Indium Gallium Selenide (CIGS) or Indium
phosphide (InP).

The second most used thin �lm technology is based again on silicon,
which allows to overcome the material issues present in other TF tech-
nologies. The drawback here is that the reached conversion e�ciencies
are quite low in comparison. Thin �lm silicon cells can present as
active material hydrogenated amorphous silicon (a-Si:H) or hydrogenated
microcrystalline silicon (µc-Si:H). a-Si:H is easy and cheap to implement
and has a high absorption coe�cient, plus devices made of it present
higher open circuit voltage (≈0.9 V). On the other hand, its band gap
is larger (≈1.7 eV) and it presents light induced degradation (LID). The
record e�ciency in cells for a-Si:H is 10.2% [14]. µc-Si:H is stable against
LID, its band gap is 1.1 eV and it presents higher short circuit currents.
On the contrary it is more di�cult to deposit, its absorption coe�cient is
lower, its open circuit voltage in devices is lower and it can be a�ected by
oxidation. The record e�ciency for µc-Si:H cells is 11.4% [15]. Commonly,
cells made of this two materials are combined in stacks to achieve higher
e�ciencies in the so called multijunction or tandem technology. The
record a-Si:H/µc-Si:H tandem cell has an e�ciency of 12.7% [16], and
12.3% for the module [17].

Some other PV technologies are being used and developed in order to
increase or at least maintain the e�ciencies while the cost is reduced and
the environmental issues are avoided. This is the third generation solar
cells, which include the use of new concepts like light concentrator systems,
nanostructured materials (like nanowires), up- and down- converters, hot
carrier solar cells, etc. Also, new materials are being employed, like organic
solar cells made of polymers, and the rising perovskite technology. Fig.
1.3 shows the evolution of the conversion e�ciencies reached for di�erent
technologies. It is provided by the National Renewable Energy Laboratory
(NREL) at the United States [18].
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Figure 1.3: Evolution of the conversion e�ciency of photovoltaic technologies. This plot
is courtesy of the National Renewable Energy Laboratory (NREL), Golden,
CO.

1.2.3 Technologies involved in this thesis work

Among the multiple technologies mentioned in the previous section, this
thesis work is focused in the di�erent roles of thin �lm silicon. The �rst
is thin �lm silicon solar cells, based on pin junctions in which the active
part is a-Si:H or µc-Si:H (in this case, a-Si:H). The second is the role of
thin �lms complementing c-Si wafer-based devices. These technologies are
brie�y explained next.

1.2.3.1 Thin �lm silicon solar cells

As it has been said, solar cells generate free electrons by photovoltaic
e�ect and then collect them to create electric current. Thin �lm silicon
technology is not an exception, but here the basic structure is a stack
of thin silicon layers forming a pin junction (instead of a pn junction):
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1.2 Solar photovoltaic technologies

an intrinsic (non doped) a-Si:H layer between two thinner layers, one
positively doped (p-type) and another negatively doped (n-type)[19]. The
doped layers generate an internal electric �eld across the intrinsic layer
[20]. When incident photons arrive at the device, if their energies are
higher than the band gap, they are absorbed provoking the excitation
of electrons from the valence band to the conduction band. Most of the
photons that result in carrier generation are absorbed in the intrinsic
layer, as it is thicker, so it is called active layer. The result is an excess
of electrons on the conduction band and an excess of holes in the valence
band. The internal �eld created by the doped layers separates the
electrons and the holes, and �nally they are collected by two electrodes.
One of the most important issues in this devices is to avoid that the
electrons and the holes cancel each other before they are collected, a
process called recombination. This usually happens when the carriers can
go to intermediate states in the band gap, this is, defects [21]. So, the
quality of the material is critical to obtain good performance.

The light always enters through the front electrode and then crosses
p-layer. The reason to do so is that, in this situation, the holes have to
travel shorter distances before they can be collected, which is desirable
as they have lower mobility. After, most of the light is absorbed by
the intrinsic layer. The non-absorbed light at this point traverses the
n-layer and reaches the back electrode. Then, a re�ective layer (normally
aluminum or silver) is placed at the end of the cell in order to act as
electrode but also to re�ect the remaining light back into the cell, pro-
viding a second chance for it to be absorbed. A Transparent Conductive
Oxide (TCO) layer is deposited between the n-layer and the metal to
increase the re�ectivity [22]. This stack of layers after the n-layer is called
back re�ector (BR). With this in mind, the front electrode has to be
conductive to collect the carriers, but also transparent to let the light go
through it; on the other hand, the back re�ector, has to present also high
conductivity plus high re�ectivity [23]. Transparent conductive oxides like
Fluorine doped Tin Oxide (SnO2:F), Indium Tin Oxide (ITO) or doped
Zinc Oxide (ZnO) are commonly employed in both contacts.

Apart from the active layer material, thin �lm cells can be classi�ed
depending on the order of deposition of the layers. The deposition order is

15



1 Introduction

Figure 1.4: Schematic structure of a single junction silicon thin �lm solar cell in super-
strate (left) and substrate (right) con�guration. The layers are shown as
�at to simplify, but they are normally textured.

important because when any layer is going to be deposited, it is necessary
that the deposition process does not damage the existing material.
So, depending on the deposition sequence, some processes are allowed
or forbidden for di�erent layers. In PIN structure, called superstrate
con�guration, the �rst deposited layer over the substrate is the front
electrode, then the p-, i- and n- layers, and �nally the back re�ector. In
this con�guration, the light enters across the substrate, so it has to be
transparent. In the NIP structure, this is substrate con�guration, the
�rst deposited layer is the rear metalization for the BR. This removes the
need for the substrate of being transparent. Then, the n-, i- and p- layers
are deposited, and �nally, the front electrode. A scheme of a single solar
cell in both con�gurations is shown in Fig. 1.4. The layers are pictured
as �at layers, but normally they are textured in order to enhance the
light path, providing higher probability of absorption [24]. This is called
light-trapping, and it has been widely studied in previous group work
[25][26][27].
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1.2 Solar photovoltaic technologies

1.2.3.2 Thin �lm technologies for c-Si wafer based solar cells

There are several photovoltaic technologies involving c-Si. The standard
c-Si cell is a pn junction formed by di�using phosphorous atoms in a p-
type wafer to form an n-type emitter. It is also usual to di�use aluminum
to form a p+ layer at the rear side of the cell. The front contacts are
deposited or printed on top of the emitter. Several modi�cations have been
developed in the basic c-Si solar cell structure along its history, aiming to
obtain higher e�ciencies.

• Screen-printed solar cells have been deposited since the 1970s. Their
main advantage is the simplicity of the process. The n-dopant is
thermally incorporated in the p-wafer to form the emitter. Then, the
front contacts are developed forcing a metal paste (usually silver) to
go through a metallic mask to develop the front grid [28]. Finally,
the rear contact is also made with a metallic paste, in this case
normally aluminum. The main drawback is that there are several
high temperature processes involved.

• Buried contact solar cells present a con�guration based on the inser-
tion of the metal front contact into grooves made in the front side
of the solar cell [29]. After the emitter is di�used, several grooves
are made in the front side of the cell (either by laser or mechani-
cally), and a second (and heavier) di�usion is made to create highly
reverse-doped zones in the cell. Then, the grooves are �lled with
metal, �nishing the contact. The rear contact is still made of ther-
mally di�used aluminum. The main advantage over screen print solar
cells is that the shading e�ect of the top contact is greatly reduced.

• To further reduce the shading, other con�guration is the interdigi-
tated back contact (IBC) solar cells [30]. In this con�guration, both
front and back contact are placed in the rear side of the cell. p
and n di�usions are performed in the rear side to obtain alternated
positive and negative contacts in the rear side. This con�guration
prevents shading losses and makes possible the interconnection with
smartwire modules [31]. However, it is only useful in high quality
thin wafers, or the carries generated in the top part of the cell will
recombine before reaching the electrodes.
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Figure 1.5: Schematic structure of a PERC silicon solar cell. In this case, a p-wafer
with n-emitter is shown. The layers are shown as �at to simplify, but they
are normally textured.

• One of the main problems of the previous con�gurations is that the
recombination in the rear surface of the cell is high, as the electrode is
in direct contact with the c-Si. One of the most important advances
in c-Si solar cells was to reduce this e�ect by implementing the so
called Passivated Emitter and Rear point contacted Cell (PERC) [32]
con�guration. In this case, both the di�used emitter and the rear
side of the wafer are covered with a passivating layer, so the back
contact is only contacting the c-Si on a reduced area point contact.
To develop these contacts, processes like screen printing or laser �red
di�usion are used. As it has been said, a variation of this structure,
the Passivated Emitter Rear Locally di�used contact (PERL) solar
cell technology [10] has the second highest reported e�ciency. Some
of the work in Chapter 5 is related to the rear part of the PERC
structure, so a simple scheme is shown in Fig. 1.5.

The technologies mentioned before still share an important drawback:
the need of develop the emitters by thermal di�usion, which means
an important energy budget in the cell fabrication process. Silicon
heterojunction solar cells are able to overcome this problem. Silicon
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Figure 1.6: Schematic structure of a double junction HIT silicon solar cell. In this case,
a p-wafer with n-emitters is shown. The layers are shown as �at to simplify,
but they are normally textured.

heterojunction (SHJ) solar cells are obtained by depositing (by di�erent
techniques) thin layers of amorphous or microcrystalline silicon over
crystalline silicon wafers to form the pn junction instead of di�using the
dopant on the wafer. So, the name 'heterojunction' makes reference to
the fact that there are two di�erent materials forming the pn junction. It
was �rst reported by Fuhs in 1974 [33] and the �rst cell was deposited by
Hamakawa et al. in 1983 [34] with e�ciencies about 8%. Since then, the
heterojuntion had been widely studied as a consequence of the important
advantage of being able to develop emitters at low temperature. They
can be p a-Si:H over n-type c-Si wafers, or conversely, n a-Si:H over p
c-Si wafers. Then, the TCOs are deposited and metallic contacts are
developed. If this structure is implemented in both sides of the wafer, a
double heterojunction solar cell is obtained.

One of the most important developments done in heterojunction
technology was the introduction of a very thin intrinsic layer of a-Si:H
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between the doped a-Si:H and c-Si wafer. This intrinsic layer provides
better surface passivation, which results in a lower saturation current
and then in a higher V oc than traditional technologies, and so the
performance of the devices is increased. This conforms the so called
Heterojuntcion with Intrinsic Thin layer (HIT) technology, �rst re-
ported by Sanyo-Panasonic [35]. Nowadays, combining HIT technology
(Sanyo-Panasonic) with interdigitated back-contact structure has made
possible to reach an absolute e�ciency record of 25.6% [9]. A scheme of a
standard double HIT solar cell is shown in Fig. 1.6, and just like in the
previous case, the layers are shown as �at while they are normally textured.

The technology involving heterojunction is currently highly investigated
to improve the conversion e�ciency. One of the most researched topics
to obtain a better performance in this kind of devices is to enhance the
passivation by using di�erent con�gurations, techniques and materials.
This is why the research on SHJ and HIT technology has been gaining
relevance in the last years.

1.3 Hydrogenated amorphous silicon

The most studied material in this thesis is hydogenated amorphous silicon,
as it is used to develop thin �lm solar cells and to passivate crystalline
wafers for c-Si based devices. Research on amorphous silicon has been
developed for over �fty years. In 1965 Sterling and Swann �rst published
the formation of silicon from silane through glow discharge [36], and ten
years later, Spear and LeComber demonstrated that it was possible to
dope the material both p- and n-type [37]. The �rst reported amorphous
silicon solar cell was deposited by Carlson and Wronski in 1976 with an
e�ciency of 2.4% [19]. During the next years the investigation on a-Si:H
solar cells experienced a great expansion and important improvements
were achieved and traduced into a substantial growth in the conversion
e�ciency. However, since 1996 this growth slowed signi�cantly for TF
solar cells with a-Si:H as active layer (See Fig. 1.3). On the other hand,
amorphous silicon has recently gained relevance to be used combined with
other technologies, specially with crystalline silicon as passivating layer.
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1.3.1 Advantages and drawbacks of a-Si:H

A full detailed description of the structure and the properties of amorphous
silicon is out of the objective of this thesis. The interested reader can con-
sult the book of R.A. Street for a complete study of a-Si:H [38]. However,
to understand the work involved in this thesis it is necessary to point some
of the main advantages and drawbacks of this material involving its use in
solar cells. First, the main advantages for a-Si:H are summarized:

• Silicon based technology: It is evident that, being a technology based
completely in silicon, it bene�ts of all the advantages associated to
the use of this material. These are high availability traduced in lower
cost, and non-toxic nor environmental harmful processes and waste
products.

• Reduction of the material quantity: Amorphous silicon presents a
higher band gap than crystalline silicon (1.7 vs. 1.1 eV approxi-
mately). This is initially a drawback because less photons are al-
ready theoretically bound not to be absorbed. However, c-Si is an
indirect band gap semiconductor, which means that the minimum
of the conduction band is not at the same crystal-momentum as the
maximum of the valence band. This implies that a phonon is required
to produce the band transition, lowering the absorption probability.
In contrast, amorphous silicon presents less de�ned bands and the
minimum of the conduction band and the maximum of valence band
are closer, which leads to a much higher absorption rate [39]. In the
end, this causes that the thickness of a-Si:H necessary to absorb the
most of the photons over its band gap is around 1000 times less than
the one needed for c-Si. This is why a-Si:H is an excellent candi-
date for thin �lm silicon solar cells, providing an important saving
of precursor material [40].

• Low temperature production processes: While some steps in other
technologies, like c-Si, require high temperature processes, the whole
fabrication of thin �lm a-Si:H solar cells can be performed at temper-
atures below 300oC. This not only causes a reduction of the energy
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budget involved in the fabrication, but also permits the deposition
of the cells over several substrates that can not be heated over a
limiting temperature for di�erent reasons. Certain glasses or plastic
�exible foils are examples of these substrates.

• Scalable to large areas: The deposition techniques commonly used
for a-Si:H solar cells in the laboratory are much easier to upscale to
large areas than those for other technologies. This has an important
industrial interest as it is possible to deposit very large substrates
(sometimes over 5 m2) and then scribe the contacts by laser means,
producing a cost reduction versus the individual soldering used for
c-Si wafer cells.

• High energy yield and low payback time: It has been studied in power
plants that a-Si:H modules present a higher energy yield than c-Si,
due to their lower temperature coe�cients [41]. Besides, less time
is required to recover the employed energy in comparison with other
technologies [42].

On the other hand, amorphous silicon presents some inconvenient fea-
tures when it comes to be used as active material for solar cells. The main
drawbacks are summarized next:

• Low conversion e�ciencies: The higher band gap of a-Si:H causes
that photons between 1.1 and 1.7 eV that would be absorbed by c-Si
are, in this case, lost. This results in a theoretical reduction of the
maximum e�ciency that could be achieved. Furthermore, the amor-
phous nature of the material causes that the quality is intrinsically
lower [43]. The coordination index of a-S:H is less than 4, which
means that some silicon atoms are not linked to other four silicon
atoms. The remaining links are normally �lled with hydrogen atoms,
but sometimes they are left vacant. This hydrogen absences are de-
fects that act as recombination centers which provoke that carrier
mobilities and lifetimes are much lower in a-Si:H than those found
in crystalline material.

• Need of encapsulation: Some layers used in thin �lm silicon solar
cells (specially those including microcrystalline layers or Aluminum
Doped Zinc Oxide (ZnO:Al) as TCO) are a�ected by environmental
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issues, mainly humidity and dust. Then, encapsulation is needed to
maintain the performance of the devices, causing an increase in the
weight of the modules and the production cost.

• Light induced degradation: Maybe the most important drawback of
amorphous silicon is that it experiences an important degradation
of its properties during the �rst 1000 hours of illumination approxi-
mately. This causes a decrease in the cell parameters that leads to
a signi�cant loss in the conversion e�ciency. Light induced degra-
dation was �rst reported by Staebler and Wronski [44], so it is com-
monly called Staebler-Wronski e�ect (SWE). Several models have
been developed to explain this phenomena, but it consists essentially
in the creation of defects caused by light. SWE and its consequences
are described and studied in detail in Chapter 4.

The drop in production prices of c-Si modules and the fact that the
e�ciency of amorphous silicon thin �lm solar cells has barely increased
through the last 20 years has caused that a-Si:H has lost importance
in PV market. However, the e�ciency records in single a-Si:H cell and
tandem structure with a-Si:H as top cell have been recently beaten in
2013, reaching 10.2% and 12.7% respectively [14][16], which proves that
this technology still o�ers opportunities to research. Plus, amorphous
silicon has been gaining relevance in the last few years as complement
for other technologies, specially in heterojunction technology. The role
of a-Si:H in c-Si based technologies is studied with more detail in Chapter 5.

1.4 Fundamentals on Plasma Enhanced Chemical
Vapor Deposition (PECVD)

PECVD is the most extended technique to deposit hydrogenated amor-
phous and microcrystalline silicon. To obtain a-Si:H through classical
Chemical Vapor Deposition (CVD), silane can be thermally decomposed
between 450oC and 550oC. However, at this temperature hydrogen is not
retained, so the �lms are very defective. On the contrary, in PECVD, the
energy to dissociate the molecules is not provided thermally but by the
plasma discharge instead. This makes possible to deposit the material
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Figure 1.7: Photography of a plasma glow discharge in the PECVD reactor at the UB.

at lower temperatures in which hydrogen is retained [38], and then it is
possible to obtain thin �lms of a-Si:H and µc-Si:H of higher quality.

So, essentially PECVD consists in a glow discharge technique in which
precursor gases (which in the case of a-Si:H are usually silane plus
di�erent doping or alloying gases) �ow into a vacuum chamber, in which
a plasma is initiated and maintained between two parallel plates which
provide an electric �eld. This electric �eld can be either direct current
(DC) or radio frequency (RF) (13.56 - 200 MHz), being this last the
most common, as it allows the deposition over non conductive substrates.
Pressure is typically maintained between 10 and 500 Pa approximately,
depending on which type of material is being deposited. The geometry
of the chamber is also important, and this is why the conditions that
may work for one reactor are not optimal in a di�erent one. A pho-
tography of a plasma glow discharge in the UB reactor is shown in Fig. 1.7.

The deposition process is described in detail in Schropp et al. [23]. It
can be summarized in four steps listed next:
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1. Primary reactions in gas phase triggered by electron impact, causing
excitation, dissociation and ionization of the precursor gases.

2. Secondary reactions where reactive species di�use towards the sub-
strate, positive ions bombard the growing �lm and negative ions are
trapped and eventually pumped out or form dust. This is the phase
which mostly controls the properties of the �lm.

3. Surface reactions, like hydrogen abstraction, radical di�usion and
chemical bonding.

4. Surface release of hydrogen and silicon matrix relaxation.

All these processes are directly a�ected by a great number of param-
eters, which makes them di�cult to control. Some of the properties
that condition the plasma, and so the deposited �lms, are the power
(P) and frequency (f ) of the electric �eld, the geometry of the chamber
(especially the distance between electrodes de), the process pressure (p),
the composition, magnitude and pattern of precursor gases' �ows (Φ), the
substrate temperature (Ts), etc. Fundamental studies on plasma physics
and its in�uence on the �lms have already been developed by several
authors and are beyond the aim of this thesis; more useful information on
this subject can be found in the bibliography [45][46][47].

The reactor at the UB used for this work is a multichamber reactor
in cluster con�guration. The electric �eld used for the plasma is a radio
frequency (RF) �eld of 13.56 MHz. As this is the �rst thesis work
developed with this equipment, it is described in full detail at Chapter 2,
Sec. 2.1.1.

1.5 Objectives and outlook of this thesis

The recent acquisition of a multichamber PECVD reactor has conditioned
most of the work in this thesis. Every equipment is di�erent and the
conditions that work for one might be completely unsuitable to another.
This is why one of the main objectives of this thesis is obtaining and
optimizing materials and devices deposited in this reactor, trying to
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reach the state of the art in photovoltaics. The aim is to obtain layers
of device-quality material, both intrinsic and doped, and then complete
solar cells whose performance are as close as possible to the state of the
art. The most employed material is hydrogenated amorphous silicon,
but also p-doped microcrystalline material is optimized. There are
two main reasons to this choice: the �rst is that a-Si:H is probably
the easiest material to develop in a new equipment, and the second
and most important is that the group has previous important experi-
ence in working with this material [25][48][49][50][51][52][53][54][55][56][57].

In the context of improving a-Si:H solar cells, a stage of four months
was done in the Laboratoire de Physique des Interfaces et des Couches
Minces (LPICM) at L'École Polytechnique in Palaiseau. This group has
broad experience working with amorphous silicon, having developed a
special material called polymorphous silicon (pm-Si:H), which is deposited
in the edge between amorphous and microcrystalline material. The work
developed there aimed to increase the e�ciency of single junction pm-Si:H
cells over 10% stabilized [58][59] in both PIN and NIP con�gurations.
Plus, the knowledge acquired there was then pro�ted to improve the cells
deposited at the UB.

Chapter 3 presents the experiments about development and opti-
mization of solar cells in the new reactor. Numerous series varying
several deposition conditions and techniques were developed for di�erent
materials. First, the optimization of materials in single layer is shown,
including intrinsic and p-doped a-Si:H and p-doped µc-Si:H. Then, some
experiments aiming to improve the complete device were developed.
Finally, Sec. 3.6 refers itself to the work developed during the stage at
the LPICM, involving open circuit voltage optimization in pm-Si:H solar
cells.

Chapter 4 is dedicated to the experiments involving light induced
degradation and seasonal e�ect, continuing previous group work [60] and
as part of the optimization of the UB solar cells. First, an optimization
of the i-layer thickness of the UB cell is developed. After, the results on
the di�erent degradation experiments concerning the seasonal e�ect and
the real role of the temperature in LID are presented. They were done
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over both commercial a-Si:H solar cells extracted from modules of the
enterprise T-Solar and laboratory a-Si:H solar cells deposited at the UB.
This allows to compare the behavior of a commercial tested cell and the
device deposited in the laboratory.

Lastly, Chapter 5 treats the role of amorphous silicon in c-Si technology.
The work in this chapter is developed in collaboration with the Universitat
Politècnica de Catalunya (UPC), which has larger previous experience
working on c-Si technology [61][62][63]. There are two main blocks in
this chapter: the �rst studies passivation with alumina deposited by
sputtering, and how a very thin layer of a-Si:H deposited by PECVD
can improve the results by providing physical protection and serving
as hydrogen source. The second is dedicated to the implementation
of a p-type emitter to be deposited over a n-type wafer at the UB.
The objective was to deposit the whole front part of the device at
the UB. To achieve this goal, di�erent materials are optimized to be
used as part of the emitter and front TCO: Indium Tin Oxide (ITO),
p-doped microcrystalline and amorphous silicon, and intrinsic a-Si:H. The
�rst trials of complete devices with p-emitter are also shown and analyzed.
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In this chapter, the equipments and techniques for deposition and
characterization employed along this thesis work are described. The
chapter is divided in three sections: Sec. 2.1 refers itself to the deposition
equipments, especially focused on the PECVD reactor, as it is a recently
acquired equipment that is �rst used for this thesis. One of the main
objectives was to develop and optimize the deposition procedure and
conditions speci�cally for this reactor. The equipment used to deposit
transparent conductive oxides and metals, such as sputtering and thermal
evaporator, is also described. In Sec. 2.2, some of the processes done
on the samples before and after the deposition are explained, includ-
ing the special case of light induced degradation. Sec. 2.3 gives an
overview on the characterization techniques employed and the equip-
ments used to measure the samples' properties, either single layers or cells.

2.1 Deposition methods

This section focuses specially on the PECVD reactor, including a detailed
description and several schemes. The development of a working device
with a minimum of quality whose silicon �lms were deposited with this
reactor was one of the goals of this thesis. The sputtering and the thermal
evaporator used for the front and back contacts of the cells are also
described in this section. With these three equipments, whole working
quality solar cells can be deposited completely at the UB.

During the stage at L'École Polytechnique, a di�erent PECVD reactor
(and also the rest of the equipment) was used. This equipment will be
brie�y described in the section corresponding to the work developed there
(Chapter 3, Sec. 3.6).
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Figure 2.1: Photography of the PECVD reactor in the cleanroom of the Universitat de
Barcelona (before the HWCVD chamber installation.)

2.1.1 Plasma enhanced chemical vapor deposition

The equipment is shown in Fig. 2.1. It is a multichamber reactor in
cluster con�guration composed by a central distribution chamber that is
used also as LoadLock (LL), with eight possible positions for di�erent
elements. At the moment, �ve positions are in use: two of them are
for PECVD deposition chambers (DPC1 and DPC2), one is for the
turbomolecular pump for the LoadLock and another one for the door to
introduce the samples. The �fth used position corresponds to a HWCVD
chamber which has been recently incorporated, but as it is not used in
this thesis work, it will not be represented in the schematic views nor
explained in detail. All the equipment is ultra high vacuum sealed.

The system is placed in a cleanroom ISO 7 (10000 class) in order
to avoid contamination, as the particles over the substrate can lead to
pinholes. A schematic view of the picture is shown in Fig. 2.2. As it has
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been said, the HWCVD chamber, that would be placed in the position
just behind the door, is not represented.

Figure 2.2: Schematic view of the equipment, with the conforming elements labeled.

The two plasma chambers with their corresponding pumps are iden-
tical. Since the beginning, DPC1 was assigned to deposit doped layers,
while DPC2 was assigned to deposit intrinsic material only, in order to
avoid any possible cross contamination [64][65] in the intrinsic material.
However, this presents the problem that both p- and n-doped layers are
deposited in the same chamber, and it could be possible that some cross
contamination would appear due to the material deposited over the walls
and electrode in previous depositions (history of the chamber). To avoid
this, techniques as chamber evacuation [64] or starting the deposition
with a di�erent material [65] are used. In this work, to be sure that any
possible cross contamination is avoided, an intrinsic a-Si:H layer of about
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Figure 2.3: Schematic view of the inside of the LoadLock chamber, showing the robot
used to move the samples.

200 nm is always deposited between depositions of di�erent dopant gas, in
order to cover any residual boron or phosphorus present in the chamber.
This is called a 'burying layer'. The reproducibility of the doped layers
using this technique has been successfully tested in the equipment by de-
positing alternatively p and n doped layers and comparing their properties.

The vacuum in the chambers is made through two di�erent vacuum
circuits, one for the LoadLock and one for the deposition chambers. In
both cases, primary vacuum is made and then a turbomolecular pump
starts functioning in each chamber to make high vacuum. For the LL
circuit an Adixen Pascal 2033 SD rotary vane pump is used for primary
vacuum and an Elettrorava ETP450G turbomolecular pump makes
secondary vacuum, reaching values of 10−4 Pa. For all the deposition
chambers, an Adixen ACP120 roots primary dry pump is shared, and
then, each chamber has an Elettrorava ETP300G turbomolecular pump.
The vacuum in the DPC1 and DPC2 can reach values between 10−4

and 10−5 Pa, depending on the temperature and other conditions of the
chamber. These values are measured with IMG4000 ionization vacuum
gauges placed in each chamber.

In order to move the substrates and the samples among the di�erent
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2.1 Deposition methods

chambers of the reactor, a robot consisting in an articulated arm is used.
A schematic view of the robot inside the LoadLock chamber can be seen in
Fig. 2.3. It consists in a three-part arm with a central rotating point and
two articulations in the arm. The whole system can go up and down in
order to pick and place samples. In this scheme, the deposition chambers
are not shown. These chambers are separated from the LL with VAT10.8
DN150 ultrahigh vacuum gate valves, that only open and close when
samples are moved, so the precursor gases never come out the deposition
chambers. The position of the substrates and samples is followed by a
series of CX-44 SunX photoelectric sensors, which control if there are any
samples inside or in front of the chambers. This prevents any possible
collision between the samples.

The interior of a plasma chamber can be seen in the left part of Fig.
2.4. The temperature of the substrate is controlled through an Watlow
EZ-Zone autotune temperature controller that measures the temperature
of the chamber with a thermocouple connected to the central lower part
of the heater and then, if needed, provides power to the upper heater until
the �xed temperature is reached. The substrate holder, placed downwards
below the heater, functions as upper electrode, while the gas shower acts
as lower electrode. Here, it is important to say that due to the fact that
the heater is not in direct contact with the substrate holder and the
thermocouple is actually measuring its temperature and not the samples'
one, there is a shift between the temperature set and the real temperature
of the substrate. The manufacturer provided a calibration which says
that the substrate temperature is 2/3 the set temperature, and some ex-
periments developed with thermal indicator adhesive paper corroborated
this factor. From now on, when a deposition temperature is given, it will
be the real temperature of the substrate, and not the one set for the heater.

The separation between the electrodes can be varied by moving up
and down the lower electrode. The precursor gases for the deposition
come into the chamber through a pipe and then are distributed among
the plasma area by the shower. The precursor gases are silane (SiH4),
methane (CH4), hydrogen (H2), H2-diluted phosphine (PH3) and H2-
diluted trimethylborane, commonly TMB (B(CH3)3). The �ow of each
precursor gas is controlled externally by a MKS Mass Flo �ow controller.
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Figure 2.4: Left: Schematic view of the inside of the plasma deposition chambers. The
outer elements have been removed for clarity. Right: Schematic view of the
frontal piece of the substrate holder. The back piece is a whole piece, not a
frame, but it has identical external shape.

Below in the chamber, there is also a nitrogen (N2) inlet which is used to
�ll the chamber if needed. N2 is also used to be injected in the lower part
of the turbomolecular pumps to be used as pump purge gas, which means
that during and after the depositions, N2 is pumped in to dilute the
active species in the vacuum system. This residual mixture of gases goes
then through an Edwards M150 gas reactor column. Also Argon (Ar) can
be introduced in the chamber as manifold purge gas, and also to o�er
the possibility of making an Ar plasma in order to clean the substrate.
Table 2.1 shows the characteristics of the gases used, all of them provided
by Praxair. To control the pressure of the depositions, a control system
similar to the temperature one is used. A MKS Baratron 622B measures
the pressure and, if needed, a VAT615 butter�y valve control opens or
closes the way to the turbomolecular pump. This way, the pressure inside
the chamber is controlled and kept constant (See Fig. 2.2). The whole
system is operated through a Programmable Logic Controller (PLC) that
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controls all the mentioned equipments. The PLC control is done with
a Pro�bus con�gurator program, and the interface is programmed in
Labview.

Table 2.1: Precursor gases for the PECVD used in the reactor. Purity is written here
as quality code, where the number before the dot represents the number of
nines and the last number indicates the last decimal, i.e. 4.5 would mean a
purity of 99.995 %.

Gas Mass�ow range(sccm) Use Dilution(% vol.) Purity*

Ar None Manifold purge/Cleaning plasma None 5.0

N2 None Pump purge/Chamber re�ll None 5.0

SiH4 0-100 and 0-10 Precursor None 4.7

CH4 0-100 Precursor None 5.5

H2 0-100 Precursor None 5.0

PH3 0-100 Precursor (n) 0.15 (in H2) 5.5

TMB 0-100 Precursor (p) 0.2 (in H2) 5.5

As it has been said, the upper electrode in the deposition chamber is
the substrate holder itself, placed downwards. The substrate holder is
composed of two pieces of stainless steel. The �rst piece can be seen on
the right part of Fig. 2.4. It is designed to hold substrates of 10×10
cm2, but substrates of other sizes can also be placed by adding additional
central bars. There are holders of three di�erent frame depths (1, 2
and 3 mm) to make it possible to deposit over substrates of di�erent
thicknesses. The second piece is a whole �at piece with the same shape
of the frame. When the substrate is placed in the frame, the two pieces
are �xed together using small bolts, keeping the substrate down faced
between them. When the holder is all together inside the reactor, the
robot can move it by �tting two small outgoing pieces into the spaces in
the frame.
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2.1.2 Magnetron sputtering

Sputtering is a physical vapor deposition (PVD) technique in which the
surface of a bulk of source material, called target, is eroded by high energy
ion bombardment, ejecting neutral particles of the material that are then
deposited over the substrate. The bombarding ions are generated by a
glow discharge in a noble gas atmosphere (normally Argon) produced by
an electric �eld (either DC or RF) between a cathode (the target) and an
anode (substrate and chamber walls). Cations within the glow discharge
are accelerated towards the cathode, hitting the target, and if their energy
is higher than the target's surface binding energy, target's atoms are
ejected and can be deposited on the substrate, forming the �lm.

Magnetron sputtering is one of the ways to develop this deposition
technique, and it is the one used in the sputtering equipment employed in
this thesis. In magnetron sputtering, magnets are placed behind the cath-
ode to make the traveling electrons to move in spirals along the magnetic
�eld lines, aiming to cause a higher number of collisions so the ionization
process is enhanced. This leads to a higher deposition rate of the �lms [66].

The equipment used at UB is a commercially available ATC-ORION
8 HV confocal magnetron sputtering from AJA International, Inc. It is
placed in the same clean room as the PECVD reactor. The system has
three magnetron guns tilted 3o o� normal directed to an upper substrate
holder, all placed in a single chamber of 34.7 cm of diameter and 39.8
cm of height. The distance between the holder and the target can be
adjusted between 11.7 and 18 cm. The substrate holder can rotate up to
20 rpm (which provides homogeneity over a 10×10 cm2 area) and can
be heated up to 850oC using three halogen lamps placed behind it. The
vacuum system consists of a turbo molecular pump (500 l s−1) backed by
a dry primary pump and can reach background pressures in the chamber
of about 1×10−4 Pa.

During the process, argon and sometimes oxygen are introduced in the
chamber by two di�erent mass �ow controllers. Pressure is adjusted by a
three position gate valve, and measured with a capacitance manometer.
Concerning the plasma, both DC and RF (13.56 MHz) electric �elds can
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Table 2.2: Targets used for depositing TCOs and metals used in the front and back
contacts of the cells.

Material Target Purity Size (diam.×Th.) Supplier

ZnO:Al (AZO) ZnO:Al2O3 (98:2 wt.) 99.99% 3"×0.25" Neyco

In2O3-SnO2 (ITO) In2O3/SnO2 (90:10 wt.) 99.99% 3"×0.25" Neyco

Al2O3 (Alumina) Al2O3 99.99% 3"×0.25" Neyco

Aluminum Al 99.999% 3"×0.25" AJA

Silver Ag 99.999% 3"×0.25" AJA

be used. Power can be adjusted up to 750 W for DC and 600 W for RF. An
MC2 automatic impedance matching network from Seren is used in con-
junction with the RF power supply in order to maintain a constant plasma.

As far as the targets to deposit the materials are concerned, they have
a diameter of 7.62 cm (3 inch) and are mounted in the guns placed on
a copper support over the magnets. This system is cooled with a water
circuit inside it. The guns are protected by metallic chimneys and �ip-top
shutters used to control the beginning and the end of the deposition
process. Depending on the desired deposited material, di�erent targets are
used. Table 2.2 summarizes the targets used for each material deposited
by sputtering.

The properties of the deposited �lms depend on several di�erent param-
eters, like total pressure, oxygen partial pressure, substrate temperature,
type and power of the electric �eld, substrate-electrode distance, etc. For
a more detailed description of the sputtering process, equipment and ex-
periments developed with it, previous group works can be checked [26] [27].

2.1.3 Resistive thermal evaporation

Resistive thermal evaporation is a simple process in which, inside a
vacuum chamber, the source material is placed over a highly resistive
part of an electric circuit (normally a �lament or a boat-shaped piece).
Then, a high electric current is made to pass through the circuit, so the
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�lament or boat gets its temperature raised by Joule e�ect, and the source
material starts to melt and evaporate. The material atoms in gas phase
move through the vacuum chamber until they reach the substrate and get
deposited over it.

The thermal evaporation equipment used in this work (Veeco VE-400 )
has a vacuum bell jar with a volume of about 140 l. Inside, there are
two electrodes where the resistive element is connected, and a support
structure to hold the samples downwards. The distance between the
source material and the substrate is 15.5 cm, which leads to a homogeneity
area of about 15×15 cm2. A quartz crystal thickness monitor is placed
next to the substrate in order to control the deposition rate and the �nal
thickness. Before the deposition, the chamber is put under vacuum below
5×10−3 Pa by pumping through a di�usion vacuum pump supported with
a primary mechanical pump.

The source materials used in this thesis are aluminum and silver
(both with a purity of 99.99%) with melting points of 660oC and 961oC
respectively. Both materials come in rods, but Al rods are placed into a
tungsten helical �lament while Ag are placed over a boat-shaped piece of
tungsten. This di�erence is because Ag needs higher temperatures that
can not be reached with the �laments. To avoid cross contamination, the
chamber is covered on the inside with vacuum aluminum foil which it is
changed when the deposition is switched from one metal to another.

To control the deposition rate, a variable autotransformer is connected
to the circuit, so the current can be modi�ed, leading to an indirect
temperature control. A shutter is also placed between the source material
and the substrate, in order to control the beginning and the end of the
deposition. Also, this is a way to evaporate eventual impurities of the
metals before start depositing over the substrate.

One of the functions of metal evaporation is the deposition of the
metallic contacts in both layers and solar cells. In the case of the layers,
the contacts are used to perform measurements of coplanar conductivities,
while in the case of the cells, they de�ne the cell area and act both
as back contact and re�ector. The mask used for the layer contacts
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Figure 2.5: Schematic top view of the masks used for metal deposition in layers (left)
and cells (right). The units of the dimension lines are mm.

is about 0.2 mm thick and is made of �exible metal; the open space
is four 'lines' of 1 mm × 1 cm that will be used to perform electrical
measurements as it will be described in Sec. 2.3.3.1. For cells, the
mask has a thickness of 0.5 mm and is made of stainless steel; the
open space consists of two rows of three 1 cm2 circles for solar cells
with a central long area which will be used to make the front contact as
described in Sec. 2.2.2. A schematic view of the masks is shown in Fig. 2.5.

2.2 Pre- and post- deposition treatments

In this section the processes developed before and after the depositions
of layers and cells are explained. They are wafer cleaning, chemical
etching, thermal annealing and light induced degradation. Wafer cleaning
is a predeposition treatment done in c-Si wafers, while chemical etching
is a postdeposition treatmen done in thin �lm solar cells. As far as
thermal annealing is concerned, both thin �lm and c-Si experiments
commonly include this process at some point, as it has several e�ects
on the devices. Light induced degradation process (and the equipment
involved) is a special case, as a system to develop LID had to be designed
and constructed. It will be analyzed with much more detail in Sec. 2.2.4.
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2.2.1 Wafer cleaning and preparation

In Chapter 5 experiments involving c-Si wafers are developed, and it has
been proved that a careful cleaning process of the wafer surface before the
deposition is critical to obtain good passivation values. The importance
of this cleaning process lays on that any possible impurities remaining
in the wafer surface would act as recombination centers, which lead to a
reduction of the carrier lifetime.

For this work, the samples were cleaned at the UPC using a standard
wafer cleaning process called RCA sequence [67]. The process consists
in two steps: the �rst one removes the organic surface contamination.
This is achieved by a basic etching process (RCA1) with H2O:H2O2:NH3

(6:1:1) for 20 minutes at 70oC [68]. The second step removes the possible
metal contamination of the surface by an acid etching (RCA2) with
H2O:H2O2:HCl (6:1:1) for 10 minutes also at 70oC [69]. Between these
two processes, a 60 seconds etching in 1% dilluted hydro�uoric acid (HF)
is required, in order to remove any possible SiO2 grown on the surface
during RCA1. This etching is also necessary after RCA2, just before the
deposition of any passivation layer. After this second immersion in 1%
HF, all possible silicon oxide (SiO2) that had appeared after RCA2 is
removed, and the wafer is ready for deposition. In order to prevent SiO2

to form itself again over the surface of the wafer, it should be placed under
vacuum and passivated with the corresponding layer as soon as possible.
This process is done over the wafers in all the experiments just before any
layer is deposited.

2.2.2 Chemical etching

Chemical etching has several uses involved in light management in thin
�lm silicon solar cells [70] but in this work it is used essentially to remove
the extra TCO (in this case, AZO) deposited on the back re�ector of the
solar cells. The idea is that in PIN cells, AZO is deposited over all the
substrate area and then the area of the cells is delimited with the solar
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cell mask described in Fig. 2.5. The mask is placed over the substrate and
a scratching is made in the central area in order to reach the front TCO,
aiming to establish electric contact with the metal deposited afterwards.
After the metal deposition, samples are dipped in a HCl of 0.5 wt.%
solution at room temperature during about 5 s and quickly rinsed with
deionized water and isopropanol, and dried with nitrogen. This process
removes the AZO that is not 'protected' by the metal, thus isolating
the back re�ector from the front contact. The steps of this process are
schematically summarized in Fig. 2.6.

Figure 2.6: Process to �nish a solar cell. From left to right: 1. Sample with AZO
deposited over the whole area. 2. Sample scratched to let the metal reach
the front TCO. 3. Sample with metal deposited with the mask. Front and
back contacts are still connected. 4. Sample etched, extra AZO is removed.
Front and back contacts are now isolated.

2.2.3 Thermal annealing

It is usual that thin �lm silicon layers and cells are submitted to thermal
annealing processes, as they have multiple e�ects on them. When the
annealing is made just after the cell is deposited (this is, after the chemical
etching) it serves to remove any rests of water or isopropanol that the
nitrogen would have failed to dry. Also, it is used to accomplish the
dopant atoms activation, which leads to an improvement of the open
circuit voltage.

The annealing has another important use, which is to revert the light
induced degradation in amorphous silicon solar cells, leaving the cell in
an annealed state that can be considered just like the initial state for
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some practical purposes [39]. The thermal recovery process is explained
by the annihilation of photogenerated defects by overcoming its various
activation energies [71]. The standard annealing process consists in
keeping the samples 1 hour at 160oC and, if nothing else is speci�ed,
this is the process that this work will refer to. However sometimes the
temperature can be a little higher, up to 200oC, or maybe the time is
modi�ed. If this is the case, it will be speci�ed in each situation. When
it was not necessary that the samples were annealed under vacuum, a
Thermo Scienti�c M110 mu�e furnace with a chamber of 9 l and capable
to reach 1100oC was used. When vacuum was needed to avoid oxidation
(for example in microcrystalline layers), the treatments were performed in
the PECVD reactor described in Sec. 2.1.1, whose temperature can go up
to 600oC (400oC of substrate temperature).

As far as c-Si wafers , the thermal annealing is used to activate the �xed
charge of the front TCO, the emitters or the passivating layers. As it will
be shown in Chapter 5, the annealing process is critical to obtain good
values of the e�ective carrier lifetime (µτeff ) and Implied open circuit
Voltage (ImpV oc). The annealing process in wafer based experiments was
developed at the UPC in a home-made oven in forming gas (95% N2 +
5% H2) atmosphere. The temperature and the annealing time are varied
depending on the experiment, and will be detailed in each case.

2.2.4 Light induced degradation

To fully characterize amorphous silicon layers and devices it is necessary
to perform light induced degradation (LID) on them, as their properties
are widely a�ected by it. The group has previous experience studying LID
and the associated seasonal e�ect in modules [60], but at the moment of
the development of this work, it lacked a light induced degradation system
that could be used to study LID in cells. So, it was necessary to design and
construct a light soaking system that could be used to perform LID and
study the seasonal e�ect in solar cells. The requirements of the equipment,
its design and construction process and the calibrations performed on it
are detailed next.
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2.2.4.1 Requirements and construction of the system

In the process of designing the system, one of the most important points
was that it had to be suitable for seasonal e�ect experiments. So, it was
necessary to design and construct a system in which di�erent samples'
temperatures could be controlled and maintained independently during
the process. The system had to provide stable, constant illumination that
resembled to sun's as much as possible. It is usual for LID experiments to
be developed with high intensity light for shorter periods, but in this case,
the times had to be longer in order to well appreciate the evolution and
the seasonal e�ect. So the light had to stay constant for long periods of
time. And, in order to establish comparisons, it was necessary to have the
possibility of multiple independent conditions for the degradation. With
these conditions in mind, the requirements of the illuminator could be
summarized as:

• It has to provide an illumination intensity of at least 1 sun (100 mW
cm−2).

• The spectrum of the used light has to resemble the solar spectrum
as much as possible.

• The illumination has to be constant and stable during long periods
of time (over 1000 h).

• The area of illumination has to be large enough to degrade several
samples at time.

• The temperature of the samples needs to be controlled and stabilized
at least between 30oC and 80oC.

• It has to be possible to develop multiple independent degradations
at di�erent temperatures simultaneously.

• Need to be low-cost.

The best alternative considering these requirements is a Light Emitting
Diode (LED) based solar illuminator with independent temperature
control. LED simulators have proved to be a suitable alternative for solar
simulators [72]. The main advantage of the LED is that it almost does not
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Figure 2.7: Scheme of one of the towers of the LED solar illuminator.

emit infrared light. This reduces the non intentional heating and allows to
keep the solar cells at temperatures of about 30oC without a refrigeration
system, which would make the construction more di�cult and expensive
[73]. Also, the LEDs are less sensitive than other technologies to envi-
ronmental conditions, like external temperatures, and provide constant
and stable light. Their durability is also higher. The used LEDs are from
the Bridgelux RS Array Series (BXRA-40E7500-J-03) [74], which have
a spectrum named 'warm white', that approximately �ts with the solar
spectrum, although it is not exactly the same.

The illuminator will be composed of four independent identical towers
to allow the performance of several LID experiments at di�erent tem-
peratures simultaneously. A scheme of one of the towers can be seen
in Fig. 2.7. The LED is attached to a heat sink to keep its operation
temperature at the right point (about 80oC), and a re�ector is added
to concentrate the light, and all this system is �xed to an metallic
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Figure 2.8: Photography of the operating solar cell illuminator.

table-like structure over a PVC base. Another metallic panel of about
12×12 cm2 is placed between the base and the LED and �xed with
mobile screws to the legs. This mobile panel enables to adjust the
distance between the LED and the samples to make possible to adjust
the illumination intensity if desired. Two TTi QL355TP power supplies
with two outputs in each are used to provide current to the LEDs. In
order to control the temperature of the samples, a Watlow �at silicone
heater is �xed to the downside of the mobile panel of each tower, and a
thermocouple is placed inside through a hole in a way such as the end of
the thermocouple probe is placed in the center of the square platforms.
The thermocouple and the silicone heater of each tower is connected to
an independent Watlow Ez-Zone temperature controller. The desired
temperature is set in the controller, which provides power to the sili-
con heater until the platform reaches that temperature, and then keeps
it stabilized. A photography of the �nished equipment is shown in Fig. 2.8.

2.2.4.2 Illumination intensity and temperature calibrations

With the structure ready, a calibration of the light was necessary. It was
done by adjusting the distance between the LED and the mobile panel
to get 1 sun illumination over the center of the panel. The current of a
standard T-Solar a-Si:H solar cell was measured at di�erent heights until
the short circuit current corresponded to 1 sun illumination, obtained
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Figure 2.9: Map of the homogeneity of the J sc over the sample panel. The center of the
graphs corresponds to 100% of the J sc under 1 sun in the T-Solar reference
cell.

from the J-V measurement system that will be described in Sec. 2.3.5.1.
Then, to study the homogeneity of the light over the sample panel, the
position of the cell was varied and the current measured in several points,
and then a Gaussian �t was made to obtain the whole homogeneity map.
Fig. 2.9 shows the homogeneity map obtained from this measurements.
In a 10×10 cm2 area, the current remains over 80% of the central value,
and nearly 90% in 5×5 cm2. As the samples have normally 5×5 cm2,
it is possible to degrade 4 samples with a homogeneity over 80%. As
the degradation times are long, this di�erence is not very important.
However, in order to avoid any possible di�erence, the orientation of the
samples in the panel is changed regularly.

To calibrate the temperature, a second thermocouple was �xed to the
surface of the solar cell, and several temperatures were set on the heating
system. All the measurements were done with the LEDs on, so the heating
e�ect of the light was taken into account. It is considered that the room
temperature is going to remain constant (≈22oC), so it is also taken in
account in the calibration. Both temperatures, the set one (T set) and the
measured one (T cell), were used to develop the calibration, and the result
is shown in Fig. 2.10. Therefore, the correlation between the set and the
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cell temperature is established by:

Tcell = 0.826Tset + 7.606↔ Tset = 1.221Tcell − 9.208 (2.1)

Figure 2.10: Straight line of calibration of the temperatures in the light soaking system.

With the light and the temperature calibrated, the equipment is ready
to perform long term degradation experiments. From now on, when the
temperature of an experiment is speci�ed, it will be referring to the real
temperature of the cell (T cell), and the used light is kept constant at 1 sun
power (the height is not changed). The degradation experiments are very
time-consuming processes, as amorphous solar cells need about 1000 h of
direct illumination to consider them degraded (stabilized) [75]. To reduce
the number of days of the experiment, the illumination was kept always
on, with no interruptions at night. These lack of dark cycles introduces
another di�erence with on �eld conditions, but it was necessary to avoid
the excessive prolongation of the degradation experiments.
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2.3 Characterization techniques

2.3.1 Thickness measurements

To measure the thickness of the layers, three di�erent techniques are used
in this work. The �rst two are confocal microscopy and pro�lometry, and
they are the ones that are mostly used, as they are available at the UB.
The third technique is ellipsometry, which was used in the LPICM for
some of the samples in Chapter 3, Sec. 3.3.3 and also at the UPC for
some of the samples in Chapter 5.

2.3.1.1 Confocal microscopy

Confocal microscopy bene�ts from non-paraxial optics to obtain focus
only over a single plane. Point illumination is sent through a pinhole
aperture which eliminates out-of-focus light, that is, light from the
planes above and below the focus plane. The measurement is taken
and then the microscope changes the focus plane to a di�erent height
and measures again in the same way. By repeating this process, a
scan of a series of di�erent levels is obtained, and with these data it is
possible to make a reconstruction and obtain a 3D image of the sample's
surface. Considering this, getting the thickness of the layers with this
technique requires that the sample has a step between two zones (with
and without layer), so the microscope can measure the di�erence of height.

To create this step in the layers deposited in the PECVD reactor and
the sputtering, a lift-o� technique is used. A line is drawn with ink marker
over the substrate before the deposition and then, after the deposition, it
is removed using isopropanol. This way the sample deposited over the line
is also removed and the step is created. For the layers deposited in the
thermal evaporator, this technique can not be used, because the adhesion
of the metal to the substrate is lower, and the whole sample would be
removed when the isopropanol is used. Instead, a stripe of Kapton R© tape
is placed on the substrate before the deposit and removed afterwards,
creating the step.
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The confocal microscope used for this work is a Sensofar Plµ 2300
confocal microscope with two EPI objectives: a 20× and a 150× with
optical resolutions of 0.35 µm and 0.14 µm, respectively. The height step
between the focus planes is 1 µm for the 20× and 0.10 µm for the 150×.
Normally, the 20× objective is used to �nd the step and the 150× to
obtain the �nal measurement.

2.3.1.2 Stylus pro�lometry

The stylus pro�lometry measures the morphology of the sample surface
by contacting with a diamond tip and moving over it. While the scan is
being done, a position transducer converts the movements of the tip into
height values, obtaining a surface pro�le. So, to measure the thickness
of the layers, a step is also needed just like in the case of the confocal
microscope (and is obtained likewise).

The equipment used for pro�lometry is a surface pro�ler Dektak 3030,
Veeco with a 25 µm diameter stylus. It has a vertical resolution of 1
nm and an associated error of ± 10 nm. This error is calculated as the
standard deviation of a set of measures taken over a reference sample.
Normally, the thickness of the samples is �rst measured with the confocal
microscope and the pro�lometer is used to verify the results.

2.3.1.3 Ellipsometry

Ellipsometry measurements are used to obtain optical properties (like the
refraction index n) and thicknesses of materials in thin �lms. Polarized
light is sent to the sample, and part is transmitted and part re�ected.
Changes on the polarization of re�ected light are measured (amplitude
and phase). The results are compared to a model (normally Tauc-Lorenz
model) so the thickness and the desired optical properties are obtained. At
the LPICM, spectroscopic ellipsometry is developed with a Horiba Uvisel
spectroscopic ellipsometer. At the UPC, the used equipment is a Plasmos
SD 2100 ellipsometer.
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2.3.2 Optical and structural characterization

2.3.2.1 UV-VIS-NIR spectroscopy

UV-VIS-NIR Spectroscopy was the main technique used for optical
characterization. It was essentially used to measure total transmittance
(T ) and total re�ectance (R), which are used to obtain other important
parameters such as absorptance (A), absorption coe�cient (α) and Tauc
optical bandgap (Eg). The means to obtain these parameters will be
explained later on in Chapter 3, Sec. 3.3.2.2.

The used spectrophotometer at UB is a commercially available Perkin
Elmer Lambda 950 with a 150 mm integrating sphere. The range in which
measurements can be performed is from 200 to 2500 nm of wavelength
(λ). The illumination is provided by two di�erent lamps depending on the
wavelength: a deuterium lamp is used for the ultraviolet (UV) region while
a halogen lamp is used for the visible (VIS) and infrared (IR) regions. For
the measurement of the light, there are two detectors which change at 856
nm. For wavelengths above this value a photomultiplier detector (PMT) is
used, while a Peltier-controlled PbS detector is used for lower wavelengths.

To perform T measurements the sample is placed in the path of the
light beam before the integrating sphere, and a Spectralon R© white di�use
re�ectance standard (>99 %) re�ector is placed on the opposite side of
the sphere, so the transmitted beam is re�ected back into the sphere
and counted by the detector. For the R measurements, the re�ector is
removed from the rear side of the sphere, and the sample is put in its place
with a black absorber behind it, in order to absorb the transmitted light.
This way, only the light re�ected by the sample is taken into account. To
characterize the layers, the orientation in the spectrophotometer is such
as the sample layer is �rst hit by the light beam. When a whole cell is
measured, the light comes as it would on �eld performance, this is, �rst
through the p layer.
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2.3.2.2 Raman spectroscopy

Raman spectroscopy is a molecular spectroscopy based on observing in-
elastically scattered light which allows to identify vibrational states of
molecules. This way, it is possible to obtain information about molecular
bond structure of the materials. In this thesis work, Raman measurements
are used to obtain the Raman crystalline fraction (χc) of microcrystalline
silicon layers [76] [77] [78] [79]. χc is de�ned by the peak intensity relation
for three values of the wavenumber (Raman Shift): 480, 500 and 520 cm−1.
The �rst is related with the amorphous phase, while the other two are as-
signed to the crystalline phase. So, it is possible to obtain χc through the
relation:

χc =
I500 + I520

I480 + I500 + I520
(2.2)

where I n is the intensity of each corresponding peak. χc gives a semi-
quantitative measure of the crystalline volume fraction associated with
the material structure, varying from 0 (completely amorphous) to 1 (fully
crystalline).

The Raman measurements are developed in a MicroRaman T64000
Jobin Yvon with a laser of λ=532 nm and P=4.3 mW. Then, the Raman
shift spectrum is deconvoluted by means of a home-made Matlab software
into the three Gaussian peaks corresponding to the mentioned values and
χc is obtained.

2.3.3 Electrical characterization

2.3.3.1 High impedance measurements

Thin �lm silicon layers, specially the amorphous ones, have very low
conductivities, which means high impedance, so it is necessary to deposit
metallic contacts over them before coplanar measurements can be devel-
oped. The mask used to deposit these contacts is shown on the left part
of Fig. 2.5 in Sec. 2.1.3. This mask provides an space between stripes of
1 mm × 1 cm. Here, the equipment will be described, but the conditions
for the measurement of the layers and subsequent calculi will be described
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later on in Chapter 3, Sec. 3.3.2.3.

The experimental equipment is a home-made two point probe setup
that consists essentially in a small vacuum chamber with a heat plate
where the sample rests and is contacted from the top by two tips. The
schematic view of the vacuum chamber is shown in Fig. 2.11.

Figure 2.11: Scheme of the inside of the vacuum chamber of the two point probe device.

The two tips are connected to a programmable electrometer Keithley
617 which serves both to provide voltage (-102 to 102 V) to the sample
and measure the current. The range on current is very wide, going from
2×10−2 to 2×10−12 A, though towards the lower limit, the accuracy is
quite worse. To control and stabilize the temperature of the sample, an
Eurotherm 2216e temperature control system is used: the thermocouple
(whose end is in the center inside the aluminum hot plate) measures
the temperature and, if needed, power is provided through the heater to
raise the temperature to the setpoint. No cooling system is installed. A
small diaphragm pump is used to make vacuum in the chamber. This
is necessary to avoid the e�ect of the humidity on the measurements,
because any condensation on the surface of the layers leads to a relevant
increment of the conductivity. This can result in a quite signi�cant error,
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specially in the samples with very low conductivities. The chamber can be
closed either with an opaque metallic cover or a transparent glass cover,
depending if the measurements are made in dark or under illumination.

This equipment is used to measure the dark conductivity (σdark), its
activation energy (EA) and the photoconductivity (σph) under 1 sun illu-
mination. These measurements are controlled by a home-made software
written in Phyton. For the dark and photoconductivities, the software sta-
bilizes the temperature and varies the voltages (V ), measuring the current
I in each one to obtain a linear �t of I vs.V in order to get the conductance
G as:

G =
1

R
=

I

V
(2.3)

where R is the resistance. Then, taking in account the size of the mea-
sured area (with a path length l and a path width w) and the thickness of
the layer d , the conductivity (either σdark or σph) can be obtained as:

σ =
G

d

l

w
→ σ[S/cm] =

G[S]

d[cm]
× 0.1 (2.4)

The right part of the previous equation is already cleared for the speci�c
contacts used in this measurements (see Fig. 2.5) as the values of l and w
are 0.1 and 1 cm respectively. Giving σ in S/cm allows to compare with
the quality criteria given by the bibliography.

For the activation energy, the software stabilizes the voltage and keeps it
constant, while the temperature is raised up to 200oC. Then, the heater is
switched o� and the temperature is let to drop while measurements of the
current are taken each 0.5 to 1oC approximately. As the voltage is �xed,
the values of G and so the ones of σ for each temperature can be obtained.
The results are presented on an Arrhenius plot (log(σ) vs. 1000/T(K))
obtaining a linear dependence. Being b the value of the obtained regression,
Ea can be cleared as:

σ = σ0e
−Ea
kT → Ea = b× k × 1000 (2.5)

where k is Boltzmann constant, and the result is multiplied by 1000
as it came from an Arrhenius plot. Using the �t it is also possible to
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extrapolate the value of σ at any temperature, by taking the obtained
linear coe�cient as σ0. This is used sometimes to compare the results
obtained from conductivities by measurements with the extrapolated ones
in order to verify the results.

2.3.3.2 Four point probe

For layers with higher conductivities like TCOs, it is not necessary to de-
posit metallic contacts and measure with the two point probe, as they can
be measured directly using a four point probe system. These measure-
ments are performed with a JANDEL RM3 four point probe system. The
procedure is to contact the layer with four lined and equally spaced tung-
sten carbide tips; then a current (I ) is passed through the two outer probes
and the voltage (V ) is measured in the two inner. From these values, the
sheet resistance can be calculated as [80]:

Rsh =
V

I

π

ln2
(2.6)

and by multiplying for the layer thickness d, the resistivity is obtained:

ρ = Rsh × d (2.7)

2.3.4 E�ective carrier lifetime and implicitV oc measurements

The e�ective carrier lifetime (τ eff ) is used as a parameter to evaluate the
recombination and then the quality of the devices with c-Si. To obtain
τ eff , the used technique is the transient photoconductance measurements,
�rst developed by Sinton and Cuevas [81]. The principle is based in detect-
ing the increment of the conductance due to the excess of photogenerated
carriers in a contactless sample. The system employed is a commercial
Sinton Instruments WCT-120 o�ine wafer lifetime measurement system
[82]. It measures the transient photoconductance as the illumination level
from a �ash lamp varies. Normally, the situation used for the measure-
ments is the Quasi-Steady PhotoConductance (QSPC), corresponding to

54



2.3 Characterization techniques

an illumination decay slow enough to reach an equilibrium between the
photogeneration and the recombination. The obtained variation of the
photoconductance (∆σ) is related to the average of photogenerated car-
rier excess over the wafer thickness (∆nav) by:

∆σ = qW (µn + µp)∆nav (2.8)

where q is the elemental charge, W is the wafer thickness, and µn and
µp are the electron and hole mobilities respectively. Then, ∆σ is used to
obtain τ eff :

τeff =
∆σ

Jph(µn + µp)
(2.9)

where J ph is the total photogenerated current, obtained also by the
equipment by measuring a calibrated solar cell as reference.

It is also possible to obtain information about the open circuit voltage
from the carriers excess. For example, for a p-type wafer with a doping
density N a, the implicit V oc (ImpV oc) can be obtained as

ImpVoc =
kT

q
ln

(
∆n(Na + ∆p)

(ni)2
+ 1

)
(2.10)

where ∆n≡∆p can be approximated by the average ∆nav. A more
detailed explanation on the measurement process can be found in the
bibliography [81].

2.3.5 Device characterization equipment

The device characterization equipment is a home-made set-up used to mea-
sure several properties of �nished solar cells. The equipment is designed to
develop di�erent measurements over complete solar cells without making
important changes on it. The most important measurements developed are
the current-voltage characteristics (J-V curves) and the external quantum
e�ciency (EQE ).
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2.3.5.1 Current density-voltage characteristics

J-V curves are the main characteristic of solar cells. They are mea-
surements of the current density of the cell as a function of the applied
tension. They are used to extract several important parameters of the cell
which determine its quality. These measurements can be performed under
di�erent illuminations and also in dark, but the most common situation is
to develop them under a standard Air Mass 1.5 solar spectral irradiance
reference, known as AM1.5 Illumination or AM1.5 Spectrum. Normally
the given parameters of a solar cell are the ones obtained under these
illumination, so from now on when no speci�cation appears next to J-V
curves or any parameters, it will be referring to this situation.

To perform the J-V curve measurements, the experimental setup is
a solar simulator composed by a Newport 67005 housing with a xenon
lamp of 150 W with an AM1.5 �lter. The light beam goes through a set
of neutral �lters that can be used to control the illumination intensity
(for AM1.5 none is used). Then, the light is collected by an optical
�ber and directed to a lenses focus system that allows to illuminate
homogeneously a circular area of 1 cm of diameter from underneath.
The sample is placed down-faced on a platform with a hole in it to
let the light pass. The cell is placed at the center of this hole, aiming
for maximum homogeneity in the light. The platform is refrigerated in
order to maintain the cell temperature constant at 25oC. Concerning the
electrical part, the four-point method is used, using four SUSS Microtec
PH100 probeheads. Two of these probes are used to polarize the cell and
to measure the current with a Keithley 2400 Source Measure Unit (SMU)
that acts both as voltage source and ammeter. The other two verify the
real tension, so the resistance of the wires in the circuit is suppressed as
series resistance in the sample. A schematic view of this con�guration is
shown in Fig. 2.12. All the system is controlled by home-made software
written in Phyton.

The parameters extracted from the J-V curve are commonly called
the characteristic parameters. The short circuit current density (Jsc) is
the current density across the device when the voltage is zero. The open
circuit voltage (Voc) is the potential di�erence when no current is passing
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Figure 2.12: Scheme of the device characterization system con�guration to perform J-V
curve measurements.

through the device. The maximum power voltage and current density
(Vm and Jm) are the values of V and J where the cell generates its
maximum power. These values determine the �ll factor (FF ), which is
the ratio between this maximum output power (density) of the cell to the
product of the short circuit current density times the open circuit volt-
age. The �ll factor is a very sensitive indicator of the cell quality [39][5][83].

FF =
Vm × Jm
Voc × Jsc

(2.11)

With these parameters, the energy conversion e�ciency (η), understood
as the ratio between the maximum converted power density (Vm × Jm)
to the power density of the incident light (P0), can be calculated.

η =
Vm × Jm

P0
=
FF × Voc × Jsc)

P0
(2.12)

Two other parameters can be extracted from the J-V curve: open circuit
and short circuit resistances (Roc and Rsc). These are the resistances in
the corresponding situations, and they are related with the performance of
the cell. It is important to notice that in order to make the reading easier,
they will be called 'resistances', but as the parameter that is commonly
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used to obtain them is current density (J), the obtained resistances are
actually area normalized resistances, whose units are normally Ω cm2.

To understand the relevance of Roc and Rsc, it has to be taken into
account that thin �lms solar cells can be described using an equivalent
circuit, �eld in which our group has developed an important work aim-
ing to obtain the most possible accurate model [49][60][84][85]. Detailed
information can be obtained in these references, but for the aim of this ex-
planation, is enough to say that the equivalent circuit is a parallel circuit
composed by the following elements (Fig. 2.13):

• A diode, which represents an ideal solar cell in dark.

• A voltage dependent current generator Jph, which represents the pho-
togenerated current when the cell is under illumination.

• A series resistance Rs, which represent parasitic e�ects related to the
electric contacts and inter�cial issues. For this resistance, a low value
is desired, as it would mean good electric and inter�cial contacts.

• A parallel resistance Rp (often called shunt). Rp represents an
alternative route for current circulation, which mainly symbolize
recombination losses and current leaks [60][75]. A small loss of
current through these leaks is desirable, then higher values of Rp
result in a more performing solar cell.

The key point is that Rs and Rp are directly related with Roc and
Rsc, which can be obtained from the J-V curve. The detailed relation is
developed in Merten et al. [84], but for this section's purposes it is enough
to say the high illumination limit for Roc is Rs and the one for Rsc is Rp.
Although 1 sun is not this level yet, it is still true that an increment of
Roc leads to an increment of Rp and, in the same way, and increment of
Rsc means and increment of Rp.

In order to better understand the graphical meaning of these parame-
ters, a standard J-V curve with all the parameters is shown in Fig. 2.14.
As it can be seen, Voc is the value where the curve cuts the x axis (voltage
axis), while Jsc is the value where the curve cuts the y axes (current
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Figure 2.13: Equivalent circuit of a thin �lm silicon solar cell (Courtesy of R.Roldan
[60]).

density axes). These two values conform the dark gray square. The power
density curve (P-V curve) is included to make it easier to check where the
maximum power of the cell is achieved. This point corresponds to Vm and
Jm, values that conform a second square in the plot area (light gray). This
light gray area divided by the dark gray area gives the FF. The higher the
FF is, the more curved the J-V characteristic is, approaching to the be-
havior of an ideal diode [5][83]. Anyway it is clear that an increment in any
of these parameters is traduced in an increment of the conversion e�ciency.

As far as Rsc is concerned, it can be understood as the reverse of the
slope of the straight line tangent to the J-V curve at the short circuit
point. As it can be seen in Fig. 2.14, the lower this slope is, which means
the higher Rsc (and subsequently Rp) is, the closer the cell is to the ideal
diode. Conversely, Roc corresponds to the reverse of the slope in the open
circuit point and, unlike before, the higher the slope is; that is, the lower
Roc (and subsequently Rs) is, the closer to ideality the cell is. So, it is
desirable to have high Rsc and low Roc, which means having the most
possible square-like J-V curve. With all these considerations, it is easy
to obtain a good idea of the quality of the cell only by looking the J-V
curve, making it not only an essential measure to obtain the characteristic
parameters, but also a good way to obtain a quick evaluation about the
quality of the solar cell.
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Figure 2.14: Standard J-V curve with all the parameters represented. The P-V curve
is shown to guide the eye to Vm and Jm.

2.3.5.2 Spectral response (SR), external quantum e�ciency (EQE)
and internal quantum e�ciency (IQE).

The spectral response, and consequently the external and internal quantum
e�ciencies, are a way to observe in which areas of the solar spectrum does
the solar cell work better. SR is a function of the wavelength de�ned as
the ratio between the photocurrent generated by the cell and the power
incident on the solar cell.

SR(λ) =
Iph
P0

(2.13)

By measuring the SR, the external quantum e�ciency can be calculated.
EQE is also a function of λ de�ned as ratio between the number of electron-
hole pars collected at the contacts of the device and the number of incident
photons at that wavelength.

EQE(λ) =
ncollected carriers(λ)

nincident photons(λ)
(2.14)
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The internal quantum e�ciency (IQE ) is de�ned (also for each λ) as he
number of electron-hole pars collected at the contacts of the device and
the number of absorbed photons at that wavelength.

IQE(λ) =
ncollected carriers(λ)

nabsorbed photons(λ)
(2.15)

The di�erence between IQE and EQE can then be understood as incident
photons that are not absorbed, this is, as optical losses (i.e. re�exion or
transmission). This magnitudes are related to each other by the following
equations:

SR(λ) = EQE(λ)
λqe
hc

(2.16)

IQE(λ) =
EQE(λ)

A(λ)
(2.17)

where qe is the electron charge, λ the incident light wavelength, h Planck's
constant, c the speed of light in vacuum and A(λ) is the absorptance for
each wavelength.

To measure the EQE (as the system makes the calculus directly from
SR), the same equipment used for J-V curves is employed, but some
modi�cations are included. The light from the lamp now goes through a
PTI OC-4000 chopper that modulates it, and then a Spex1680 monochro-
mator is used to �lter the light of each wavelength. It has a spectral range
from 185 to 900 nm and an accuracy of 0.4 nm. The monochromatic
light goes then into a beamsplitter that divides the light. At this point, a
measure of the light intensity is taken by a PerkinElmer 7265DSP lock-in
ampli�er, it will serve as reference to obtain the number of photons and
calculate the EQE after. The rest of the light reaches the cell through the
same optical way as before. Concerning the electrical part, most of it is
conserved, but now the signal of the SMU goes through a current ampli�er
acting as a current-voltage converter, and then reaches the lock-in, which
compares the two signals and takes the �nal measurement. The modi�ed
equipment is shown in Fig. 2.15.

EQE and IQE measurements allow us to evaluate the behavior of the
device in each wavelength range and extract conclusions. For example, a
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2 Experimental details

Figure 2.15: Scheme of the device characterization system con�guration to perform EQE
measurements.

low EQE in the blue wavelengths could imply an excessive thickness of
the p layer that leads to too much light absorption in this part. On the
other hand, a low EQE in the red and NIR wavelengths suggests a bad
performance of the back re�ector leading to non-absorbed light, which
causes losses in this part of the spectrum. The conclusions extracted will
be explained in detail for each experiment.
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3 Optimization and improvements

in thin �lm a-Si:H solar cells

3.1 Introduction

The optimization of thin �lm silicon layers and solar cells has been
widely studied in the last few decades, and the Solar Energy Group
at the University of Barcelona is not an exception. However, as the
used reactor is a recently acquired equipment, it was necessary to
adapt the deposition conditions to obtain good quality solar cells. The
manufacturer provided standard recipes for the deposition of the layers
of amorphous silicon solar cells, but they needed to be tested and improved.

In this chapter, the test and optimization trials that have been devel-
oped on the layers and the solar cells are shown. The aim was to obtain a
working device, trying to reach the state of the art on solar technology or,
not being this possible, at least a device good enough to perform exper-
iments with it. The optimization started with the provided amorphous
silicon layers conditions mentioned before trying to obtain an amorphous
silicon solar cell. The availability of starting deposition conditions, the
fact that this device is probably the less di�cult to implement, and also
the wide know-how of the group about this kind of cells, leaded to choose
the amorphous silicon solar cell as the device that would be �rst optimized.

There are some considerations concerning some of the deposition situ-
ations that have to be taken into account from now on in this chapter.
These are explained next and should be considered as the standard situa-
tion unless something else is pointed di�erently in a speci�c result.

• The silicon layers were deposited at the multichamber reactor at the
UB (Chapter 2, Sec. 2.1.1). As it is a two chamber reactor, it was
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3 Optimization and improvements in thin �lm a-Si:H solar cells

established that the doped layers were deposited always at depo-
sition chamber 1, while intrinsic layers were deposited in chamber
2. This aims to suppress the boron and phosphorus contamination
[86], so it was not necessary to make intermediate steps in the device
fabrication to eliminate its e�ects [87][88].

• Since p and n layers were deposited in the same chamber, a bury-
ing layer consisting in about 200 nm of intrinsic silicon was always
deposited between two depositions with di�erent dopant gas. This
way, the previous doped layer on the walls and electrode was covered
with intrinsic material, avoiding cross contamination.

• The transparent conductive oxides (TCOs) were deposited at the
sputtering also at the UB (Chapter 2, Sec. 2.1.2) and the metal-
lic contacts were deposited at the thermal evaporator (Chapter 2,
Sec. 2.1.3). Some of the metallic contacts were deposited at the
sputtering, but this was not the usual.

• The single layer trials were deposited over commercial glass Corning
1737, while the solar cells were deposited over commercial Asahi U
and Asahi VU glasses. The change in the cells substrate is due to
the fact that Asahi U glass is no longer fabricated. A comparison
between both glasses was done through a test amorphous solar cell,
and no substantial di�erence was found.

• All the solar cells were deposited in superstrate con�guration. This
means that the Asahi substrate served as window and front contact
and the deposition order of the layer is p/i/n/BR(TCO+metal).

• The �nished solar cell area was de�ned with the metallic back
contact and it is 1 cm2 (Fig. 2.5).

3.2 Homogeneity and area de�nition

The �rst test developed was a homogeneity measurement of the layers.
The reactor is prepared to deposit over substrates of 10×10 cm2, but
as the substrate holder frame is metallic, the plasma on the sides is
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3.2 Homogeneity and area de�nition

Figure 3.1: Homogeneity map over a 9x9 cm2 intrinsic silicon layer.

a�ected. The homogeneity measurements were done through an optical
transmission measurements mapping. A scan of the samples was done
with an Ocean Optics USB2000 spectrophotometer and an optical �ber
light source moving on an x-y table. The light source covered a wavelength
range from 400 to 1000 nm. An area of 9×9 cm2 was scanned with a step
of 1 mm in both x and y axes. After, the measurements were used to
determine the thickness pro�le by the Swanepoel envelope method [89].
The software for both controlling the measurement taking process and
obtaining the thickness pro�le from the measurements is home-made and
was already used in previous group work [57].

The measurements were developed over an about 1 µm thick intrinsic
layer, in order to obtain enough interference fringes. The results are
shown in Fig. 3.1. As it can be seen, a di�erence of less than 5% is
found in a 9×9 cm2 area. This seems small enough to consider the cells
homogeneous in this area.

The �nal check of the homogeneity was developed when it was possible
to deposit the �rst solar cells. It is important to notice that, at that
moment, the cells were not optimized yet, and this is why the parameters
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3 Optimization and improvements in thin �lm a-Si:H solar cells

Figure 3.2: Position of 1 cm2 solar cells and central front contact over them 10x10 cm2

pin sample.

do not show good values. However, this was not critical yet as the aim
of this experiment was to compare the cells between them. A 10×10 cm2

Ashai U+pin sample was divided in four 5×5 cm2 pieces, and in each
one six 1 cm2 solar cells were completed by delimiting the area with the
back re�ector mask and the scratching and etching procedure explained
in Chapter 2, Sec. 2.2.2.The position of the mask over the sample and the
cell numeration is shown in Fig. 3.2.

Figure 3.3: J-V curves of the six positions on the sample shown on Fig. 3.2.
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3.3 Intrinsic amorphous silicon layer optimization

The current-voltage curves were measured and compared in order to
check the di�erence between them. The J-V curves are shown on Fig.
3.3. As it can be seen, the six curves are almost coincident, with a very
slight di�erence in the cell in position 3, which is the one closest to the
corner. Although this di�erence is not very high, it was considered that
unless four 5×5 cm2 pieces were needed, the central zone would be used
to obtain the cells. Normally, two sets of six cells are deposited in the
central zone of 10×5 cm2.

3.3 Intrinsic amorphous silicon layer optimization

3.3.1 Properties optimization

The intrinsic silicon layer is used as absorber layer (active layer) in
amorphous silicon solar cells, which means that it has to ful�ll a series of
conditions in its properties in order to be suitable for this function. Ac-
cording to Ruud Schropp and Miro Zeman [23], the conditions for quality
intrinsic amorphous silicon for absorber layers are those shown in Table 3.1.

Table 3.1: Criteria for 'device quality' amorphous silicon �lms [23].

Property Requirement
Dark conductivity <10−10 Ω−1cm−1

AM1.5(100 mW/cm2) Photoconductivity >10−5 Ω−1cm−1

Band gap, Tauc < 1.8 eV
Band gap, cubic < 1.6 eV
Absorption coe�cient at 600 nm ≥ 3.5 104 cm−1

Absorption coe�cient at 400 nm ≥ 5 105 cm−1

Activation energy ≈ 0.8 eV

In order to �nd the most suitable material for amorphous silicon solar
cells, three optimization series of intrinsic a-Si:H layers were developed.
The series were made varying one parameter in each case. These parame-
ters are silane �ow (so a series on depletion is obtained), hydrogen �ow (so
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3 Optimization and improvements in thin �lm a-Si:H solar cells

Table 3.2: Deposition parameters for intrinsic silicon layers. The bold quantity in vary-
ing parameters is the one kept constant in the rest of the series.

Fixed parameters
Pressure 80 Pa
Power 4 W (≈33 mW/cm2)
Electrode distance 15 mm
Time 30 min
Background pressure <2 10−5 Pa

Varying parameters
Silane �ow 2.5, 3.75, 5, 10, 20, 40 sccm
Hydrogen �ow 0, 40, 80, 120, 160, 200 sccm
Substrate temperature 150, 175, 200, 225, 250, 300 oC

a series on hydrogen dilution is obtained) and substrate temperature (this
is, the real temperature according to the 2/3 relation found in Chapter 2,
Sec. 2.1.1). The standard deposition conditions for the i a-Si:H layers are
shown in Table 3.2, including the variations in the mentioned parameters.
Over these layers, measurements of the upper mentioned properties were
developed to �nd dependencies and try to obtain optimum values.

3.3.2 Developed measurements

3.3.2.1 Thickness and deposition rate

In order to measure thickness, two di�erent techniques were used, in order
to be sure of the obtained values. These techniques are confocal microscopy
and pro�lometry, and the used equipments are described at Chapter 2,
Sec. 2.3.1. Normally the two sets of measurements show almost the same
values within a margin of error. In any case, the confocal measurement
value is the one that is picked while the pro�lometer measurements are
only developed to verify the confocal ones (except some exceptional cases).
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3.3 Intrinsic amorphous silicon layer optimization

3.3.2.2 Optical measurements

The optical measurements, which are transmittance (T ) and re�ectance
(R) were developed in the UV-VIS-NIR Spectrophotometer (Chapter 2,
Sec. 2.3.2.1). The objective of these measurements was to obtain the
Tauc optical bandgap (E g) from them [39]. The procedure is explained in
detail in Cristobal Voz's thesis [53]. The absorption coe�cient (α) can be
obtained from the equation

eα =
4ns(1 + A

T ) +
√

[4ns(1 + A
T )2 + 4(n2 − s2)2]

2(n+ s)2
(3.1)

where n is the refractive index of the material (intrinsic amorphous silicon)
which is obtained from Optical program measurements, s is the refractive
index of the substrate (Corning 1737 glass) provided by the manufacturer;
and A is the absorptance of the material which is calculated as

A(λ) = 1− T (λ)−R(λ) (3.2)

With the obtained absorption coe�cient,
√
α(E)E versus the energy

(E) can be plotted, and a linear regression is made in the slope zone in
order to obtain the cut point with energy axes, which is the optical Tauc
bandgap E g [39].
To try to minimize the error, a home-made Matlab program has been
developed and optimized to make this �tting. The linear regression was
normally made in the zone between 1.9 and 2.6 eV, except for those cases
where that interval was clearly a�ected by interferences.

3.3.2.3 Electric measurements

To perform the electrical measurements of the layers, the equipment
described in Chapter 2, Sec. 2.3.3.1 was used. Four silver contacts of
1mm × 1cm separated this same area (Fig. 2.5) were deposited over
the samples to make the two point conductivity measurements. The
samples were put under vacuum and the heater was used to control the
temperature.
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3 Optimization and improvements in thin �lm a-Si:H solar cells

For the dark conductivity, the vacuum chamber was closed with a
metallic opaque cover. The fact that the measurements were performed
over very resistive samples led to very small currents, close to the
electrometer lower limit, which could result in erratic measurements. To
minimize the errors, the value of the conductivity was not obtained from
a single point but from a linear regression of intensity versus voltage.
Voltage was varied from -100 to 100 V with a step of 10 V. At each point,
5 measurements were taken with 10 seconds between them to check the
error: if the standard deviation was too high, the point was not taken into
account for the regression.

To measure the photoconductivity, a LED (described in Chapter 4, Sec.
2.2.4) was placed over the vacuum box at a height such as the sample was
irradiated with an AM1.5 like illumination (1000 W/m2). This height
was obtained from a calibration with a standard T-Solar cell. Then, the
vacuum box was closed with a transparent glass cover. In this case the
measurements had to be done as fast as possible to avoid light induced
degradation. Besides, since the currents are about 5 orders of magnitude
higher, they are now far from the electrometer limit, which means that
the values were much more accurate and much less time was needed to
obtain reliable data.

A measurement of the evolution of the conductivities with the under
illumination time was performed on an intrinsic amorphous silicon layer
deposited in similar conditions to those used for the optimization series.
In Fig. 3.4 the evolution in the �rst 10 hours is shown. It can be seen
that the photoconductivity is reduced by a factor of almost 2 in about
15 minutes under illumination, so it was necessary to measure very
quick to obtain reliable values for the initial state. In this situation, the
measurement procedure was modi�ed to be quicker, varying voltage from
-70 to 70 V with a step of 20 V, measuring 5 times at each point with 2 s
between them. This leads to a very quick measurement that avoids LID
e�ect but keeping the standard deviation small enough.

To obtain the activation energy (Ea), measurements of the dark
conductivity were taken at di�erent temperatures. To measure the
activation energy accurately, the temperature values must be reliable, so
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3.3 Intrinsic amorphous silicon layer optimization

Figure 3.4: Evolution of the dark conductivity and photoconductivity of an a-Si:H layer
with the under illumination time in the �rst 10 hours.

the con�guration of dark conductivity is used but a metallic piece is added
to cover the sample, which is also in contact with the heater. This way
it conforms an oven-like space that makes the temperature of the sample
more stable and reliable. With this con�guration, the temperature was
raised to 200oC and then stabilized, then the heater was switched o� and
values of conductivity were taken when there was a di�erence of at least
0.5oC with the previous value of the temperature. With these values, the
activation energy was obtained as described in Chapter 2, Sec. 2.3.3.1.

3.3.3 Depletion series

3.3.3.1 Experimental

The depletion (D) is a parameter that somehow evaluates the deposition
e�ciency, this being understood as how many of the silicon atoms
introduced in silane form are eventually deposited as part of the �lms. As
D is habitually an intermediate parameter to evaluate other properties of
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3 Optimization and improvements in thin �lm a-Si:H solar cells

the plasma, such as silane concentration or partial pressure, its de�nition
can be given di�erently depending of how it has been obtained from
indirect measurements.

According to Strahm et al.[90] depletion as parameter is a measure of the
reduction of the silane partial pressure due to dissociation by the plasma,
and is normally used to evaluate the di�erence in the silane concentration
in a silane-hydrogen mixture between plasma on and plasma o� situations.
The depletion would be then de�ned as:

D = 1− p(SiH4)on
p(SiH4)off

(3.3)

where p(SiH4)off is silane partial pressure when the plasma is o�, and
p(SiH4)on when it is on. These parameters can be either directly mea-
sured [91] or obtained from indirect measurements like Fourier Transform
Infrared (FTIR) spectroscopy [90] .

Another way to obtain D is evaluating the silane densities in the reac-
tor at constant pressure before and during the plasma steady state [92].
Considering this, the depletion fraction would be de�ned as:

D = 1− n(SiH4)on
n(SiH4)off

(3.4)

The silane density is deduced from a light absorption spectroscopic
measurement, which is proportional to the density of absorbing molecules.

Another way to obtain the depletion is considering the ratio of the de-
position rate Rd to the maximum deposition rate Rdmax, which would be
reached if all silicon atoms contained in the input gas �ow were deposited
uniformly on the reactor walls, electrodes and substrate [93].

Rd
Rdmax

=
D

1 + c(1−D)
(3.5)

where c is de�ned in terms of the input �ow rates of the precursor gases
as [94]

c =
ΦSiH4

ΦSiH4 + ΦH2

(3.6)
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3.3 Intrinsic amorphous silicon layer optimization

This is how D has been calculated in this series. Since the deposition
time was �xed, Rd/Rdmax is equivalent to the fraction between thicknesses
d/dmax; and also as the area was equal (substrate, electrode and walls),
this is equivalent to the fraction between number of atoms NAdep/NAmax.
The thickness of the layers was measured, and with the areas of the
sample, the lower electrode and the surrounding walls, the quantity of
deposited atoms was calculated, based on the atomic density of amorphous
silicon [95]. The same assumptions made by Feltrin et al.[93] and Bugnon
et al.[94] were made: uniform deposition over walls and substrate and
no loss of silicon atoms through polysilane or powder formation. As
far as powder is concerned, the previous trials made in the deposition
chamber with the initial a-Si:H recipe have shown that there is no powder
formation is this regime, so this assumption can be made, at least at �rst.

To obtain NAmax the quantity of silane in the chamber during the process
was obtained from the �ow and the total deposition time. Being the �ows
di�erent, the quantity of total silane present during the process is also
di�erent, so as the residence time in the chamber. Considering this, D is
obtained for the di�erent �ows using the cleared D de�nition (as in this
case only silane is pumped in, c is equal to 1):

D =
2F

(1− F )
(3.7)

where F is the fraction NAdep/NAmax. A plot of D versus SiH4 �ow can
be seen in Fig. 3.5. As it is shown, a wide range is covered in depletion.
The values are di�erent than others found on the bibliography due to the
fact that in this series no additional hydrogen has been introduced.

3.3.3.2 Results and discussion

The �rst parameter measured was the thickness of the layers, as it had to
be used to obtain the depletion values. In this case three di�erent methods
were used to measure the thickness: the regular confocal microscopy and
pro�lometer measurements and also ellipsometry measurements (done in
the LPICM in Palaiseau, Sec. 3.6). After the three measurements, the
values obtained by ellipsometry were used, as the error in these was lower.
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3 Optimization and improvements in thin �lm a-Si:H solar cells

Figure 3.5: Calculated depletion versus silane �ow. The points are the values used for
the samples.

Results are shown in Fig. 3.6.

As it can be observed, there is an important dependence of the thickness
and the deposition rate with the depletion, as Rd varies in a factor over
2 between the lowest and the highest value. Rd starts at its minimum at
lower D values, reaches a maximum at about 0.37 and then goes down
again. Di�erent behaviors on Rd have been found at the literature, but in
series with di�erent parameters and usually in very high frequency (VHF)
plasma [91][92][94][96].

If the reactions in amorphous silicon formation described by Schropp
and Zeman [23] are considered, and knowing that pressure is kept
stable during the process, this behavior suggests the contribution of two
mechanisms: at low depletion values, that is high input silane �ow, the
residence time of the gas is short, so some of the active species are pumped
out before the chemisorption takes place. On the other hand, at high
depletion (lower �ow) the residence time is higher, and the probability of
polysilane species with two, three or even four atoms of silicon increases,
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3.3 Intrinsic amorphous silicon layer optimization

Figure 3.6: Thickness and deposition rate of depletion series samples.

reducing the deposition rate and a�ecting the plasma [97]. The maximum
point in Rd is reached when these two mechanisms reach an equilibrium.

This behavior of central points being a relative maximum or minimum
is reproduced in other parameters. If the results in the conductivities in
the as deposited/annealed state are observed (Fig. 3.7), a minimum in
both dark and photoconductivity is found in the 0.37 depletion sample,
which is the same that presented the maximum in thickness and deposi-
tion rate. The di�erence between the two parameters is about 4 orders
of magnitude, which is less than the quality condition exposed in Table 3.1.

If a relative comparison is made, the low depletion sample is the one
that shows higher di�erence between dark and photoconductivity, and
this di�erence becomes lower as the depletion grows, suggesting that low
depletion material would be more performing on a device. This kind
of dependence of conductivity with deposition rate has already been
reported [98].
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3 Optimization and improvements in thin �lm a-Si:H solar cells

Figure 3.7: Dark and photoconductivity in the initial (continuous line) and degraded
(dots line) states of depletion series samples.

To completely be sure of this di�erence, light induced degradation at
30oC has been performed over the samples over 1000 hours to get the
stabilized state of the material. The results are also presented in Fig.
3.7 in dotted lines. The degradation is about two orders of magnitude in
both conductivities, but it can be noticed that the samples with higher
depletion values are a little less degraded by light, reaching a di�erence
of about 1.5 orders of magnitude. This indicates that, although before
LID the samples of low and high depletion showed similar values on the
conductivities, after LID less defects are generated on the high depletion
samples.

76



3.3 Intrinsic amorphous silicon layer optimization

The activation energy and the gap results are shown in Fig. 3.8. Similar
behavior as before is found, this time with the 0.37 sample showing a
maximum in the gap and a minimum in the activation energy. According
to Table 3.1 several samples ful�ll the requirement of having a gap lower
than 1.8 eV, being the ones of higher deposition rate those that do not.
If activation energy is evaluated, the sample with lowest depletion is the
one that �t best with the ≈0.8 eV condition.

Figure 3.8: Gap and activation energy in depletion series samples.

The absorption coe�cient was also obtained from the optical measure-
ments. It was used to calculate the values of the gap showed before, but it
is also one of the parameters used to determine the quality of the device.
Fig. 3.9 shows the absorption coe�cient as a function of the energy for
all the samples. The requirements for device quality in Table 3.1 establish
a minimum of 3.5x104 cm−1 at 600 nm and 5x105 cm−1 at 400 nm, which
approximately correspond to energies of 2.07 eV and 3.10 eV respectively
(obtained trough the formula E=hc/λ). These two values are marked in
the plot to guide the eye. The results show that all the samples are below
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Figure 3.9: Absorption coe�cient in depletion series samples. The gray lines correspond
to 600 nm (≈2.07 eV) and 400 nm (≈3.10 eV) and are drawn to guide the
eye.

this values in both cases, so probably further optimization is needed in
this layer.

Focusing on direct comparison, a strong dependence is found in the
absorption coe�cient with depletion, specially from about 2.4 eV (516
nm). More accurately, the dependence is with the deposition rate, as the
higher it is, the lower the absorption coe�cient becomes in the mentioned
wavelengths. This is consistent with the results obtained before, pointing
the samples of higher Rd as less quality material samples.

3.3.3.3 Conclusions and future work

A series in depletion has been studied and from the results several conclu-
sions can be extracted:
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• None of the samples ful�ll all of the considered criteria for device use,
specially in photoconductivity and absorption coe�cient, where the
values should be higher. Nevertheless, the values are good enough
to obtain a working device.

• The deposition rate is highly in�uenced by depletion, �nding a max-
imum at about 0.37, where the reaction equilibrium leads to a max-
imum in the speed.

• However, though this could be desirable, high deposition rate samples
have shown worse performance, as higher speed leads to higher defect
concentration.

• The sample with the lowest depletion, which corresponds with the
lowest deposition rate, shows the best qualities to be used in solar
cells as deposited, but after LID, the ones with higher depletion
values showed better behavior against SWE.

• Solar cells with di�erent silane �ows should be deposited to
check these results in devices. Even variable concentration could
be tried, as it has been reported that this could o�er good results [99].

3.3.4 Hydrogen series

3.3.4.1 Experimental

Hydrogen dilution, de�ned here as ΦSiH4/ΦH2 , is a parameter that has
been widely studied trying to �nd the amorphous to microcrystalline
transition, aiming to obtain a material more resistant to light soaking
[100]. However, this material is developed in much higher dilutions
than those used in this work. Here, the objective is to study if adding
hydrogen to the plasma leads to to obtain better performance of the
material, but keeping it amorphous, as it has higher deposition rate [97].
So, hydrogen �ow is varied then between 0 and 200 sccm, while silane
�ow is kept constant at 40 sccm, obtaining dilutions between 0 and 5.
Although hydrogen is incorporated, these dilutions still keep the silane
concentration in levels corresponding to amorphous material [96]. The
protocrystalline (also called polymorphous) and microcrystalline layers
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require much higher hydrogen dilution [101].

3.3.4.2 Results and discussion

Figure 3.10: Thickness and deposition rate of hydrogen dilution series samples.

The results of the measurements of the thickness of the samples are
shown in Fig. 3.10. As expected, the deposition rate decreases with the
increment of hydrogen �ow, due to a higher etching by atomic hydrogen
[102]. The dependence is not as strong as in depletion series. What it is
interesting is that the samples on higher dilution showed bad adhesion
to the substrate. These hydrogen dilutions at the used pressure and
temperature lead to unstable amorphous layers which detach themselves
[101][103]. The 200 sccm (5:1) sample was even not taken into account
for some further results as it was very di�cult to perform reliable
measurements on it due to the irregular detached surface.

The results in conductivities are shown Fig. 3.11. As it can be seen, the
dark conductivity slightly decreases with dilution, while the photocon-
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Figure 3.11: Dark and photoconductivity in the initial (continuous line) and degraded
(dots line) states of hydrogen series samples.

ductivity shows a maximum at 2:1 sample. The di�erence between them
at this point is about �ve orders of magnitude, which would ful�ll the
condition for device quality. Takai et al. [97] have already reported an op-
timum H2 dilution ratio to obtain higher values of the �ll factor after light
soaking in a Schottky diode. Nishimoto et al. [104] obtained a maximum
of stability (an then performance) in the minimum of electron temperature
and trisilane fraction; according to them, this point appears at a hy-
drogen dilution of about 3, while in this case it is found a little earlier, at 2.

To check if this behavior is maintained in the degraded states, light
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induced degradation over the samples was developed just like in the
depletion series. Results are also shown in Fig. 3.11. The shape of the
curves is maintained, just like in depletion series. Here, the hydrogen
content tends to reduce the LID, as it was expected. However, in this
case, the sample 2:1 is still showing the best properties, specially the
photoconductivity, which reaches a value a little over 10−6 S/cm.

As far as the activation energy and the gap are concerned, it can be
observed in Fig. 3.12 that 2:1 sample shows a minimum in activation
energy with a value of about 0.7 eV, which is probably a bit low, as a
value of ≈0.8 eV is desired. On the other hand, the gap increases with
hydrogen �ow, so the 0 sample is the one that better ful�lls the condition
of having a gap under 1.8 eV.

Figure 3.12: Gap and activation energy in hydrogen series samples.

The absorption coe�cient in this case (Fig. 3.13) shows much less
variation between the samples. The sample that shows higher absorption
coe�cients at 600 nm and 400 nm is the 3:1 sample, which is not the same
optimum point as the one found for other parameters, but is coincident
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Figure 3.13: Absorption coe�cient in hydrogen series samples. The gray lines corre-
spond to 600 nm (≈2.07 eV) and 400 nm (≈3.10 eV) and are drawn to
guide the eye.

with the one found by Nishimoto et al.[104]. However, the di�erences in
the plot are not very big.

3.3.4.3 Conclusions and future work

According to the results in the hydrogen dilution series for amorphous
silicon, some conclusions can be extracted and it is possible to set the
bases to some future work that could lead to more performing layers.

• The 2:1 sample shows the di�erence of 5 orders of magnitude in the
conductivities. However, this sample shows also a little low activation
energy and absorption coe�cient.

• A moderate inclusion of hydrogen reduces light induced degradation,
as the drop in the conductivities is smaller for higher hydrogen dilu-
tions.
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• One way to get further optimization is to combine both depletion
and hydrogen dilution results, as normally depletion is used as a
parameter in hydrogen presence.

• Increasing hydrogen dilution to get the protocrystalline situation has
proven to be a way to get quality material, more resistant to LID
[105][106]. Still, to get this kind of material much higher dilutions
are required.

• In this case, the fact that the samples with higher hydrogen dilutions
detached from the substrate suggests that they are being deposited
in an incorrect plasma regime. Pressure or power should have to be
modi�ed to get suitable deposition conditions [91][94].

3.3.5 Temperature series

3.3.5.1 Experimental

The temperature series has been developed using samples with a ΦSiH4=
40 sccm and a ΦH2= 0 sccm. The temperatures of the substrates was 150,
175, 200, 250 and 300oC, which means that the chamber was set to 225,
262, 300, 375 and 450oC respectively, according to the 2/3 correlation
exposed in Chapter 2, Sec. 2.1.1.

Series on temperature have already been made in this group [49][56]
with di�erent techniques and reactors, and the key point was to adapt the
know-how to the new equipment. Lower temperatures have been tested
for amorphous silicon [107], aiming to use it over plastic substrates. As it
has been reported by Roca i Cabarrocas [108], the defect density is much
higher in samples deposited at lower temperatures.

3.3.5.2 Results and discussion

As far as the thickness and the deposition rate are concerned (Fig. 3.14),
the temperature is the parameter that presents the smaller variation.
However, a slight tendency to grow with increasing temperature is found.
This behavior has been already reported and is related to particle and
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Figure 3.14: Thickness and deposition rate of temperature series samples.

powder formation [108][109] which a�ects the layer growing. However,
this results do not match with Koch et al. [107] tendency of Rd decrease
with increasing temperature, although this is a di�erent temperature
range.

The results in the conductivities are shown in Fig. 3.15. Both dark
and photoconductivity have a tendency to grow with the deposition
temperature, which matchs with Maemura et al. results [109]. Still the
di�erence of about four orders of magnitude remains constant.

After the light soaking, the conductivities show the same tendency
but about two orders of magnitude below, being the 300oC sample
the one that experiences higher degradation in the photoconductivity.
However, it still presents the highest value. So the quality of the �lm
seems to improve with the temperature, probably because low substrate
temperature deposition at high deposition rate is quite often accompanied
by powder formation and poor �lm stability [104].
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3 Optimization and improvements in thin �lm a-Si:H solar cells

Figure 3.15: Dark and photoconductivity in the initial (continuous line) and degraded
(dots line) states of temperature series samples.

Fig. 3.16 shows the results in activation energy and bandgap. The acti-
vation energy shows a maximum at 250oC and then decrease again. This
behavior could be explained with the di�erent dominant processes below
and over this temperature [103]. As far as the band gap is concerned, a
decrease with increasing temperature is observed as in Maemura et al.

results [109].
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3.3 Intrinsic amorphous silicon layer optimization

Figure 3.16: Gap and activation energy of temperature series samples.

Figure 3.17: Absorption coe�cient in temperature series samples. The gray lines cor-
respond to 600 nm (≈2.07 eV) and 400 nm (≈3.10 eV) and are drawn to
guide the eye.
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The absorption coe�cient of the samples in the temperature series
is shown in Fig. 3.17. An interesting e�ect is observed in the samples
deposited at 250oC and 300oC: these samples show an important increase
in the absorption coe�cient at 600 nm (almost reaching the device quality
level), but on the other hand, they show the lowest values at 400 nm,
though the di�erence is not that big.

3.3.5.3 Conclusions and future work

A series in temperature has been studied and from the results several
conclusions can be extracted:

• The deposition rate is almost constant but slightly increasing over
200oC.

• The activation energy shows a maximum at 250oC, and good values
of Ea can be found both below and over this maximum.

• Increasing the temperature could lead to an improved layer, as the
gap is lower and the photoconductivity is higher, while activation
energy shows adequate values.

• Higher temperature samples show also better values of the absorption
coe�cient in the blue zone of the spectrum.

• With this in mind, raising the temperature could be a good option
to improve the devices. However, this could lead to an reduced V oc

in the solar cells [110].

3.4 Boron doped silicon layer optimization

Before the deposition of the solar cells could be done, a working optimized
boron doped (p) layer was necessary. Boron doped layer is bound to be
the window layer, that means that light enters the solar cell through it
before reaching the active layer. As doped layers are highly defective, the
carriers generated here are not collected; so the p window layer should
absorb the less possible quantity of light [39]. To achieve this objective
the material has to have the higher possible gap; and the layer in the cell
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has to be as thin as possible to reduce the absorption the minimum while
the electric �eld is maintained in all the active layer.

Just as in the case of intrinsic layers, Schropp and Zeman [23] provide
a set of considered minimum conditions for quality boron doped material,
either amorphous or microcrystalline. These requirements are shown in
tables 3.3 and 3.4, respectively.

Table 3.3: Criteria for boron doped amorphous silicon �lms for its application in solar
cells [23].

Property Requirement
Conductivity >10−5 Ω−1 cm−1

Conductivity for a 20nm thick �lm >10−7 Ω−1 cm−1

Band gap, Tauc >2.0 eV
Activation energy <0.5 eV
Absorption coe�cient at 600 nm ≥ 1x104 cm−1

Absorption coe�cient at 400 nm ≥ 3x105 cm−1

Table 3.4: Criteria for boron doped microcrystalline silicon �lms for its application in
solar cells [23].

Property Requirement 300nm Requirement 20nm
Conductivity 1.5 Ω−1 cm−1 2.6x10−2 Ω−1 cm−1

Band gap, Tauc 1.4 eV -
Activation energy <0.025 eV 0.059 eV
Crystalline volume faction 67 % 17 %

3.4.1 Boron doped amorphous silicon

With these requirements in mind, the optimization of the layers started
using as �rst reference the conditions developed by Bengali et al. [111],
although these conditions are implemented for a di�erent frequency.
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Several series on di�erent parameters were performed in order to obtain
the most suitable material. In this case, these were made consecutively,
taking the best sample's recipe of the previous series as starting point for
the subsequent one. The �rst series developed was in TMB partial �ow
(ΦTMB/(ΦTMB + ΦSiH4)), then temperature, then pressure and �nally
CH4 partial �ow (ΦCH4/(ΦCH4 + ΦSiH4)). The values of the parameters
are shown in Table 3.5

Table 3.5: Deposition parameters for boron doped amorphous silicon layers.

Fixed parameters
Silane �ow 2.6 sccm
Power 4 W (≈33 mW/cm2)
Electrode distance 15 mm
Time 60 min
Background pressure <5 10−6 Pa

Varying parameters
TMB (0.2% in H2) �ow 20, 40, 50 sccm
TMB partial �ow 0.13, 0.24, 0.29
Substrate temperature 150, 175, 200 oC
Pressure 53, 80, 107, 133, 160, 187 Pa
CH4 �ow 2.1, 3.2, 5.2 sccm
CH4 partial �ow 0.44, 0.55, 0.67

The �rst parameter that was used as a discriminant to optimize the
layer was σdark, as it was the easiest and quickest to be measured. The
results are shown in Fig. 3.18. All the series are plotted in the same graph
so the optimization is well seen. The series are chronologically tagged,
this is, the numbers next to the series' name indicate the order of the series.

As it can be seen, the conductivity in the �rst series (TMB) increased
with more dopant concentration, but in the limit of the equipment it
slowed the growth ratio, and since being on the edge of the maximum �ow
rate was an issue to calibration, the central sample of 40 sccm of TMB
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Figure 3.18: Results of dark conductivity optimization of boron doped amorphous layer
series. The numbers next to the name of the series indicate the order.

(0.24 of partial �ow) was selected as best concentration. Concerning the
temperature, going down from 200oC to lower temperatures of deposition
decreased the conductivity of the layers. Increasing the temperature could
have been an option, but when the gap of the samples were checked, a
tendency to decrease with increasing deposition temperature, showing
the 150, 175 and 200oC gaps of 2.13, 2.10 and 2.08 eV respectively. As
the gap has to be kept over 2 eV, the 200oC was for the moment kept as
optimum.

The pressure series is the longest one, since two sets were made, making
it a six samples series. This was made because at �rst, starting in 53 Pa
and raising it until 107 Pa produced an increment in the conductivity
but a maximum was not reached, so three more pressures were tried.
When the results of this additional samples were added to the series, the
maximum was now found at 107 Pa. Then, the �ow of CH4 was reduced
conforming the last series. The reduction of CH4 �ow showed a maximum
of the conductivity at 2.1 sccm (0.44 of partial �ow). Besides, when the
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Table 3.6: Deposition parameters for the optimized boron doped amorphous silicon
layers.

Final values of modi�ed parameters
TMB partial �ow 0.24
Substrate temperature 200 oC
Pressure 107 Pa
CH4 partial �ow 0.44

Characteristic parameters (160 nm)
Conductivity 1.1x105 Ω−1 cm−1

Band gap, Tauc 2.02 eV
Activation energy 0.43 eV

activation energy was measured, it showed a much stronger dependence:
the 0.67, 0.55 and 0.44 of CH4 partial �ow showed an activation energy
of 0.57, 0.51 and 0.43 eV respectively. With this considerations, the
optimized amorphous p layer deposition conditions and characteristic
parameters are listed in Table 3.6. These values ful�ll the conditions for
a device suitable amorphous p doped layer.

3.4.2 Boron doped microcrystalline silicon

Although p aSi:H was optimized to device quality level, it was considered
that an optimization of boron doped microcrystalline silicon (p µcSi:H)
was also important for several reasons: First, the inclusion of a double
p layer with both materials may lead to an important increase in V oc;
then, as the HWCVD chamber has as objective the deposition of i µcSi:H
continuing the group work [57], to develop a cell, thus p µcSi:H would
be needed; �nally, this material is also necessary to develop the emitters
used in Chapter 5, Sec. 5.4.2.1.

The followed steps are almost the same as those used for p a-Si:H: from
a starting recipe, some parameters are studied aiming to be optimized
according to the requirements showed on Table 3.4.
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The �rst series developed was in temperature, then TMB partial �ow
(ΦTMB/(ΦTMB + ΦSiH4)), then power and �nally SiH4 partial �ow
(ΦSiH4/(ΦTMB + ΦSiH4)). The values of the used parameters are shown
in Table 3.7. As µc-Si:H is more di�cult to optimize, the series here are
longer, of at least 4 samples.

Table 3.7: Deposition parameters for boron doped microcrystalline silicon layers. The
numbers next to the name of the series indicate the order.

Fixed parameters
Pressure 400 Pa
Hydrogen �ow 198 sccm
Electrode distance 15 mm
Time 20 min
Background pressure <5 10−6 Pa

Varying parameters
Substrate temperature 160, 170, 180, 190, 200 oC
TMB (0.2% in H2) �ow 2, 2.5, 3, 3.5, 4 sccm
TMB partial �ow 0.0099, 0.0124, 0.0149, 0.0173, 0.0197
Power 20, 25, 30, 35 W
Silane �ow 0.35, 0.4, 0.45, 0.5, 0.6, 0.75 sccm
Silane partial �ow (×10−3) 1.74, 1.99, 2.23, 2.48, 2.98, 3.72

Like before, σdark is the �rst parameter used to optimize the layer. Fig.
3.19 shows the results, chronologically tagged as before. The conductivity
increases with the temperature, but since a-Si:H is being used in solar
cells, it was not raised more than 200oC. In chapter 5, Sec. 5.4.2.1 the
temperature is raised further, but the results will be showed there. After,
the dopant concentration (TMB) is varied, obtaining a maximum in the
concentration corresponding to a �ow of 3 sccm (0.0149 of partial �ow).
Further increment or decrement of the �ow results in lower σdark.
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Figure 3.19: Results of dark conductivity optimization of boron doped microcrystalline
layer series. The numbers next to the name of the series correspond to the
order.

Figure 3.20: Results of crystalline fraction of boron doped microcrystalline layer series.
The numbers next to the name of the series correspond to the order.
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In the power series, a maximum is also found for 30 W, which would
correspond to a power density of 0.25 W/cm2. Lastly, the longest series,
concerning silane �ow, shows also an optimum value with a �ow of 0.5
sccm of silane (2.48×10−3). At this point, the reached value is 1.32 S/cm,
which is a little lower than the device quality criteria for 200 nm, but it
has to be taken into account that the layer is thinner (120 nm). So, it can
be considered that σdark ful�lls the requirement.

Although dark conductivity already presented good enough values,
other parameter was checked in order to verify that the maximum
positions were really optimal. This parameter is the crystalline fraction
χc, which was obtained through Raman spectroscopy measurements
(Chapter 2, Sec. 2.3.2.2).

Fig. 3.20 shows the the results in crystalline fraction. The �rst thing
that can be noticed is that the temperature series shows higher values
than some other subsequent series, despite the fact that the conductivities
were lower. This is because the boron concentration was not optimized at
that point, and the e�ect of amorphization by boron content was lower.

After that, the results are mostly consistent with those on σdark, as the
conductivity is linked with the cristallinity. The values for the crystalline
fraction are still a little below the 0.67 mentioned in 3.4, but just like
before, the �lms are thinner than 200 nm and the values of χc would
increase in thicker layers.

With these considerations, the optimum parameters and some charac-
teristic parameters of the optimized p doped microcrystalline layer are
summarized in 3.8. This would be the p µcSi:H layer which is employed
when mentioned, unless something else is speci�ed.
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3 Optimization and improvements in thin �lm a-Si:H solar cells

Table 3.8: Deposition parameters for the optimized boron doped microcrystalline silicon
layers.

Final values of modi�ed parameters
Substrate temperature 200 oC
TMB �ow 3 sccm
Power 30 W (0.25 mW/cm2)
SiH4 �ow 0.5 sccm

Characteristic parameters
Conductivity 1.32 Ω−1 cm−1

Band gap, Tauc 2.07 eV
Crystallinity factor 0.596 eV

3.5 Complete device optimization

3.5.1 Back re�ector optimization

The rear part of the solar cells, normally called back re�ector (BR), has a
double role on the device: to act as an electrode that collects the photo-
generated current; and to re�ect the non-absorbed light back into the cell
to provide an second chance for it to be absorbed. The BR can simply be
a metallic layer, but normally a TCO is placed between the layer and the
metal to provide a di�usion barrier for the metallic atoms into the cell, and
to enhance the re�ectance by adding an intermediate refractive index [112].

The BR optimization in the solar cells was one of the �rsts optimizations
developed, and an important part of the optimization process concerning
the TCO was already presented in Paz Carreras' thesis [26]. In chapter
7, section 3 of this document, the trials over the �rst UB cells (this is,
a not optimized device) are presented. In Fig. 3.21, the J-V curves of
a subsequent trial are shown. It can be seen that two sets of ZnO:Al
and ZnO:Ga with di�erent conditions were tried over the same cell
con�guration.The conditions are shown Table 3.9. The di�erence between
them is small, being the ZnO:Al(2) the best, providing an increase in the
current of about 12% over the TCO-less sample.
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Table 3.9: Deposition conditions for the TCO trials. All the samples were deposited at
room temperature and wit a power of 120 W.

Sample TCO doping Pressure Ar �ow O2 �ow T-S d Thickness
ZnO:Ga(1) 2% 0.13 Pa 8 sccm 0 sccm 11 cm 75 nm
ZnO:Ga(2) 4% 0.13 Pa 8 sccm 0 sccm 11 cm 80 nm
ZnO:Al(1) 2% 0.53 Pa 12 sccm 0.35 sccm 15 cm 85 nm
ZnO:Al(2) 2% 0.53 Pa 12 sccm 0 sccm 15 cm 75 nm

Figure 3.21: J-V curves of the best cell of each TCO deposition.

To check if the current is in fact a consequence of the TCO incorpora-
tion, an EQE measurement was developed, comparing the cell with only
aluminum in the back re�ector with the one with ZnO:Al(2wt.%). The
curves in Fig. 3.22 show that the blue part of both cells is almost equal,
but from 550 nm on, the sample with TCO shows much higher values of
the EQE. This increase in the red part of the spectrum reveals that the
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Figure 3.22: EQE curves of the best cells with and without TCO.

presence of the TCO increases the absorption of lower energy light, which
means that this light that is lost in the TCO-less sample, now is absorbed
due to an enhancement of the light path (more absorption chance).

Another trial that was developed is a comparison of the performance of
di�erent metals deposited by di�erent means. That would be aluminum
and silver both deposited by thermal evaporation and sputtering. A
standard solar cell with TCO (ZnO:Al 2wt%) was split in four parts and
over each part a di�erent metalization was performed. Then, the spare
TCO was removed by HCl(5%) dipping as usually. The J-V curves of
the best cell of each set are shown in Fig. 3.23. While the V oc is almost
the same in all samples, there is a di�erence in the current between Al
and Ag samples, showing this last ones a higher J sc. This is due to the
higher re�ectivity of Ag. However, the Ag sample deposited by sputtering
shows lower �ll factor. This can be due to the super�cial damage caused
by high energy bombardment, as the arrival energy of atoms in thermal
evaporation is about 0.2 eV while in sputtering is between 2 and 30 eV [27].
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Figure 3.23: J-V curves of the best cell of each metal deposition.

3.5.2 p layer thickness optimization

After a device quality p doped layer had been developed, it was necessary
to optimize its performance on solar cells. The critical parameter here is
the thickness, as the layer has to be thick enough to maintain the electric
�eld all over the layer, in order to prevent a vacuum zone, but also it has
to be as thin as possible, as it will reduce the absorption on the p layer
(were carriers are not collected), and so the optical losses, to the minimum.

Standard a-Si:H solar cells were deposited over Asahi VU glass in the
UB. The only di�erence between the cells was the deposition time of
the p layer, so the thickness was varied. After, the same back re�ector
was deposited over the cells. The real thickness of the layer can not be
measured by the available techniques, so it was necessary to deduce the
thickness from the deposition rate obtained in thicker layers, which was
≈7 nm/min. The deposited p layers for the cell had di�erent deposition
times, being this 3, 2 and 1 minutes, which would be a theoretical 21, 14
and 7 nm thicknesses. When a further reduction of the deposition time
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of the p layer was tried, aiming for a thickness of about 4 nm (30 s), the
solar cells did not work and behaved as resistances, being the J-V curve
a straight line.

Figure 3.24: J-V curves of the best a-Si:H solar cells varying p layer thickness.

The results of the current-voltage curves of the best cell in each set are
shown in Fig. 3.24. It is clearly observed that the best cell is the one with
the thinner layer, not only because it shows the higher current (almost
1.4 mA/cm2 over the cell with the thicker layer), but also because the
series resistance of the cell is reduced, which results in an enhanced �ll
factor. Besides, it manages to keep the open circuit voltage at the same
level as the rest of the cells, which means that 7 nm is enough to main-
tain the electric �eld in all the intrinsic layer (which is about 240 nm thick).

To check if this current e�ect was in fact due to the thickness of the p
layer, EQE measurements were taken. The results (shown in Fig. 3.25)
reveal that the thinner the p layer, the higher the response of the cell in
the blue part of the spectrum. As light of shorter wavelengths is absorbed
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Figure 3.25: EQE curves of the best a-Si:H solar cells varying p layer thickness.

�rst and the carriers generated in the p layer are not collected, the fact
that the EQE is higher in the blue area indicates that more light in these
wavelengths is being absorbed in the intrinsic layer, and not in the doped
one. This leads to higher current in the cell, which is consistent with the
results observed in the J-V curves.

As it is shown, the optimum layer is the thinner one, of about 7 nm,
is the most suitable for solar cells. This is the smallest thickness that
managed to keep a solar cell behavior minimizing the absorption. It
is important to notice that this value is linked to the roughness of the
surface of the used substrate. If a di�erent roughness was used, this value
probably would be di�erent. Anyway, as this is the substrate that is
normally used for UB cells, this p doped amorphous layer thickness is the
one used in standard amorphous silicon solar cells currently deposited in
the UB.
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3.6 Improvement of V oc in polymorphous silicon
solar cells

3.6.1 Introduction

As it has been explained, the main drawback of amorphous silicon solar
cells is the light induced degradation (LID), �rst reported by Staebler and
Wronski [44]. LID consists in the generation of di�erent kind of defects by
the light, including dangling bonds [38], but not being these the only ones
[113][114]. This e�ect, which will be explained in more detail in Chapter
4, leads to an important decrease of the performance due a to a reduction
of the characteristic parameters of the solar cell, especially the �ll factor.

The Laboratorie de Physique des Interfaces et des Couches Minces
(LPICM) at L'École Polytechnique (Palaiseau), has developed and
optimized an improved material deposited just before the edge of micro-
cristallinity, which is called polymorphous silicon (pm-Si:H). It consists
in small silicon crystals embedded in an amorphous matrix [105][106].
This material has been widely studied in previous work related to the
group [110] and maybe the most important feature is that it has shown
an improved behavior against LID [106][100]. However, the e�ciencies
reached are still low to compete with c-Si technology.

One of the crucial parameters that determines the performance of a cell
is the open circuit voltage (V oc). The in�uence of the cell layers on this
parameter has been studied in the LPICM [115] and recently it has been
predicted that 12% of stabilized e�ciency could be reached in pm-Si:H
solar cells, through the increase of V oc values [58][59]. The work developed
in this section is based on previous attempts to enhance V oc [116]. First of
all, an analysis of these previous results was carried out and the di�erent
possible ways to increase V oc were studied. Two of these ways are lowering
the deposition temperature [117] and including intermediate bu�er layers
[118][119][120].

102



3.6 Improvement of Voc in polymorphous silicon solar cells

3.6.2 Experimental

Although the highest expectation in enhanced V oc is in NIP con�guration
[121], PIN trials have also been developed. The idea is to check which
mechanisms of V oc enhancement are valid in both con�gurations or only
in one of them.

The cells have been deposited in the ARCAM reactor at the LPICM
[122]. The particularity of the ARCAM reactor is that although it is a
monochamber PECVD reactor, it con�nes the plasma in di�erent so-called
'plasma boxes'. During the cell fabrication, the substrate rotates from
one box to another, and so crossed contamination is avoided. According
to previous results, the most convenient doped layers (both n and p) are
microcrystalline silicon oxide layers (µcSiOx) which has proven itself a
good material for doped window layers [123][124][125][126][127][128][129].
The active layer is made of the already mentioned polymorphous silicon.
The used substrates were textured aluminum doped zinc oxide (ZnO:Al)
from the IMT in Neuchâtel. For the PIN con�guration, two back contacts
have been used: evaporated silver and ZnO:Al+sputtered Ag. The second
option showed the best results, so they are the ones that will be shown
from now on. For the NIP con�guration, the front contact is made of
indium tin oxide (ITO).The di�erent sets of deposited cells are shown next.

PIN solar cells:

• PINref: This cell was a test cell to verify reference values. It had
the same con�guration and parameters of the best PIN cell of the
previous results [116]. It provides a good reference for comparison.

• PIN150: This whole cell was deposited at 150oC instead of 175oC.
This lower temperature is supposed to enhance the V oc. The pres-
sure was adjusted in order to not produce powder. The rest of the
layers remained equal to those in PINref, no additional bu�er layers
were used.

• PINpbu�er: This cell was also deposited at 150oC, and also added
an intermediate layer of p doped amorphous silicon oxide (paSiOx).
This bu�er layer was deposited between the regular pµcSiOx and the
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intrinsic layer as barrier. The idea was to get a graded dopant and
a sort of passivating layer over the intrinsic layer.

• PINnbu�er: This is a similar case to PINpbu�er: a n doped amor-
phous silicon oxide (naSiOx) was deposited over the ipm-Si:H layer.
This aimed to get the same e�ect as the p layer of the previous cell.
Also, the fact that the aSiOx layer requires much less deposition
power than the µcSiOx, implies that the i layer gets 'bombarded'
with much less energy. That could lead to a reduction of the quan-
tity of defects in the interface.

• PINrough This cell is the same as PINnbu�er but it was deposited
over a di�erent substrate, as the IMT provided two di�erent
texturizations. Both are made of ZnO:Al, but this one is rougher
than the one used before.

NIP solar cells:

• NIPref: This cell was also a test cell. It had the same con�guration
and parameters of the best NIP cell of the previous results [116]. It
provides the equivalent reference for comparison as PINref. In fact,
the layers are the same but deposited in reverse order.

• NIPibu�er: This cell was also deposited at 175oC but added an in-
termediate layer of intrinsic amorphous silicon oxide (iaSiOx). This
bu�er layer was deposited over the active layer, with the aim of ob-
taining better passivation and protecting the pm-Si:H from the high
deposition power p layer.

• NIP150: This cell was identical to NIPref but deposited at 150oC
instead of 175oC. This is an analogous case to PINref and PIN150 in
PIN con�guration.

• NIPpbu�er: This cell was deposited at 150oC and added an inter-
mediate layer of paSiOx after the intrinsic layer. The function is
equivalent to the iaSiOx in NIPibu�er, and also to the one of the
naSiOx in PINnbu�er on PIN con�guration.
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• NIPnbu�er: This cell presents two changes: the �rst one is the
change of substrate from the smooth one to the rough one (like
PINrough). And also, a naSiOx bu�er layer was deposited between
the nµcSiOx layer and the active layer. It aimed to a similar
function of the paSiOx layer in cell PINpbu�er of the PIN series.

The measured cells had an area of 0.0314cm2 (round cells of 2 mm
of diameter). 15 samples of each trial were made, but not all of them
worked. Over these cells, the current-voltage curve under 1 sun illumina-
tion measurements were performed in order to obtain the characteristic
cell parameters. During the measurements, a big scatter in J sc was found
among the samples. This could be because any shadowing e�ect produced
by the probes has a large impact in the result, as the area of the cell is
quite small. The external quantum e�ciency (EQE ) was also measured
to check in which wavelength zone the cells o�er a better response and to
verify the current values.

3.6.3 Results and discussion

3.6.3.1 J-V curves in PIN samples

Two di�erent back re�ectors (BR) were tried over PIN solar cells: �rst, a
BR of evaporated Ag was tried, due to the unavailability of the sputtering.
When the sputtering was operative, a standard back re�ector made
of ZnO:Al + sputtered Ag was deposited. Also, measurements were
taken before and after annealing in some cases. It was found, as it was
already predicted based on previous experience, that the standard BR
and the after annealing measurements o�ered the best results. In order to
make the reading more clear, only the tables of these results will be shown.

Fig. 3.26 and Table 3.10 show the curves and the parameters of the best
cells, and Table 3.11 shows the average of the parameters of the working
cells, which number is di�erent in each sample. As it can be observed,
the decrease in the temperature led to a growth in the V oc of a little less
than 0.01 V. This was expected but maybe the impact should have been
higher [117]. The previous experiments done in reverse way (raising the
temperature) [116] showed larger drops in V oc than the gain experienced
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Figure 3.26: J-V curves of the best cells in PIN con�guration trials.

Table 3.10: Characteristic parameters of the best PIN solar cells.

Sample Voc (V) Jsc (mA/cm2) FF(%) η(%)
PINref 0.892 15.82 61.28 8.64
PIN150 0.900 15.05 61.96 8.39
PINpbu�er 0.917 14.60 68.55 9.18
PINnbu�er 0.652 11.15 67.33 4.89
PINrough 0.886 15.40 45.60 6.22

Table 3.11: Average of the characteristic parameters of the working PIN solar cells.

Sample V oc (V) J sc (mA/cm2) FF (%) η(%)
PINref 0.891 15.71 61.36 8.59
PIN150 0.899 15.05 61.73 8.35
PINpbu�er 0.917 13.47 67.76 8.38
PINnbu�er 0.646 11.21 66.71 4.83
PINrough 0.886 15.40 45.60 6.22
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with this reduction. The inclusion of paSiOx layer deposited before the
intrinsic layer produced an improvement in V oc of almost 0.02 V. However,
in the next two sets, the inclusion of the naSiOx layer deposited over the
intrinsic layer led to a great drop in the performance of the cell. In one
of the cases, the voltage and the current dropped signi�cantly, and in the
other, the �ll factor showed an important decrease. In any case, the cells
did not work properly with this kind of bu�er layer.

3.6.3.2 J-V curves in NIP samples

For the NIP con�guration, a front contact of ITO was deposited over
the cells. This contact also limited the area of the cells. Three sets of
ITO were deposited. Two of them were identical and are the ones that
are taken into account for the results. The third ITO was deposited at
lower temperature, and had as objective to verify that the cells were not
a�ected by the higher ITO deposition temperature. The results with this
low temperature ITO were worse, so they are not shown here. Fig. 3.27
and Table 3.12 show the J-V curves and the parameters of the best cells,
and Table 3.13 shows the average of the parameters of the working cells.

Figure 3.27: J-V curves of the best cells in NIP con�guration trials.
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Table 3.12: Characteristic parameters of the best NIP solar cells.

Sample V oc(V) J sc(mA/cm2) FF (%) η(%)
NIPref 0.922 13.95 60.73 7.81
NIPibu�er 0.914 15.85 61.28 8.88
NIP150 0.914 14.93 57.99 7.92
NIPpbu�er 0.891 16.14 49.78 7.16
NIPnbu�er 0.930 14.74 59.87 8.21

Table 3.13: Average of the characteristic parameters of the working NIP solar cells.

Sample V oc(V) J sc(mA/cm2) FF (%) η(%)
NIPref 0.912 13.90 58.34 7.40
NIPibu�er 0.909 14.56 60.52 8.01
NIP150 0.910 13.80 57.23 7.19
NIPpbu�er 0.896 14.24 49.19 6.28
NIPnbu�er 0.928 13.47 59.80 7.47

As expected, the V oc in the NIP set is initially higher. However, the
modi�cations introduced did not lead to an improvement in the V oc as
big as in PIN set. Focusing on V oc, the inclusion of the paSiOx over
the intrinsic layer has a similar e�ect as the one found in PIN when a
naSiOx is deposited over the i layer. The cell is somehow damaged and
the parameter values considerably drop. On the other hand, in NIPnbu�er
sample, the inclusion of the naSiOx before the intrinsic layer results in an
increase of the V oc; getting an increment of 0.016 V over the test cell and
0.018 V over the original cell at the same temperature.

3.6.3.3 External quantum e�ciency measurements

To complement the results, external quantum e�ciency measurements of
the best cells of each sample were performed. They were really hard to
make because the smallest light spot that could be used for the calibration
was almost as big as the cell area. So, it was di�cult to place all the light
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exactly over the cell area. Any displacement led to an underestimation of
the EQE. The measurements shown in Fig. 3.28 correspond to the best
cells in PIN con�guration, and Fig. 3.29, the ones in NIP con�guration.

The response in the blue zone is similar in both con�gurations. Then,
while NIP solar cells show a higher absorption in the central zone of
the visible spectrum, PIN cells show a better performance in the long
wavelength zone. This is probably due to the fact that the NIP solar
cells do not have a re�ector in the back, and part of light is lost. The
integration of the area under the curve, weighted with the solar spectrum,
has been made in order to obtain the integrated current and recalculate
the e�ciency.

Figure 3.28: EQE curves of the best cells in PIN con�guration trials.

The values are shown in Tables 3.14 and 3.15. The obtained integrated
current is, in almost all cases, notably lower than the obtained current
in the J-V measurement. The reason for this is probably that as cells
are very small, the measured current in the J-V curves is overestimated,
as some photons from the border of the cell are contributing, something
that does not happen in the EQE measurement. In this case, the
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Figure 3.29: EQE curves of the best cells in NIP con�guration trials.

Table 3.14: Characteristic parameters of the best PIN solar cells with integrated current.

Sample V oc(V) J sc(mA/cm2) FF (%) η(%)
PINref 0.892 12.26 61.28 6.70
PIN150 0.900 12.05 61.96 6.69
PINpbu�er 0.917 11.97 68.55 7.53
PINnbu�er 0.652 10.04 67.33 4.41
PINrough 0.886 12.65 45.60 5.11

Table 3.15: Characteristic parameters of the best NIP solar cells with integrated current.

Sample V oc(V) J sc(mA/cm2) FF (%) η(%)
NIPref 0.922 12.49 60.73 6.99
NIPibu�er 0.914 13.96 61.28 7.82
NIP150 0.914 12.63 57.99 6.69
NIPpbu�er 0.891 9.39 49.78 4.16
NIPnbu�er 0.930 12.11 59.87 6.74
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currents extracted from the EQE would be more reliable. However,
maybe these currents are underestimated as some light is lost during the
measurement, as it was explained before. Besides, it could be expected
that if these values of currents are true, though J sc will decrease, �ll
factor could increase a bit, and the e�ciency loss is not as big as calculated.

Some other conclusions can be obtained from the EQE results: It can
be noticed that the integrated current is quite similar in almost all the
cases. This could be positive in the cases when V oc increases, because
this increase would lead to a direct increment of the e�ciency, as no other
parameter is a�ected. It is also possible to observe that the samples with
the rough substrate show better response in the blue, but worse in the
red. This happens also with the temperature: lower the temperature
tends to increase the absorption in the blue and central zone, but there
is a tendency to lose absorption in the red part. In any case, the small
size of the measured cells makes the results in the current not very reliable.

3.6.4 Conclusions and future work

The temperature reduction, has proven itself a good way to increase V oc

in PIN solar cells, but it has not provided any enhancement in NIP. The
reason of this di�erent behavior is not clear. Further information would
be needed to answer this question. About the inclusion of bu�er layers, a
similar behavior has been found in both con�gurations: when paSiOx is
deposited over pµcSiOx in PIN con�guration, an increase of V oc is ob-
tained. The same thing happens when naSiOx is deposited over nµcSiOx

in NIP con�guration. This means that when an aSiOx layer is deposited
as a bu�er layer before the intrinsic layer, an improvement in the open
circuit voltage is obtained. However, in the opposite case, when the aSiOx

(respectively doped) is deposited over the intrinsic layer, the cell does not
work properly, and sees its characteristic parameters considerably reduced.

These results suggest that polymorphous silicon forms a better interface
when it grows over amorphous material than the one that it forms over
microcrystalline material. It is possible that this amorphous bu�er layer
provides better passivation and acts a barrier for di�usion. Or maybe it
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prepares a more similar material layer that favors the pm-Si:H growth.

On the other hand, the reason of the failure of the cell when depositing
amorphous material over the intrinsic layer could be just the opposite as
before: The amorphous material is not suitable to grow microcrystalline
material over it, and perhaps an amorphization of the layer deposited
after is caused, lowering its capacity to produce an enhancement of the
V oc. Also, it is possible that the deposition of the intrinsic layer at lower
temperature for a long time produce an increase of powder formation.
This powder could fall over the intrinsic layer, and then, the interface
formed over it is defective.

More experiments would have been necessary to verify the results. Some
of them could be:

• To deposit a metallic back re�ector in the NIP cells to check the
increase in the current.

• To make a 200oC annealing in the cells deposited at 150oC, which
would activate the boron atoms on the p doped layer and increase
the V oc. As the annealing temperature is higher than the deposition
one, the cell could be a�ected, and it could be whether positive or
negative.

• To expose the samples to LID to check if the increase of the values
of the parameters is constant or is only present in the initial state or
it persist after the degradation.

• To repeat the experiments in larger cells to get more accurate results
in the current and �ll factor.

3.7 Conclusions and perspectives

The main objective of the work in this chapter was to obtain an amorphous
silicon solar cell whose parameters were at the state of the art of a-Si:H
technology. Also, another goal was to obtain optimized independent layers
that could serve to other purposes. The intrinsic silicon layer has been
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optimized in three di�erent parameters (depletion, hydrogen content and
temperature), checking also the behavior against LID. Both amorphous
and microcrystalline p doped layers were also optimized. These layers
are already ful�lling the requirements for device quality material given by
Schropp and Zeman [23]. A little more optimization might be possible in
some other parameters, and also some experiments involving the n-doped
layer. Some of the developed optimizations have already been used over
complete devices, but some others have not yet. Anyway, at the moment,
a working a-Si:H solar cell with 200 nm thickness whose parameters
present good enough values has been implemented. The parameters
values of the average of the best set of cells obtained for the moment are
listed in 3.16.

Table 3.16: Characteristic parameters of a standard solar cell (1 cm2) currently imple-
mented at UB (1 sun illumination).

Parameter Value
V oc 0.838 V
J sc 12.51 mA/cm2

Roc 1.11×103 Ωcm2

Rsc 6.52 Ωcm2

FF 0.714
η 7.485%

Despite the e�ciency is still a bit low if it is compared with the state of
the art due to smaller V oc and J sc, the device shows a really good value
of the �ll factor. However, these values correspond to the 'as deposited
state'. So the �rst thing that had to be studied was how is the cell a�ected
by light induced degradation. The results found in this study are exposed
in Chapter 4. Also, all the optimizations should be �nally tried together in
a cell to verify if they are still working when they are implemented together.

In this chapter, the work developed at the Laboratorie de Physique
des Interfaces et des Couches Minces at L'École Polytechnique is also
presented. This work has shown possible ways to increase some of the
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parameters of the solar cells, specially V oc. This parameter has been
absolutely increased in about 3% in both PIN and NIP con�gurations
through di�erent techniques. Some experiments could still be developed
to increase V oc, like di�erent metalizations or annealing processes, but
most of all, combining all the working solutions in one single device. The
implementation of larger cells would be also necessary in order to verify
the results.

The experience acquired at the LPCIM in PIN con�guration (the one
deposited at UB) has provided some ideas to obtain better results in the
developed devices. This experience strongly suggest that UB cells should
include bu�er layers to increase the open circuit voltage; fact that was
already found in several references. Some experiments involving bu�er
layers should then be tried. This will be con�rmed also by the results in
LID found in the next chapter.
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4 Light induced degradation

4.1 Introduction

As it has been explained, the main drawback of amorphous silicon, apart
from its low conversion e�ciency, is its lack of stability and the reduction
of a-Si:H cells performance due to light induced degradation (LID).
Staebler and Wronski [44] �rst reported LID in 1977, so LID is also called
Staebler-Wronski e�ect (SWE). SWE causes a signi�cant drop of the
e�ciency of the cell that comes as a result of an important reduction of
the �ll factor, a moderate loss of the short circuit current and a minor
decrement of the open circuit voltage [75].

Since it was reported, SWE has been widely studied in cells, modules
and power plants, developing several models aiming to completely explain
this phenomenon. First, it was assumed that the main cause of LID is
the creation of dangling bonds (DBs) and the consequent increment of
the defect density [130][131] about 1 or 2 orders of magnitude [75]. These
dangling bonds have several negative e�ects on the performance of the
cell, as they act as recombination centers, and also they can capture free
electrons or holes and become ionized defects. This leads to a deformation
and a reduction of the internal electric �eld. These two e�ects cause a
diminution of the drift length [75] and so of the photoconductivity.

This increase in dangling bond density can be reverted by thermal
annealing, which causes hydrogen migration that results in saturation
of the DBs. So, the role of hydrogen is crucial for LID and DBs [106].
However, when more accurate studies on SWE were developed, it was
clear that the creation of DBs is not the only e�ect caused by LID, being
a main indicator the fact that the thermal annealing does not reach to
fully recover the cell [132][133][134].
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The existence of di�erent contributions to LID makes it di�cult to �nd
a simple model that explains the whole phenomenon. Some examples of
models given to try to explain LID are weak bond breaking [135][136],
weak bond bimolecular recombination [131], hydrogen collision model
[137][138], �oating bonds [139], hydrogen molecule complex [140] and
network rebonding model [141], among others.

More recently, some more di�erent descriptions appeared, involving
other factors like the so called 'strained silicon bonds' [142]. And also the
in�uence of other factors like microvoids has been studied for many years
[143][144]. On the other hand, some attempts to explain the phenomenon
using the variation and nature of defect density of states as main reason
have been reported [145][146]. Despite of the mentioned theoretical
di�culties, the experimental facts of LID are very clear, and have been
broadly measured by di�erent means and extensively reported.

Apart from the mentioned diminution on the quality, one important
e�ect related to LID detected in a-Si:H is the seasonal e�ect, which is
the di�erence in the performance of the a-Si:H cells and modules between
summer and winter. The seasonal e�ect has been reported by several
groups by di�erent indoor experiments and outdoor measurements under
di�erent climate conditions, and it has been observed in cells [147][148],
modules [149][150][151][152][153] and power plants [154][155].

This chapter explains the experiments and the results involving SWE
and seasonal e�ect in this thesis. First, an optimization of the thickness
of the UB cell was developed, and the results are explained. With the
optimized thickness, LID at controlled temperatures was performed
over both commercial and UB cells in order to fully characterize the
e�ect of SWE on them and compare its behavior. These experiments
involving temperature changes had as main objective to obtain a better
understanding on seasonal e�ect, continuing previous group work on this
�eld [60][84][151][156].
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4.2 Motivation: Seasonal e�ect found in power
plants

Studying and understanding the seasonal e�ect in modules of a-Si:H has
been a very important topic in some recent group work [60]. One of the
main conclusions obtained was that the variation of the e�ciency due to
the seasonal e�ect could be divided in two contributions: spectral and
metastable. While the seasonal variation caused by spectral e�ects was
estimated about 15%, the metastable contribution was only about 2%.
It has been reported that spectral variations produce important changes
in a-Si:H performance [157][158][159] but also there are several works
reporting a signi�cant relevance of the temperature of operation and the
thermal recovery [160][161][162].

One of the reasons to continue the group work studying LID and
seasonal e�ect was to try to correlate the experiments over solar cells
with the analysis of the seasonal e�ect and the permanent degradation
of photovoltaic modules in a power plant. Not all the degradation of
the performance of a-Si:H modules comes from SWE, since there are
other factors that a�ect the long term performance of solar modules in
a permanent way. Ageing and climate conditions (specially humidity)
are harmful for a-Si:H modules and several other photovoltaic technologies.

To evaluate the long term degradation of the technology, a PV power
station with a nominal power of 10 MW AC made of frameless T-Solar
a-Si:H modules of 1.1×1.3 m2 was selected. The studied amorphous
silicon modules in the plant were manufactured by T-Solar [163] over
glass substrates and the encapsulation was provided by lamination of the
front glass, and a rear glass with a polymer polyvinyl butyral (PVB)
foil between them. These modules were formed of standard amorphous
silicon T-Solar cells [156]. The encapsulation has demonstrated a good
protection of the devices with no visual damage on the modules. In
addition the PVB was only at the rear of the cell, so it was out of the
path of the light that entered the cell. The plant is located in Saelices
(100 km south of Madrid, Spain) and has been operated and monitored
since May 2010 with a detailed data acquisition of every inverter. The
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total nominal power of DC �elds is 11.4 MW.

The full study can be consulted elsewhere [154], but key point of this
study for seasonal e�ect is that an approach to evaluate the interannual
degradation is to consider the evolution of the performance ratio (PR) of
the plant. The performance ratio of a module is de�ned by:

PRm = Ym/Yr (4.1)

where the module yield Ym is de�ned as the ratio of the electric energy
produced by the set of module in a particular time-frame (E, in Wh) to
the nominal power of the modules (Pn, in W) by:

Ym = E/Pn (4.2)

The radiation yield Y r is de�ned as the ratio of the global irradiation in the
array plane (H, in Wh m−2) in the time-frame to the reference irradiance
(G0=1000 W m−2) by:

Yr = H/G0 (4.3)

The performance ratio provides an indication of the mean e�ciency
of the modules in the considered time-frame compared with the nominal
e�ciency. The plot of the monthly values of the performance ratio in the
Saelices plant is presented in Fig. 4.1. The availability of the plant and
the energy yield are also shown, so they can be also taken into account
when the results are analyzed.

If a linear adjustment of the mean annual performance ratio shown in
Fig. 4.1 is made, the result corresponds to an inter-annual decrease of
the performance ratio of −0.69%/year. This would be the inter-annual
degradation of the modules. However, the important part as far as the
motivation of this work is concerned, is that with this methodology, the
seasonal variation of the module performance can be easily appreciated in
Fig. 4.1. The results show that there is a variation of the PR between a
maximum monthly mean value of 75.2% in winter and of 83.5% in summer.
As it will be demonstrated in Sec. 4.4, if only thermal e�ects (using
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Figure 4.1: Evolution of the monthly plant availability, energy yield and performance
ratio of the Saelices PV power station.

the joint temperature coe�cient) are taken into account, the e�ciency
in summer would be only 1% higher than the e�ciency in winter; but
the di�erence in the PR between seasons is much higher. This seasonal
variation is then explained as a consequence of the spectral variation due
to higher short wavelength light in summer than in winter, which is more
adapted to the a-Si:H spectral response [149][150][151]. This behavior in
modules and power plants has motivated the next experiments over single
cells in the laboratory. These experiments tried to verify if this di�erence
of more than 8% is only because of the light in�uence or there are more
e�ects involved, like slow thermal annealing [160][164].

4.3 Thickness optimization against LID

Before the experiments about seasonal e�ect could be developed, it was
necessary to be sure that the cells deposited at the UB had an adequate
thickness to make them comparable to the commercial T-Solar cells. So,
an optimization of the thickness of the intrinsic layer in a-Si:H solar cells
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deposited at the UB was developed. As this is also an optimization of the
cell, it could be included at Chapter 3. However, as the need to optimize
the thickness is deeply related with LID, it has �nally been included in
the present chapter. It is known that the thicker the cell is, the more
quantity of light is absorbed and so the higher the current is. However,
the thicker the cell, the higher the experienced LID. The most a�ected
parameter is the �ll factor, but also the short circuit current is degraded
[23]. On the other hand, open circuit voltage is theoretically not degraded
in thin quality cells but, if the cell is too thick, the internal electric �eld
can be a�ected and V oc is reduced. An optimum thickness between 200
and 250 nm has already been reported by Shah [39]. As far as continuous
studies are concerned, Klaver et. al [146] observe the degradation of the
cell parameters in the �rst 100 min for di�erent thicknesses, but in a larger
range of thicknesses (300 to 900 nm with a step of 150 nm). Here, the
thickness range is much smaller (160 to 280 nm with a step of 40 nm), as
the experiment is not aiming for a model but for an optimization.

4.3.1 Experimental

For the thickness optimization, it is assumed that the cell is currently in
a proper range of thickness [39], so very big modi�cations did not make
sense. As a consequence, the variation in the thickness was small but
enough to detect variations on the parameters. The used cells were de-
posited with the conditions shown in Table 4.1 but varying the deposition
time of the intrinsic layer, in order to obtain di�erent thicknesses. These
thicknesses were 160, 200, 240 and 280 nm. The deposition time for this
layer was adjusted according to the deposition rate obtained in Chapter
3, Sec. 3.3 for the corresponding layer. The back re�ector it is the exactly
same for all four samples, as TCO and metallic contacts were deposited in
the same run for all the samples. This makes the cells essentially identical
except the mentioned thickness variation.

There are two considerations that have to be taken into account before
the results are analyzed. First, the fact that the cells have di�erent
thickness made it impossible to deposit them in the same run. This
means that although the recipe for the a-Si:H layers was the same, they
were deposited separately and some di�erences could exist. And second,
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Table 4.1: Deposition parameters for the UB cells used in the thickness optimization
experiment. The thickness of the i-layer is varied, having the four used
samples 160, 200, 240 and 280 nm.

Param./Layer p-layer i-layer n-layer
Pressure (Pa) 107 80 73
Power (W) 4 4 4
Electrode distance (mm) 15 15 21
Time (mm:ss) 1:20 Varying 3:20
Thickness (nm) ≈8 Varying ≈30
Substrate temperature (oC) 200 200 200
Background pressure (Pa) <10−5 <2 10−5 <10−5

Silane �ow (sccm) 2.6 40 40
Methane �ow (sccm) 2.1 0 0
TMB �ow (sccm) 40 0 0
Phosphine �ow (sccm) 0 0 22

the intrinsic layer used for these samples contains no additional hydrogen
to mitigate LID (see Chapter 3, Secs. 3.3.4 and 3.6). Although the
performance is lower this way, it was intentionally done as it was easier to
observe the di�erence if the degradation is higher.

In this experiment, the cells underwent a light induced degradation
process at 50oC for about 1000 h. J-V curves were measured during the
process, �rst every few hours and then more separately, in order to obtain
the parameters of the cell providing several points per decade. This aimed
to study not only the di�erence in the �nal state but also how the samples
evolved as function of the thickness.

4.3.2 Results analysis

In Fig. 4.2, the evolution of the parameters with the exposure time to
LID can be observed. In this �gure, V oc, J sc, FF and η (left) and their
corresponding relative values (right) are shown from top down. The
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Figure 4.2: Evolution of V oc, J sc, FF and η (from top down) during the LID of the UB
samples of di�erent thickness. The left column shows the actual values and
the right column shows the relative values.
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relative values are calculated, as usually, as the fraction between the
actual value and the initial value (as deposited). While the graphs of
actual values are presented with the most convenient scale in the y axis,
the relative values graph present the same scale in the y axis for all the
parameters. This is done to make it easier to get a quick idea of the
relative in�uence of LID among the parameters.

The �rst result that can be observed is that all the parameters are
a�ected by LID, even V oc. However, in the relative graphs it can be
quickly appreciated that the level of degradation is very di�erent among
the parameters. V oc is degraded very slightly, staying over 97.5% of
the initial value. J sc experiences a moderate degradation with �nal
values between 90 and 95% of the initial one, while FF su�ers the
highest degradation, reaching relative values between 79 and 85% of the
initial FF. The degradation in the e�ciency is a result of all these ef-
fects combined, which lead to �nal relative values of η between 70 and 78%.

In order to better evaluate these �nal losses, Table 4.2 shows the
initial and �nal values and the percentage of loss. At this point, another
important appreciation in the graphs must be pointed: although some of
the parameters start to stabilize at the �nal measurements, maybe higher
degradation time would be needed to get higher stabilization. However,
longer degradation times that allow to obtain values in the next decade
would be extremely time consuming.

When the results are compared, it is found that the thicker the sample,
the higher the loss, and this happens for all the parameters in di�erent
degrees. J sc is, as it has been said, the parameter that is more in�uenced
by the thickness. After the LID, J sc �nal loss is between 5 and 10%.
The thicker cells still exhibit higher values than the thinner ones, despite
they experience higher relative degradation. The di�erence between the
thinner and the thicker cell was initially of 0.820 mA/cm2, but in the end,
it is reduced to half that value (0.411 mA/cm2).

If V oc is observed, although the thicker samples started with slightly
higher V oc, after about 100 h this tendency was reversed and maintained;
and in the end, the thinner cells show higher values of the V oc, unlike the
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Table 4.2: Initial and �nal values and relative losses of the parameters of UB cells of
di�erent thicknesses.

V oc (V)
Thickness (nm) Initial Final Loss (%)
160 0.823 0.810 1.56
200 0.824 0.810 1.65
240 0.824 0.809 1.84
280 0.825 0.808 2.09

J sc (mA/cm2)
Thickness (nm) Initial Final Loss (%)
160 12.158 11.374 6.45
200 12.577 11.591 7.84
240 12.736 11.673 8.35
280 12.978 11.785 9.20

FF

Thickness (nm) Initial Final Loss (%)
160 0.643 0.542 15.64
200 0.646 0.538 16.65
240 0.650 0.532 18.17
280 0.659 0.524 20.45

η(%)
Thickness (nm) Initial Final Loss (%)
160 6.430 4.995 22.31
200 6.689 5.054 24.45
240 6.826 5.025 26.38
280 7.057 4.991 29.27

case of J sc. As the relative losses in V oc are so small, these results are
not very relevant in e�ciency issues, but still, the fact that some slight
degradation exists indicates that the doped material can be improved.

A similar tendency is found in FF, with the important di�erence that
this is the most in�uenced parameter by LID. Although the initial value
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was higher for thicker cells, this tendency was reversed in less than 10 h
of LID, and continued to increase during all the degradation process. In
the �nal point, the thinner cell's FF is 0.18 over the thicker one despite it
started 0.16 below.

The e�ect on the e�ciency comes as a consequence of the e�ects on the
other parameters. So, as the relative losses of all the parameters are higher
in the thicker cells, the relative loss in η is accentuated, varying from
22.21% for the thinner cell to 29.27% for the thicker one. The interesting
result for the optimization is that although the initial maximum e�ciency
di�erence was 0.627%, in the �nal state this maximum di�erence between
samples is reduced to only 0.063%, this is 10 times smaller. This means
that the di�erence in the e�ciency provided by the di�erence in the
current is canceled in about 1000 h due to a more severe degradation in
the thicker cells. In the �nal point, the cell with 200 nm shows a slightly
higher e�ciency, so it can be considered as the optimized thickness for
UB cells. However, if longer degradation times were tested, maybe the
thinner cell (160 nm) could also outreach the �nal e�ciency of this cell
too. Anyway, the e�ciency values at this point are very similar and
several other factors could mask these small di�erences (like errors in the
measurements). Which is clear is that higher thicknesses would provide
better performance initially, but in the stabilized state this di�erence
would be canceled, and even poorer performances would be obtained.

4.3.3 Discussion: the role of the µτ product

There are two results that have to be discussed in detail: the �rst is
the fact that the thicker cells present better initial performance. It is
expected that the thicker the cell is, the higher the current is, but this
is not expected for other parameters. The second e�ect is the higher
degradation of the thicker cells.

A possible explanation arises from the analysis of the mobility-lifetime
product (µτ) found in Asensi et al.[165]. In this work, the existence of
di�erent zones in the intrinsic layer are proposed: a 'bulk' zone, which
corresponds to the central main part of the layer (i -region) and two zones
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in both sides, a�ected by the doped layers and inter�cial defects (pi and
in regions).

So, the defect density (Ndb) in the whole intrinsic region (whose thick-
ness is L) is the result of the contribution of the defect densities in two
regions, bulk (Ndbbulk) and surface-a�ected (Ndbsur), whose thicknesses
are Lbulk and Lsur), respectively:

Ndb =
NdbbulkLbulk +NdbsurLsur

L
(4.4)

When the solar cell is under constant illumination, it is possible to assume
that Lbulk�Lsup (and L≈Lbulk) [165], and the equation can be expressed as
follows:

Ndb = Ndbbulk +Ndbsur
Lsur
L

(4.5)

On the other hand, it is known that µτ is inversely proportional to Nd
[166]. Considering a highly simpli�ed situation in which the capture cross
section values are equal for both carriers in all kinds of dangling bonds
(positive, negative or neutral), the expresion for τ would be:

τ =
1

νthσNdb
(4.6)

where νth is the thermal velocity and σ is the capture cross section of
the free carriers by the dangling bonds. In the simple situation proposed,
these values and the can be considered constants and equal in both bulk
and surface-a�ected regions. Relating Eqs.4.5 and 4.6, the next expression
is found:

1

µτ
= C(

1

µτbulk
+

1

µτsur

Lsur
L

) (4.7)

So, it is clear that a way to evaluate the defect in�uence in the cells
is studying the value of µτ . A expression to obtain µτ from the J-V
measurements is found in Merten et al. [85]. As the samples were deposited
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Figure 4.3: Evolution of µτ with the LID time for the UB cells of di�erent thicknesses.
The relative value is obtained as the ratio of the actual value to the initial
one for each sample.

in the same conditions, it will be assumed that V bi is equal to 1V in all
the cases. In this situation, µτ is obtained as:

µτ = IscRscL
2 (4.8)

where L is the thickness of the i-layer, which is known; and I sc and Rsc
are the short circuit current and resistance respectively, parameters that
are obtained from the measurements. The obtained absolute and relative
values of µτ for the UB cells are shown in Fig. 4.3.

The �rst thing that is noticed is that the absolute values of µτ in the
thicker samples are initially much higher than those for the thin ones.
The reason for this is found in Eq. 4.5. Ndbbulk and Ndbsur are considered
equal for all the samples, as they are characteristics of the material. If
Lsur is considered also a parameter only related with the formed interface
between the layers, as they are equal in all the samples, it would be equal
for all of them too. That makes L the only varying parameter, and it can
be observed that the higher is L, the lower is the contribution of Ndbsur
and so, the lower the value of Ndb.

This can be understood as an evaluation of the role of the surface
defects in the total surface density. It is known that the surface re-
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gions are much more defective than the bulk region, specially if the
interface is not very good [39]. As the thinner cells have less 'bulk
region', the relative weight of the surface-a�ected regions is higher, so
the total density of defects is also higher. This would explain why the
thicker cells present better performance in the initial stages of degradation.

However, as it has been observed, the �nal performance of the thicker
cells is lower. One of the parameters that has an important role explaining
this behavior is µτ . As it can be observed in the relative graph in Fig.
4.3, the degradation of µτ is higher in the thicker samples, which means
that the increment of Ndb is higher in the thicker cells.

The intuitive explanation would be found again in Eq. 4.5. Ndb increases
with time, as more defects are generated, but there are two possible rea-
sons (or actually three) for this to happen: Ndbbulk is increasing, Ndbsur
is increasing, or both of them are increasing in a di�erent level. This last
situation is the most likely to be happening, but is also the most di�cult
to evaluate through a simple model. To try to evaluate it at least quali-
tatively, the work of Beck et al.[167] is used. In this work it is found that
for intrinsic layers, the evolution of µτ for neutral defects is related to the
defect density variation:

(µτ0)Init
(µτ0)Deg

≈
NdbDeg
NdbInit

(4.9)

In order to clearly observe the evolution of the defect density, the results
for these fractions for UB cells are shown in Fig. 4.4.

As it can be observed, the ratio of degraded to initial defect densities is
higher in the thicker cells, as the �nal ratio is 2.78 in the thicker sample
(280 nm) while it is 2.02 for the thiner sample (160 nm). An interesting
conclusion can be extracted from the right part of the �gure: it can be
observed that the thinner the cell, the smaller the di�erence between the
initial and �nal densities of states.

This tendency suggests that in the thickness limit (L→0), Ndb will ex-
perience no degradation, which would mean that the degradation e�ect is
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Figure 4.4: µτInit/µτDeg ≈ NdbDeg/NdbInit evolution. The left graph shows the evolu-
tion with time for di�erent thicknesses. Conversely, the right graph shows
the dependence with thickness for di�erent degradation times.

a bulk e�ect. Linear regressions have been developed for all the lines in
the right part of Fig. 4.4, aiming to obtain this kind of correlation:

NdbDeg
NdbInit

= A+B(t)L (4.10)

In this situation, A is the intercept and B is the value of the slope.
If the degradation is a bulk phenomenon, as A is the value when L=0
(hypothetical), it has to be independent of the time and equal to 1 (the
density of defects does not change). On the other hand, the value of B
should increase with the degradation time. The values of A and B for each
time with the corresponding error are shown in Fig. 4.5.
As it can be observed, the errors (specially in A) are quite large, as

it has been obtained only with four points, so the results are not very
reliable. However, the values for the intercept are scattered around 1, and
it is clear that the slope (value which multiplies L in Eq. 4.10) increases
with time. These results point to the fact that the defect generation is
mainly produced in the bulk region, and so, the samples with larger bulk
zone will be more degraded with time under LID.

Of course this model is very simple, and it should be corroborated with
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Figure 4.5: Intercept value (left) and slope (right) for each time, obtained through linear
regressions form the right graph in Fig. 4.4, corresponding to Eq. 4.10.

more samples of di�erent thicknesses in a wider range. Anyway, it su�ces
to explain why the thicker cells present a higher initial performance and
why this tendency is reversed after some hours of degradation. It has to
be taken in account that to evaluate the �nal performance of the cell, µτ
is not the only parameter to be considered. Some other properties of the
cell, like the series resistance or the open circuit voltage, are also a�ected
by LID and condition the degraded state of the cell.

4.3.4 Conclusions and future work

In this section, a study of the evolution of the parameters during light
soaking has been developed, and the optimum thickness for UB cells at
this point has been found at 200 nm. Thicker cells are not advisable as
their performance would be initially higher, but this would be reverted
in a few hours of LID, resulting in a lower performance at the stabilized
state. Slightly thinner cells might work as well as the 200 nm cell at
longer degradation times, but the di�erence at this point would be very
small and some other e�ects could be more crucial.

Future experiments should aim to combine the optimization of the
material and thickness. If more performing doped layers and less defective
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intrinsic layers (with higher hydrogen concentration) are used in the
cell, and bu�er layers are included to make the interface less defective,
probably lower LID would occur, and maybe the thinner cells would
achieve higher performance and the thickness can even be slightly reduced
without stabilized e�ciency loss, as in commercial T-Solar cells.

4.4 Temperature in�uence on seasonal e�ect

To study the behavior of a-Si:H solar cells with seasonal e�ect and compare
it with the one found for modules, a temperature varying degradation
experiment was designed. The objective was to somehow recreate the
situation of di�erent on �eld conditions for modules, but excluding the
spectral e�ect, and study the evolution of the performance of the solar
cells. The objective is to further understand SWE by performing LID on
the cells and then, develop a thermal annealing to try to recover them,
and observe the parameters.

The procedure of the experiment was to pick identical sets of a-Si:H
solar cells as deposited and characterize them; then the sets were degraded
at di�erent temperatures for times of about 1000 h to obtain the stabilized
state and then the parameters were measured again. The next step was to
change the degradation temperature of each set of samples, and perform
LID again for over 1000 h, obtaining a new stabilized state. This new
state was characterized again and compared with the previous one. As
the only parameter that has changed is the temperature of degradation
(not the spectrum of the light), if there any di�erence is found, it is due
to the e�ect of the temperature. In the end, the samples underwent an
annealing process (Chapter 2, Sec. 2.2.3) to get recovered. After, they
were characterized once again and the results were compared with the
initial and degraded states in order to check the thermal recovery e�ect.
This experiment has been developed over commercial cells from T-Solar
(which are the ones used in the previously studied modules) and over
cells deposited at the UB. Both experiments were quite similar but some
di�erences existed, which will be detailed in each case.
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4.4.1 T-Solar samples

For the experiment with T-Solar samples, two sets of solar cells deposited
at the same run (almost identical) were used. These sets were deposited
at T-Solar factory in the same conditions used for module manufacturing.
The small solar cells of 1 cm2 were cut from a very large 2.2×2.6 m2

substrate.

Initially, both cells were characterized at their annealed state, perform-
ing standard and dark J-V measurements. Then, the �rst degradation
was performed: Sample A was degraded at 60oC and sample B was
degraded at 30oC. During the degradation, the same characterization
measurements were taken regularly to control the evolution of the
sample. When the samples had been over 1000 h of degradation,
they were characterized again. After, the degradation temperature
was switched, so Sample A was degraded at 30oC and sample B at
60oC. During this second degradation, characterizations were regularly
developed. Due to technological issues, it was not possible to perform the
degradation for such long term as the previous one; however, it lasted
over 100 h and it was enough to observe the tendency of all the parameters.

4.4.1.1 Results and discussion

The results show that the degradation temperature of the samples clearly
in�uences the dynamics of the process. Fig. 4.6 shows the evolution
of the parameters. For all of them, the �rst degradation performed at
60oC shows less decrement in all the parameters than the one at 30oC,
as it was expected. The only possible exception is the current. However,
the current is not a reliable parameter as there is a large scatter and an
important shift in the last part of the �rst degradation, due to calibration
issues caused by an illumination failure in the equipment. This is also
traduced in the e�ciency. As far as the V oc and the FF are concerned,
the di�erence in the degradation is more clear, specially in the �ll factor.

An important result that can be appreciated in the plots is that when
the degradation temperature was switched, sample A (going from 60oC to
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Figure 4.6: Evolution of V oc, J sc, FF and η during the degradation of samples T-Solar
A (squares) and T-Solar B (circles). When degradation is performed at
60oC the plot is shown in red, and when it is at 30oC, in blue. The central
vertical line indicates the temperature switch.

30oC) experienced a quick drop in its parameters, while sample B (going
from 30oC to 60oC) experienced a recovery. As the spectrum used to
degrade the samples was the same, this e�ect is only caused by the role
of the temperature in thermal recovery. Due to the lack of data over 150
h in the second degradation, it is not possible to fully verify it, but the
tendency of the plots seems to be to reach the same stabilized state as the
other sample after its �rst degradation: This is, sample A's parameters
after its second degradation at 30oC would reach the same values as
sample B's after its �rst degradation (also at 30oC); and conversely,
sample B's parameters degraded at 60oC after being degraded at 30oC
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Table 4.3: Evolution of J-V curve parameters in T-Solar samples.

Sample V oc(V) J sc(mA/cm2) FF η(%)
A Initial state 0.906 11.61 0.714 7.51
B Initial state 0.905 11.53 0.714 7.45
A (deg.@60oC) 0.884 11.22 0.651 6.57
B (deg.@30oC) 0.873 10.96 0.629 5.99
A (deg.@60oC to 30oC) 0.880 10.89 0.635 6.08
B (deg.@30oC to 60oC) 0.884 11.35 0.657 6.48

would reach the values of sample A's after its �rst degradation at 60oC.

The conclusion would be that the stabilized parameters of the solar cell
are independent of the previous degradation or annealing history; they
only depend on the degradation temperature (assuming identical light
spectrum). The values of J-V curve parameters before and after every
degradation process are presented in Table 4.3. Even though the second
degradation was only for 122 h, it is already possible to see that the
tendency of the parameters is to stabilize according to the temperature
and not to the history of the sample. This is completely proved in the
next section with UB samples, where the technological issues and the cal-
ibration problems were solved and the degradation processes were �nished.

4.4.1.2 Evaluation of the temperature coe�cients

All the J-V curves in Table 4.3 were measured under standard test con-
ditions (25oC). From the previous results, assuming a linear dependence
of the parameters with the annealing temperature, the temperature coef-
�cients for the light induced performance stabilization can be determined.
The values of these coe�cients are presented in Table 4.4.

In order to relate these values with the real operation situation is im-
portant to take in account an additional e�ect of temperature on the �eld
performance, which is the temperature dependence of module e�ciency
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Table 4.4: Temperature coe�cients for T-Solar samples (oC−1).

αSWVoc αSWJsc αSWFF αSWη
0.03% 0.07% 0.10% 0.19%

for fast temperature changes, which is present in all photovoltaic tech-
nologies. This e�ect can be evaluated with the di�erence between mean
temperature and 25oC (the temperature at STC) using the temperature co-
e�cient for module e�ciency (αη), which is provided by the manufacturer
in the speci�cations sheet. For T-Solar cells and modules, this coe�cient
is −0.21%/oC. To be used with mean temperatures, a joint temperature
coe�cient (αjointη ) for the two temperature e�ects can be de�ned as:

αjointη = αη + αSWη (4.11)

So, its value in T-Solar samples is only −0.02%/oC. This coe�cient
can be used to account for the e�ciency di�erence as a function of
mean module temperature. The very low value of this coe�cient means
that the �eld e�ciency change for a-Si:H modules is almost indepen-
dent of temperature, as it is compensated with the fast temperature
change coe�cient. As conventional technologies do not experience the
thermal annealing recovery e�ect, the joint temperature coe�cient for
amorphous silicon should be compared to the standard temperature co-
e�cient of conventional c-Si technology (αη), which is close to −0.45%/oC.

4.4.2 UB samples

In order to verify some of the results obtained with T-Solar samples,
another degradation experiment was performed over solar cells deposited
in the UB. A standard solar cell was deposited over a 10×10 cm2 Asahi
VU glass, and then, after the TCO of the back re�ector was deposited,
it was divided in four 5×5 cm2 pieces, numbered 1 to 4. The deposition
conditions are shown in Table 4.1, taking into account that for this
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experiment the thickness of the intrinsic layer was 200 nm.

Over each of these pieces, a set of six 1 cm2 cells was deposited as it
is explained in Chapter 2, Sec. 2.2.2. The metalization was also done in
the same deposition, which means that all the cells were identical. J-V
measurements were taken just after the deposition, and then each sample
underwent two subsequent degradations of over 1000 h at di�erent tem-
peratures, and �nally, an annealing process. The aim was to study the
dependence of the parameters with the degradation temperature only (no
spectral e�ect), to con�rm the fact that the stabilized values of the pa-
rameters do not depend on the sample history, and to extract additional
conclusions concerning light induced degradation and seasonal e�ect. The
degradation process for each sample is shown next:

• Sample 1: 40oC → 60oC

• Sample 2: 50oC → 40oC

• Sample 3: 50oC → 60oC

• Sample 4: 60oC → 40oC

These temperature cycles allow the veri�cation of several conclusions
that had not been entirely con�rmed with T-Solar samples. The di�erence
in the degradation temperature allows the study of the in�uence of the
temperature already observed in the bibliography and in previous section.
Also, as samples 1 and 3 go from 40oC and 50oC to 60oC, and conversely,
samples 2 and 4 go from 50o and 60oC to 40oC; looking at the values of
the �nal parameters it is possible to verify that the history of the sample
does not in�uence the �nal stabilized state, which depends only on the
degradation temperature (if the spectrum of the degrading light is the
same).

4.4.2.1 J-V curves: Results and discussion

For this experiment, the evolution was not studied again, this is, the
characterizations were only developed at the stabilized states (initial,
after both degradation cycles, and after the annealing). Fig. 4.7 shows
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Figure 4.7: J-V curves of the samples 1, 4 (upper) and 2, 3 (lower) in the di�erent
stages of degradation. The colors indicate the temperature of degradation
and the symbols, the order of the degradation processes.

the J-V curves of each sample at the four di�erent stages of degrada-
tion. In order to make the plots as clear as possible, two codes are
used: The di�erent symbols refer to the di�erent stages of degradation,
being initial state squares, �rst degradation circles, second degradation
triangles and annealed state diamonds. On the other hand, the color
of the plot references the temperature of degradation, being black the
initial state, blue 40oC, green 50oC, red 60oC and violet the annealed state.

The order of the graphs has been altered, being the two upper samples
1 (40oC to 60oC) and 4 (60oC to 40oC), and the two lower samples 2
(50oC to 40oC) and 3 (50oC to 60oC). This is done to make it easier
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Table 4.5: Evolution of J-V curve parameters in UB samples.

Sample Status V oc(V) J sc(mA/cm2) FF η(%)
1 Initial 0.836 11.583 0.700 6.781
1 Deg.@40oC 0.795 11.351 0.552 4.985
1 Deg.@60oC 0.804 11.536 0.592 5.489
1 Annealed 0.836 11.570 0.649 6.284
2 Initial 0.838 11.655 0.711 6.946
2 Deg.@50oC 0.805 11.477 0.587 5.425
2 Deg.@40oC 0.795 11.398 0.558 5.052
2 Annealed 0.838 11.615 0.654 6.372
3 Initial 0.835 11.632 0.696 6.753
3 Deg.@50oC 0.803 11.406 0.572 5.238
3 Deg.@60oC 0.804 11.587 0.593 5.525
3 Annealed 0.837 11.625 0.646 6.287
4 Initial 0.836 11.699 0.710 6.925
4 Deg.@60oC 0.804 11.579 0.606 5.641
4 Deg.@40oC 0.795 11.398 0.554 5.015
4 Annealed 0.836 11.659 0.656 6.392

for the observer to establish comparisons between the graphs. The �rst
thing that is noticed is that the di�erence between the samples is not at
all negligible, being clear that it is over the 2% established for modules [60].

Looking at the two upper graphs, it can be seen that they are almost
identical, as both show a degradation at 40oC and one at 60oC, being
the only di�erence the order of the degradation. Concerning the lower
graphs, both show an almost equal J-V curve corresponding to the �rst
degradation at 50oC. Then, the subsequent degradations at 40oC and
60oC are also almost equal to those on the upper graphs at the same
temperature. All these facts con�rm the idea that the temperature has
a role in degradation apart from the variation of the spectrum, and so
it could have an important in�uence on the seasonal e�ect. Also, the
comparisons exposed �nally prove that the �nal J-V curve does not
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depend on the previous annealing nor temperature history, but only on
the temperature of the last degradation.

The values of the parameters for each sample in chronological order
stage are shown in Table 4.5 and con�rm the conclusions that were visually
extracted of the J-V curves in Fig. 4.7. If the parameters are analyzed,
it can be observed that the values obtained at the same temperature are
very similar, no matter the sample nor the previous temperature. In order
to make it easier to see this fact, Table 4.6 shows the relative values of
the parameters arranged by temperature of degradation. These relative
values are obtained as the ratio of the degraded/annealed value to the
initial value.

Table 4.6: Values of relative parameters in UB samples arranged by degradation
temperature.

Temperature Sample Deg. point V oc J sc FF η

40oC 1 First 0.951 0.980 0.789 0.735
40oC 2 Second 0.948 0.978 0.785 0.727
40oC 4 Second 0.954 0.974 0.780 0.724
50oC 2 First 0.960 0.985 0.826 0.781
50oC 3 First 0.963 0.981 0.822 0.776
60oC 1 First 0.962 0.996 0.845 0.809
60oC 3 Second 0.963 0.996 0.853 0.818
60oC 4 Second 0.965 0.990 0.852 0.815
Annealed 1 Final 1.000 0.999 0.927 0.927
Annealed 2 Final 1.000 0.997 0.921 0.917
Annealed 3 Final 1.003 0.999 0.929 0.931
Annealed 4 Final 1.003 0.997 0.924 0.923

It can be observed that the losses in each parameter are related with the
temperature, being higher when the temperature is lower, and conversely.
As far as V oc is concerned, the degradation is a bit higher than the one
in T-Solar samples, probably due to a slightly higher thickness [146].
This might also contribute to the fact that the FF experiences higher
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degradation in these cells that in T-Solar cells, in which the maximum
relative degradation of the FF was 0.881 at 30oC, while these samples
show lower values of FF rel even at 60oC. However, the higher thickness
would not explain such a big di�erence, so it has to be also due to less
quality of the material. Finally, if the values of J sc are observed, here it
is possible to �nd a slight tendency with the temperature that was not so
clear in T-Solar samples due to calibration issues. The current behavior
with the degradation temperature is checked with EQE measurements
that will be shown afterwards.

4.4.2.2 Role of short and open circuit resistances

Another signi�cant result found in UB samples is that the thermal
annealing provides full recovery in V oc and J sc, but does not provide a
full recovery in the �ll factor, that only reaches about 92.5% of the initial
value after the annealing process.

To try to explain this, the values of Rsc and Roc obtained from the
initial and annealed state J-V curves were studied. The absolute and
relative (degraded R/annealed R) values of Rsc and Roc are shown in
Table 4.7. As it can be seen, Rsc values in the annealed state are about
85% of the initial ones, while Roc values are about 120%.

As it is explained in Chapter 2, Sec. 2.3.5.1, Rsc is related with Rp,
which is expected to have high values in order to achieve higher FF. So,
the decrement of Rsc in the cells can lead to a decrement of Rp and then,
lower FF. Conversely, Roc is related with Rs, in which low values are
desirable to reach higher FF. So, in this case, the increment of Roc in the
cells can cause an increment of Rs which results again in lower values of
the FF. These two e�ects combined result in the di�erence between the
initial an the annealed values of the FF detected in the cells.

The di�culty here lies in determining what is the reason of these
variations of the resistances. Although some irreversible degradation is
found in cells [132] due to the creation of stable defects with in�nite Ea

[168], the di�erence found for these samples is too large. It is possible
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Table 4.7: Values and relative values of the short circuit (up) and open circuit (down)
resistances in UB samples in the initial and annealed states.

Sample Rsc initial (kΩ cm2) Rsc annealed (kΩ cm2) Rsc relative
1 0.962 0.842 0.875
2 0.948 0.837 0.883
3 0.912 0.793 0.869
4 1.028 0.850 0.826

Sample Roc initial (kΩ cm2) Roc annealed (kΩ cm2) Roc relative
1 6.982 10−3 8.243 10−3 1.181
2 6.460 10−3 8.101 10−3 1.254
3 7.220 10−3 8.641 10−3 1.197
4 6.582 10−3 8.118 10−3 1.233

that during the light soaking or the annealing, some pinholes or leaks
have been created in the sample, that the exposure to environment has
an negative in�uence or that the contact with the probes during the
measurements has scratched the sample causing damage.

Another possible explanation is found in the work of Kail et al.[169],
which presents that hydrogen can e�use from silicon thin �lms during
light soaking, causing hydrogen loss. As the samples were deposited
without any additional hydrogen, the hydrogen loss could be critical when
the annealing is performed. If a relevant quantity of hydrogen has e�used,
it would be possible that there is not enough hydrogen left in the cell to
saturate the created dangling bonds. So, the annealed state would present
more defects than the initial state, and the cell would be less performing,
just like in the presented situation.

4.4.2.3 EQE and absorptance: Results and discussion

To complement the J-V curves, EQE and absorptance measurements
were made in the degraded and annealed states to obtain additional
information. In this case, it was assumed that the transmittance is equal
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Figure 4.8: A and EQE curves of the samples 1, 4 (upper) and 2, 3 (lower) in the dif-
ferent stages of degradation. The colors indicate the temperature of degra-
dation and the symbols, the order of the degradation processes.

to 0 and all the optical losses were due to the re�ected light; so the
absorptance was obtained from the measured re�ectance, as A=1-R. The
objective was to verify the current degradation and to observe the causes.
These measurements serve also to observe in which wavelengths the cell
experienced higher degradation.

The results for A and EQE for each sample at both degraded and
annealed states are shown in Fig. 4.8. The �rst thing that can be noticed
is that the absorptance of the cell does not change with the degradation
status, while the EQE shows certain dependence. This means that the
cell absorbs the same quantity of photons in all the states, but not the
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same quantity of electron-hole pairs are collected, this is, the losses are
not caused by optical reasons but for electrical issues, such as an increase
of the recombination. As the absorptance is constant, IQE is not shown
in the graphs, because the di�erence between the IQE of the di�erent
degradation states would not provide any new information from the
di�erence between the EQE.

As far as the di�erence between the EQEs is concerned, it can be
observed that just like in the J-V curves, the EQE curves corresponding
to LID at higher temperatures show higher values, which in this case
means higher J sc. The graphs in Fig. 4.8 are placed in the same order
as in Fig. 4.7. This is again to make it easier to compare the graphs and
observe that, just like in J-V measurements, the curves only depend on
the �nal temperature and not on the history of the sample. The existence
of di�erences on the EQEs veri�es that J sc experiences a degradation, so
the di�erence between values observed in the J-V curves was not caused
by calibration issues.

To verify this degradation and its relation with the temperature, a
weighted integration with the solar spectrum has been done in order to
obtain the current corresponding to the area under the curve. In this
case, the relative values are obtained as the fraction between the degraded
and the annealed state. The values arranged by temperature are shown
in Table 4.8. The values obtained with this integration are quite higher
than the ones measured with the J-V curves. This could be due to an
overestimation of the EQE current, or to an illumination lower than 1
sun when the J-V measurements were done due to the same calibration
issues explained before. In any case, this causes that the di�erence found
in the relative values is higher; but despite this di�erence, the fact that
the higher the temperature, the lower provoked LID remains clear, just
like the rest of the parameters.
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Table 4.8: Short circuit current values obtained from EQE curves integrations for UB
cells.

Deg. status Sample J sc (mA/cm2) Relative J sc
Annealed 1 12.833 -
Annealed 2 12.853 -
Annealed 3 12.862 -
Annealed 4 12.841 -
Deg.@40oC 1 11.741 0.915
Deg.@40oC 2 11.768 0.916
Deg.@40oC 4 11.723 0.913
Deg.@50oC 2 11.923 0.928
Deg.@50oC 3 12.027 0.935
Deg.@60oC 1 12.370 0.964
Deg.@60oC 3 12.452 0.968
Deg.@60oC 4 12.533 0.976

Figure 4.9: Di�erence between the EQE of the annealed and the degraded states of the
samples 1, 4 (upper) and 2, 3 (lower) in the di�erent stages of degradation.
The colors indicate the temperature of degradation and the symbols, the
order of the degradation processes.
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Graphs of the di�erence between the EQE of the annealed and the
degraded state for each sample are shown in Fig. 4.9, in order to observe
more clearly which wavelengths zones are more a�ected by the degra-
dation. It can be observed that although it can generally be considered
a global e�ect, as almost all the wavelengths are a�ected (specially at
lower temperatures), the shorter wavelengths are more a�ected while the
central ones (about from 500 to 650 nm) are less a�ected, specially at
60oC, where curves show very low values, which means that the values are
almost equal to those of the annealed state. It is important to notice that
due to the lower values of the EQE in the long wavelength zone (over 650
nm), the di�erence is also very small in graph.

This behavior can be understood by taking in account that the inter�cial
zone between thep doped layer and intrinsic layer is more defective [146]
and so the recombination there is enhanced. So, the light absorbed here
do not contribute to the photogenerated current [39]. LID can produce a
di�usion of the dopant species, specially boron, due to temperature and
time issues [170][171], which causes a formation of a non intentionally
doped area [39] in which absorbed carriers do not contribute as in the
intentionally doped area. As a result, an enhanced recombination in the
zones close to the doped layer is found. To be sure it would be necessary
to perform measurements of the defect concentration in the cell pro�le.
This would be also useful to verify the model proposed in Sec. 4.3.3.

4.4.2.4 Evaluation of the temperature coe�cients

If the temperature coe�cients associated to SWE are calculated just like
with T-Solar samples, the obtained values are shown on Table 4.9. These
values are just slightly higher than T-Solar cells for V oc and J sc, but on
the other hand, the values obtained for FF, and subsequently for η, are
much higher. The main reason seems to be that the i-aSi:H used in this
cell has less quality against SWE, as it is not the optimized material with
additional hydrogen to reduce LID.

As during the LID, the illumination was constant (never turned o�),
the rapid temperature change has not been measured yet for these cells.
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Table 4.9: Temperature coe�cients for UB samples (oC−1).

αSWVoc αSWJsc αSWFF αSWη
0.05% 0.08% 0.30% 0.39%

So, the joint coe�cient that was obtainded for T-Solar cell can not be
obtained for UB cells, so the comparison is not completely �nished. A
way to try to deduce this coe�cient would be to perform the LID with
cycles of light and dark and also variations of the temperature per hours
trying to recreate the on �ied conditions.

4.4.3 Conclusions and further work

Combining the three experiments, several conclusions can be extracted
at this point. Looking at the results corresponding to the power plant,
it can be observed that the seasonal e�ect is clearly appreciated in the
performance ratio of the power plant, being a 8.3% higher in summer than
in winter. When solar cells form T-Solar, identical to the module ones,
were used in a LID experiment at di�erent degradation temperatures
with constant spectrum, a signi�cant di�erence in the parameters was
found. The results show evidence of the role of the temperature di�erence
in internal thermal annealing, as the temperature shift produces either
recovery or further degradation, depending on if it was going up or down.
However, when αη is calculated, it is found that the thermal annealing
term related to SWE almost cancels the temperature dependence of
e�ciency due to fast temperature changes. This means that on �eld
operation, there is almost no dependence on thermal annealing, and then
the higher e�ciency and PR of the a-Si:H power plants in summer is
almost exclusively due to spectral e�ects [154].

In order to better understand the role of temperature, a similar
experiment was developed with solar cells deposited at the UB. It can be
seen that if the spectral e�ect and the fast temperature changes are not
taken into account (as the illumination and the temperature were constant
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during LID), the �nal state of the cell depends only in the last degradation
temperature, and not on the history of the sample. Also, if the light
spectrum is not changed, it is clear that the higher the temperature, the
lower the LID, due to the thermal annealing. To actually evaluate the
role of the temperature in this cells on �eld conditions, the fast temper-
ature changes coe�cient should be calculated from di�erent measurements.

The behavior of the di�erent parameters under LID at di�erent temper-
atures allows to extract some conclusions about the UB cell. The higher
degradation of V oc and J sc than in T-Solar cells shows that probably the
cells deposited at the UB are thicker, which provokes higher LID in these
parameters [146]. It also suggests that the quality of the doped layers and
interfaces requires further optimization by means of bu�er layers inclusion
or the use di�erent p and n doped materials, like µc-Si:H or µc-SiOx.
The higher degradation of the FF indicates that the intrinsic material
has also to be further optimized, including a certain amount of hydrogen
in the plasma deposition to reduce LID. It is important to notice that
the used cell still has not the optimized material extracted from Chapter 3.

4.5 Conclusions and perspectives

In this chapter, the role of light induced degradation in a-Si:H is studied in
the cells deposited at UB. Also some of the work of the group concerning
seasonal e�ect present in LID has been continued. The �rst important
conclusion arises from the development and construction of a low cost
LED-based light soaking system described at Chapter 2, Sec. 2.2.4. The
comparison with several degradation experiments in the bibliography
shows that the behavior of the cells degraded in system is very similar
to the behavior of cells degraded in several di�erent illumination systems
(both commercial and home-made). So, the constructed LID system
has proved itself to be reliable and functional to conduct degradation
in cells for experimental purposes. Furthermore, the fact that several
temperatures of degradation can be controlled precise and independently
provides the opportunity to develop interesting LID experiments involving
temperature.

147



4 Light induced degradation

As far as the i-layer thickness optimization for UB cells is concerned, the
maximum in the �nal e�ciency has been found at 200 nm. A very simple
model to justify the results has been explained. Further experiments
could be developed in order to re�ne the result, aiming to obtain as less
degradation as possible. Modi�cations of the doped layers, addition of
bu�er layers to reduce inter�cial e�ects, use of the optimized intrinsic ma-
terial with additional hydrogen or longer LID processes are some examples.

Then, the degradation experiments involving T have proved its in�u-
ence in solar cells. Higher degradation is found when the temperature is
lower, and if the degradation temperature is raised, the cell experiences
some thermal recovery. Conversely, reducing the degradation temperature
provokes a sudden decrement of the parameters. This leads to an
important conclusion: The stabilized state of the cells does not depend on
the degradation temperature history but only on the �nal temperature.
This suggest that thermal annealing is the responsible of this behavior,
proving its role in LID.

When the temperature dependence coe�cients associated to SWE are
obtained for solar cells, it is found that their values almost compensate
the e�ect of rapid temperature change on the e�ciency of the modules,
leaving the spectral variations as the most dominant e�ect in seasonal
e�ect, just as previous group work pointed [60]. In contrast, UB cells
show much higher values for FF and η SWE temperature coe�cients.
To fully evaluate the in�uence of the temperature and compare it to
commercial cells, the fast temperature changes coe�cient for UB cells
must be obtained by introducing illumination cycles.
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advanced solar cell structures

5.1 Introduction

Through the years, technologies involving crystalline silicon (c-Si) have
managerd to keep themselves at the top of solar energy technologies,
due to their higher e�ciency conversion [8]. As this thesis is mostly
based on amorphous silicon, this chapter is focused in the role of this
material combined with these technologies. Here, a-Si:H is not the active
part of the solar cell, as this role corresponds to c-Si, but it acts as a
complementary material for passivation. All this work has been developed
in collaboration with the Universitat Politècnica de Catalunya (UPC),
which has larger previous experience working on c-Si PV technology
[50][61][62][63].

5.1.1 Fundamentals

In c-Si technology, like in any other PV technologies, there are two steps
in the process of obtaining energy: absorbing the light to generate the
carriers and collect those carriers in the electrodes to get electric current.
So, there are two possible ways to increase the conversion e�ciency: En-
hancing the absorption of photons to generate more carriers and making
the carrier collection more e�cient. In the �rst case, several strategies and
techniques are used to maximize the absorbed light as much as possible.
In the second, the increase of the collection is mostly linked to the reduc-
tion of the recombination; this is, avoiding that the electrons and the holes
cancel each other before reaching the electrodes.
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5.1.1.1 E�cient light absorption

In order to obtain an e�cient light absorption, two di�erent strategies are
followed: the �rst is to maximize the light that comes into the cell and
the second is to avoid that light escaping the cell without being absorbed.
Some of the employed techniques are listed next:

• Reduction of shadowing: A metallic front contact is needed in
solar cells to collect the carriers, so the incident light in this con-
tact's area is re�ected and does not come into the cell. This means
that the front contact provokes a shadowing in the device, reducing
the amount of incoming light. As a consequence, it is necessary to
reduce this shadowing e�ect as much as possible. The use of metallic
grids reduces the shadowing e�ect, and some technologies like IBC
(Chapter 1, Sec. 1.2.3.2) place both contacts in the rear part to
eliminate the shadowing.

• Anti-re�ection coatings (ARC): ARCs are used to avoid the re-
�ection of the light in the front surface of the cell. They operate
under the principle of negative interference: the silicon wafer surface
re�ects a certain amount of light, so the idea is to deposit a thin layer
of a dielectric material such as the re�ected wave in its top surface is
out of phase with the wave re�ected on the c-Si top surface. If this
is accomplished, both waves are canceled and there is no re�ected
energy. To achieve this situation, the thickness of the dielectric layer
has to be chosen to ful�ll the anti-re�ection condition:

d =
λ

4n
(5.1)

where λ is the wavelength in which the refection needs to be min-
imized and n is the refractive index of the layer. If this is the im-
plemented thickness, the light travels a quarter of its wavelength in
the ARC, then it is re�ected by the silicon surface, travels another
quarter of its wavelength and �nally it gets out of the ARC. This
means that it has traveled half the wavelength of the light that was
�rst re�ected by the ARC, so both are canceled. It is usual that the
front TCO is used also as ARC, but there are di�erent techniques to
reduce the re�ection with ARCs.
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• Back re�ectors: The use of back re�ectors, explained in Chapter 1,
Sec. 1.2.3.1 for thin �lm solar cells, is also valid for c-Si technologies:
the inclusion of a metallic layer in the rear side of the cell that acts
as a mirror provides a second chance for the light to be absorbed
when it comes out. Sometimes, additional layers with di�erent re-
fraction indexes and textures are included between the wafer and the
rear metal in order to increase the light path and so the chance of
absorption.

• Textured surfaces: Texturing both front and rear surfaces is an
extended technique, very commonly employed, as it provides several
advantages: Textured front surfaces reduce the re�ection and make
the light to disperse, increasing the mean path through the cell, and
so enhancing the absorption probability. The same happens at the
rear surfaces, where the non-absorbed light is re�ected in di�erent an-
gles, and so the light-trapping is highly increased; however, textured
rear surface is relevant for thin �lm solar cells but is less important
for thick wafer based cells. There are several techniques to texture
the surfaces, resulting in both ordered or random textures. For c-Si,
for example, it is common the random pyramid texturing by etching
[172].

• Thickness optimization: It is complicated to obtain the optimum
thickness for c-Si, as the the thicker the wafer, more light is
absorbed as the light path is longer, but on the other hand, the bulk
recombination also increases, the emitter has to improve its quality
and also, the cost of the device increases. So, the optimum thickness
on the wafer depends on several factors, like the quality of the wafer
and the enhancement of the light path provided by texturing and
BR. Anyway, this optimization is important for thin cells (a few
µm) but much less relevant in wafer based cells, where the thickness
of the wafer is normally limited by technological reaches. In fact,
the optimal thickness cannot be manufactured.
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5.1.1.2 Reduction of the recombination

The second strategy to improve the conversion e�ciency of c-Si solar cells
is the reduction of the recombination. The performance of c-Si solar cells
is highly related to the quantity of carriers that can be collected on the
electrodes, which means that recombination must be reduced as much as
possible in order to increase the conversion e�ciency. The recombination
can be evaluated through a parameter called recombination velocity (U ),
de�ned as:

U =
∆n

τ
(5.2)

where ∆n is the minority carrier excess [6] and τ is the e�ective carrier
lifetime. There are two main mechanisms that contribute to the recom-
bination: bulk recombination and surface recombination. As far as bulk
recombination is concerned, three di�erent processes limit the lifetime of
the carriers: radiative, Auger and Shockley-Read-Hall recombinations:

• In radiative recombination, an electron from the conduction band
and a hole from the valence band disappear; and the energy of the
e-h pair is emitted as a photon with an energy approximately equal
to the value of the gap of the material.

• Auger recombination is also a band-to-band recombination, like ra-
diative recombination, but in this case the excess of energy is not
emitted but transfered to a third carrier, either an electron or a hole.

• Shockley-Read-Hall (SRH) recombination was �rst reported by these
three authors in 1952 [173][174]. It is related to the crystallographic
defects, impurities and imperfections present in the bulk of the wafer.
These defects act as recombination centers, as they are states in the
middle of the bandgap. Four types of process can occur: electron
capture, electron emission, hole capture and hole emission.

The fourth recombination process, surface recombination, is caused by
the abrupt end of the crystalline net, and the consequent free bonds on
the surface. Some impurity defects can also appear on the surface as a
result of subsequent depositions. So, the e�ective carrier lifetime (τ eff )
would be result of the inverse addition of the lifetime associated to each
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mechanism as:

1

τeff
= (

1

τrad
+

1

τAuger
+

1

τSRH
) + 2

Seff
W

(5.3)

where the last term corresponds to surface recombination: S eff is the
e�ective surface recombination velocity, W is the wafer thickness, and the
2 refers to both sides of the sample, assuming symmetry of wafer surfaces.

Crystalline silicon is an indirect gap semiconductor, which makes the
probability of band-to-band recombination processes low compared to
those of other processes. On the other hand, if the quality of the wafer
is high enough, the SRH recombination probability is also low compared
to the surface recombination probability. This means that, in high quality
crystalline silicon wafers, the bulk recombination is negligible against the
surface recombination, specially when wafers become thinner (less bulk ma-
terial). So, assuming that the wafer symmetrical and that surface processes
dominate the recombination, the e�ective surface recombination velocity
(S eff ) can be obtained from τeff as:

Seff ∼=
W

2τeff
→ τeff ∼=

W

2Seff
(5.4)

So, a crucial step in crystalline silicon solar cell technology in order to
achieve high e�ciency is the reduction of surface recombination, which
is called surface passivation. There are two mechanisms to achieve good
surface passivation: The �rst one is chemical passivation, which consists
in reducing the quantity of free bonds on the surface by saturation of the
interface defects. And the second is �eld e�ect passivation, which consists
in inducing band bending in order to reduce the concentration of one of
the carriers on the surface, and so decreasing the recombination rate [175].

The traditional passivation technique for c-Si surfaces is to provoke
thermal oxidation to growth a native silicon oxide (SiO2) layer on the
surface to obtain passivation. However, this technique requires high tem-
peratures which a�ect negatively to the bulk carrier lifetime and implies
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an important thermal budget in the fabrication process [176][177][178][179].

Nowadays, di�erent techniques are being developed and used in passiva-
tion, involving the deposition of layers of di�erent materials over the wafer
to substitute the native SiO2. Some of these materials are hydrogenated
amorphous silicon nitride (a-SiNx:H) [180][181], hydrogenated amorphous
silicon carbide (a-SiCx:H) [179], hydrogenated amorphous silicon (a-Si:H)
[182][183][184] and alumina (Al2O3) [185][186].

5.2 Motivation of the work

The work developed in this chapter has two main blocks.The �rst is
intended to achieve good surface passivation with sputtering deposited
alumina layers. Alumina has been gaining relevance in passivation in the
last few years as a promising alternative to more traditional technologies
and materials. Currently, it is commonly used in HIT structures based on
n-type wafers. On the other hand, the use of sputtering to deposit Al2O3

would provide some other additional advantages.

The second refers to the development of a p-type emitter, aiming to its
use over n-type c-Si wafers. Wafer based solar cells on n-type silicon have
recently attracted attention, mainly due to lower recombination related
to oxygen contamination. As an example, commercial HIT solar cells
(from Sanyo-Panasonic) use n-type wafers. However, to develop these
structures, the deposition of a p-type emitter is required. Obtaining a
quality p-type emitter is challenging, due to the poor doping e�ciency of
p-doped a-Si:H layers. So, the deposition of p-emitters is an important
and complicated step in which the acquired experience in p-type a-Si:H
and µc-Si:H optimization can be useful. With these considerations, the
motivation for this work is detailed next.

154



5.2 Motivation of the work

5.2.1 Passivation with alumina deposited by sputtering

5.2.1.1 Al2O3 advantages over SiNx

As it has been explained, one of the ways to reduce surface recombination
is the so-called �eld-e�ect passivation. It is based on the fact that
surface recombination processes involve both electrons and holes. By
the application of an internal electric �eld below the c-Si surface, either
the electron or hole concentration can dramatically be reduced at the
position of the c-Si surface. The absence of one of the carriers results in a
reduction of the recombination.

Alumina has recently been gaining relevance as a novel solution for
this type of passivation, as an alternative to other materials like SiNx.
SiNx has traditionally been used to passivate n-emitters di�used in
p-wafers [180][181][187], as it traps positive charge, which provokes a
major concentration of electrons over holes. More recently, SiNx has also
been used to passivate p-type emitters in n-wafers [178], but the results
are not as good as in n-emitters, because to achieve passivation in this
situation, it is required that the charge in SiNx is notably higher than
the one on the p-emitter to create an inversion layer. Still, values of the
implied Voc of over 700 mV were obtained.

The use of alumina in passivation has been increasing in the last years
because there are two advantages of alumina over SiNx: The �rst is that
Al2O3 layers trap negative charge, thus producing a hole accumulation
on the silicon surface [185], which is the opposite situation of SiNx. This
makes Al2O3 a more suitable material for the passivation of n-type silicon
surfaces. The second is that alumina is capable of trap more charge than
SiNx, which makes it easier to create the inversion layer and passivate
e�ectively p-type silicon surfaces. These advantages places alumina as a
suitable material to achieve good passivation in both n- and p-type silicon
wafer surfaces.
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5.2.1.2 Advantages of sputtering over ALD, and the need of an
a-Si:H layer

Normally Al2O3 layers for passivation are deposited by atomic layer
deposition (ALD) [188][189][190], as they have shown the best passivation
results (reviewed by Dingermans et al.[185]). However, some other
techniques have been employed to deposit Al2O3 aiming for passivation
uses, like pulsed laser deposition (PLD) [191][192], PECVD [186] or
catalytic vapor deposition [193]. The UPC has already obtained improved
results in rear surface passivation using stacks of layers including alumina
deposited by ALD [194].

Sputtered Al2O3 has already proved itself as an alternative for wafer
passivation [177][195][196][197][198]. The main interest of using Al2O3

deposited by sputtering for passivation is that this technique presents some
advantages over ALD:

• Sputtering is industrially scalable, so it is already used for large area
depositions.

• The deposition rate is higher, which means less time to obtain the
required thicknesses. This has special importance in industry.

• The facilities needed for ALD are more expensive than the sputtering
ones, specially in large-scale production.

These advantages places sputtered Al2O3 as a promising alternative
to atomic layer deposited Al2O3. However, deposition by sputtering
produces a bombardment with high-energy ions [199] which has been
associated with a silicon surface damage. This damage is traduced in
the creation of surface defects, which leads to poor passivation results [198].

Assuming this e�ect, the idea behind this work is to substitute the
native SiOx proposed as physical protection [198] by an intermediate layer
of a-Si:H deposited by PECVD that could provide physical protection to
the surface from the ion bombardment of the sputtering. Additionally,
it could serve as a source of hydrogen atoms that will improve the
passivation results, adding a chemical component to the passivation which
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is present in ALD.

5.2.2 Development of p-type emitters for n-type wafers

It has been reported that n-type c-Si wafers present several bene�ts over
p-type wafers. n-wafers are electrically superior, less a�ected by oxidation
[200] and also present less recombination caused by metallic impurities
on the surface [201][202][203]. However, despite this advantages, the
challenge for the use of n-type c-Si wafers in heterojunction technology is
the deposition of quality p-type emitter, which are technologically more
di�cult to develop, as it is harder to dope a-Si:H p-layers than n-layers
[38]. Besides, the passivation of p-type emitters is also more complicated,
although several alternatives are being researched, like the mentioned
a-SiCx:H and Al2O3.

The results obtained in p-layer optimization (Chapter 3, Sec. 3.4.1)
and the previous group experience working with ITO [26] provide a good
starting point to develop the whole front side of an n-wafer based c-Si
device, including the p-emitter. The �nal idea would be to combine the
developed p-emitter and the passivation with Al2O3 to obtain a quality
c-Si device based in an n-type wafer.

5.3 Results in Al2O3 passivation: role of an a-Si:H
interlayer

5.3.1 Layer deposition and measurements

The objective of this block of experiments was to study the role of a-Si:H
in passivation with sputtered alumina. The procedure to do so was to
compare the passivation achieved with sputtered alumina with the one
achieved with the use of a stack ia-Si:H/Al2O3. The wafers used for this
experiment were single-side polished n-type (1.5 Ω−1cm−1) and p-type
(2.6 Ω−1cm−1) �oat zone silicon wafers.
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First of all, the cleaning process mentioned in Chapter 2, Sec. 2.2.1 is
performed over the wafers. Then, they were divided in quarters. Over
a quarter of each type of wafer, alumina is directly deposited on both
sides. These samples will be known from now on as n-Si/Al2O3 and
p-Si/Al2O3. Over another quarter of wafer of each type, a very thin (≈ 6
nm) layer of a-Si:H is deposited before the alumina, both materials also
on both sides. These samples will be referred to as n-Si/a-Si:H/Al2O3 and
p-Si/a-Si:H/Al2O3. The con�guration of the samples are shown in Fig. 5.1.

Figure 5.1: Con�guration of the samples used for the experiments in passivation with
alumina deposited with sputtering. The depositions are symmetrical, so the
layers in both sides are almost identical.

The deposition conditions for the thin intrinsic a-Si:H layers used in
n-Si/a-Si:H/Al2O3 and p-Si/a-Si:H/Al2O3 were, in this case, the same
used when a-Si:H is used as absorber layer (Chapter 3, Sec. 3.3.1).
These layers were deposited in the UB PECVD reactor described in
Chapter 2, Sec. 2.1.1. The deposition time was calculated so the layers
had a thickness of about 6 nm. As far as the alumina is concerned, it
was deposited in the UB magnetron sputtering described in Chapter 2,
Sec. 2.1.2, and the estimated thickness was approximately 50 nm. The
chemical and structural characteristics of the used alumina were obtained
by di�erent measurements, but they are out of the aim of this section, and
can be consulted elsewhere [204]. A summary of the deposition conditions
for both materials is shown in Table 5.1.

158



5.3 Results in Al2O3 passivation: role of an a-Si:H interlayer

Table 5.1: Deposition parameters for intrinsic silicon layers and alumina layers used in
passivation results. a-Si:H is deposited by PECVD and Al2O3 by sputtering.

Intrinsic a-Si:H
Pressure 80 Pa
Substrate temperature 200 oC
Power 4 W (≈33 mW/cm2)
Silane �ow 40 sccm
Electrode distance 15 mm
Time 30 s (estimated thickness ≈6 nm)
Background pressure <2 10−5 Pa

Alumina
Pressure 0.667 Pa
Substrate temperature Room temperature
Power 300 W
Argon �ow 12 sccm
Target-substrate distance 12 cm
Time 38 min (estimated thickness ≈50 nm)
Background pressure ≈3.3×10−4 Pa

The passivation was evaluated by e�ective carrier lifetime measure-
ments, which were performed at the UPC with the Sinton WCT-120.
Both the equipment and the procedure to obtain the parameters are
described at Chapter 2, Sec. 2.3.4. As �rst, the four silicon quarters
of wafer samples, with the passivation layers in 'as deposited state',
presented a very short τ eff of the minority carriers. However, previ-
ous experiments [63] showed that an important increment of τ eff is
achieved in the samples after an annealing process. The conditions of
the annealing process were previously optimized [63], obtaining the best
results with a temperature of 350oC during 20 to 25 minutes in forming gas.

So, this annealing process was performed and τ eff measured again in
the 'annealed state'. Fig. 5.2 shows the τ eff of the samples as a function
of the excess carrier density (∆n). It can be observed that the samples
which the a-Si:H layer deposited before the alumina show quite higher
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carrier lifetime than the ones without it in all the range of carrier injection
analyzed.

Assuming that τ eff is mainly limited by surface recombination as it has
been explained, knowing the wafer thickness and assuming that similar
passivation occurs on both sides, it is possible to estimate the e�ective
surface recombination velocity for all the illumination levels according to
Eq. 5.4. The graphs of S eff versus ∆n are also presented in Fig. 5.2.

The implied open circuit voltage has also been obtained from the
measurements in the annealed samples, and its values are also evaluated.
Table 5.2 summarizes the values of these parameters under one sun
illumination, obtained from the �gure.

Table 5.2: E�ective lifetime, implicit open circuit voltage and e�ective surface recombi-
nation velocity of the minority carriers for the annealed samples under one
sun illumination.

Sample τ eff (ms) ImpV oc(mV) S eff (cm/s)
n-Si/Al2O3 0.082 613 172
n-Si/a-Si:H/Al2O3 1.415 740 9.9
p-Si/Al2O3 0.043 618 329
p-Si/a-Si:H/Al2O3 1.252 741 5.5

5.3.2 Discussion, conclusions and perspectives

To summarize, it has been exposed that direct Al2O3 passivation of
silicon surfaces has proved itself capable of very high lifetimes; being
the most successful deposition technique ALD, which reached lifetimes
higher than 1 ms in high quality wafers with doping levels in the order
of 1 Ωcm [177]. Although the results for sputtering-deposited Al2O3

[176] show good passivation, they are generally worse than those reported
for ALD-deposited Al2O3 [177]. Two possible di�erences between the
ALD and sputtering techniques can be relevant to the superior surface
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Figure 5.2: E�ective lifetime (top) and e�ective surface recombination velocity (bottom)
of p-Si and n-Si samples passivated with Al2O3 and a-Si:H/Al2O3 layers
after the annealing at 350oC.
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passivation of ALD. The �rst one is the high energy bombardment of
the silicon wafer surface by argon ions during the sputtering process, not
present in ALD deposition. The second one is the presence of hydrogen in
the precursor gases used for ALD, which can lead to chemical passivation
of the silicon wafer surfaces. The objective in the presented experiments
was to test if introducing a very thin a-Si:H could overcome this problems.

It can be observed that the wafers protected with an a-Si:H layer
before the Al2O3 deposition present signi�cantly higher carrier lifetimes
than the samples without such silicon layer. The use of an intrinsic
a-Si:H intermediate layer avoids the damage on the wafer surface due to
direct argon ion bombardment. Also, it could be acting as a source of
hydrogen for the chemical passivation of the silicon surface, overcoming
the absence of hydrogen in sputtering compared to ALD. This means
that the deposition of the a-Si:H thin layer immediately after cleaning
the silicon wafers covers two de�ciencies of the Al2O3 layer deposited
by sputtering: surface protection, that makes less critical the damage of
the ion bombardment, and chemical passivation with hydrogen, which is
absent in the sputtering process.

It is also interesting to deal on the relevance of the thermal treatment
to reach good passivation. This requirement is common for passivation
with Al2O3 and it is independent of the deposition technique. It has as
function to charge the defects of the Al2O3 layer, increasing the passiva-
tion caused by charge accumulation. On the other hand, it is well known
that temperatures around 300 to 350oC for 20 minutes periods allow an
e�cient di�usion of hydrogen without resulting in a signi�cant hydrogen
e�usion from the surface that would take place at higher temperatures.
As a consequence, a possible explanation of the increase of the lifetime
after the thermal annealing (in addition to the Al2O3 defects charge) is
the hydrogen passivation of defects in the silicon surface by its di�usion
movement and bonding to the surface defects.

The main conclusion that can be extracted is that the inclusion of
a very thin layer of a-Si:H before the deposition of the alumina by
sputtering allows to obtain values of the e�ective lifetime of more than 1
ms, although these values are still a little lower than the ones obtained
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with alumina deposited by ALD. This role of a-Si:H as protective layer
is very promising, not only combined with Al2O3 passivation, but also
in contacting with doped layers. New manufacturing approaches for het-
erojunctions solar cells then appear by using very thin a-Si:H interlayers.
The developed techniques only make use of low-temperature (<400oC)
processes and provide �exibility to select the ratios between the surfaces
used for contacting or for passivation, thus reducing the requirements of
the deposition and patterning process thanks to the protection of the full
surface of the silicon wafer with the a-Si:H layer.

Additional experiments are required to evaluate the contribution of
each passivation mechanism: chemical and �eld e�ect passivation. New
experiments to study the dependence of passivation on a-Si:H interlayer
thickness are planned and will be the object of future research.

5.4 Results in p-type hetero-emitter development

The objectiveof this section was to develop the whole front part of an
n-type c-Si wafer solar cell based on the group experience with the in-
volved layers: ITO was studied in previous group work [26] and the silicon
layers were optimized for thin �lm a-Si:H solar cells in Chapter 3. With
these results as starting point, several experiments with the layers (both
individually and combined) were developed aiming to adapt and optimize
their characteristics to c-Si technologies, and form a quality p-type emitter.

5.4.1 Indium tin oxide optimization

Indium tin oxide (ITO) is a transparent conductive oxide (TCO) composed
of In2O3 doped with SnO2, which is commonly used in thin �lm silicon
solar cells as front electrode. ITO presents both high conductivity and
transparency. In fact, its properties initially place it as a better material
than ZnO for this role, but ITO has one important drawback which is
the expensiveness of indium [205]. However, ITO is still the best option
in many situations because it can be deposited at room temperature
without a signi�cant loss in its properties. For example, the front contact
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of ZnO:Al deposited at the University of Barcelona is optimized at 300oC
[26] which makes it not suitable for its use in substrate con�guration in
thin �lm solar cells.

In this case, the experiments aimed to obtain quality ITO to be used as
front electrode in c-Si wafer based devices. Previous experiments at the
UPC revealed that the e�ective carrier lifetime and the implicit V oc of the
devices tend to decrease when the ITO is deposited over them [63]. The
objective was to reduce this loss by depositing ITO at di�erent conditions,
trying to obtain the most suitable material. The ITO has to serve also
as anti-re�ective coating, in order to minimize the re�ection, according
to Eq. 5.1. If n = 1.87 is assumed for ITO [206] and a wavelength
of 600 nm is selected, the desired thickness is about 80 nm. Also, the
possibility of developing the whole front side of the cell (emitter+ITO)
at the same cleanroom is very attractive in order to avoid any accidental
contamination.

5.4.1.1 Optimization over glass

Before the trials over wafer were developed, two series of ITO �lms were
deposited on Corning 1737 glass and analyzed, aiming to optimize the
transparency and de conductivity of the material. The �rst series was in
oxygen partial pressure, which is calculated as:

pO2 = p
ΦO2

ΦAr + ΦO2

(5.5)

where p is the total pressure and ΦAr and ΦO2 are the argon and oxygen
�ow respectively. The total pressure and the argon �ow were kept constant
in all the samples, so the parameter that is used to vary the oxygen
partial pressure is the oxygen �ow. It is known that adding oxygen to
the sputtering plasma leads to more transparent TCOs, but on the other
hand, they are also less conductive, so it is necessary to �nd a compromise
between these properties. This is why the partial pressure series was
developed.
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Table 5.3: Deposition parameters for indium tin oxide layers. The bold quantity in
varying parameters is the one kept constant in the other series.

Fixed parameters
Pressure p 0.173 Pa
RF Power P 100 W
Subs.-Electrode distance de 15.5 cm
Background pressure Bp <5x10−4 Pa

Varying parameters
Oxygen partial pressure pO2 0, 2.98, 4.91, 6.93, 8.91 mPa
Temperature T Room T (≈20), 100, 200 oC

The second series was made varying the substrate temperature. The
starting point was the conditions used in previous group work which are
shown in Table 5.3. In this table, the values for the varying parameters
are also shown, with pO2 already calculated with the corresponding values
of ΦO2 . Radio frequency plasma (RF) was used and the composition of
the target is shown in Table 2.2 (Chapter 2, Sec. 2.1.2). For the oxygen
partial pressure series, the deposition time is �xed at 30 minutes while
in the temperature series the time was reduced to 24 minutes. The ITO
deposited in the UPC was used as comparative reference was deposited
at room temperature, 50 W of power, 40 sccm of Ar �ow and with no
intentional additional oxygen. The sheet resistance is about 100 Ωsq for
80 nm.

The �rst measured parameters were the thickness and the sheet resis-
tance. The thickness was used to calculate the deposition rate, in order to
make possible to calculate the time necessary to obtain an ARC in future
depositions. The �lms deposited in these series resulted slightly thicker
than the mentioned 80 nm. Then, as second parameter, the resistivity
ρ was obtained through the measured sheet resistance Rsh through the
equation 2.7 (Chapter 2, Sec. 2.3.3.2).

The last parameter used to test the quality of the ITO is the trans-
mittance, which is evaluated by integrating the area under the curve in
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Figure 5.3: Transmittance of the ITO samples of the partial pressure series (left) and
temperature series (right).

the wavelength regions relevant for solar cells. These are 400-800 nm,
which corresponds to the absorption wavelengths for amorphous silicon;
and 400-1100 nm, which corresponds to crystalline and microcrystalline
silicon. Although both results are shown, in fact only the second one
would be necessary, as the layer is bound to be deposited over a crystalline
silicon device.

The measured transmittances for the oxygen partial pressure and
temperature series are shown in Fig. 5.3. In the partial pressure series, it
can be seen that the samples with low oxygen contents are less transparent
than the ones with higher content, as it was expected, except the one with
highest content which presents the worst behavior. In the temperature
series, the di�erence between samples is quite smaller.

Table 5.4 summarizes both series results, and some of the parameters
are plotted in Fig. 5.4 to make the comparison between the samples easier.
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Table 5.4: Summary of the results of the measured parameters in ITO series. The
deposition times for pO2 and temperature series are 30 min and 24 min
respectively.

pO2(mPa) d(nm) Rd(
nm
min) Rsq(Ωsq) ρ(Ω cm) %T a %Tµc

0.00 130 4.33 34 4.42 10−4 80.52 80.61
2.98 130 4.33 35 4.42 10−4 81.84 81.46
4.91 135 4.50 35 4.73 10−4 82.21 81.42
6.93 140 4.73 58 8.12 10−4 83.77 81.87
8.91 150 5.00 220 3.34 10−3 81.55 79.18

T (oC) d(nm) Rd(
nm
min) Rsq(Ωsq) ρ(Ω cm) %T a %Tµc

RT 118 4.92 45 5.31 10−4 83.63 83.35
100 114 4.75 39 4.45 10−4 84.16 83.70
200 107 4.46 34 3.63 10−4 83.21 83.87

Figure 5.4: Parameter comparison for both oxygen partial pressure (black) and temper-
ature (red) series. %Ta and %Tµc is the percentage of the area integrated
under the curve of the EQEs. 167
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As far as oxygen partial pressure is concerned, it is clear that there
is a direct relation between σDCσOP and resistivity and transmittance:
increasing oxygen quantity leads to an increase of the transmittance, which
is desirable, but also there is an increase of the resistivity, which is not.
This behavior was expected as it has been previously reported both in
ITO [207] and on other TCOs [208][209], including the research on ZnO
developed in this group [26]. The last sample shows worse properties than
all the others, which suggest that including oxygen further than certain
point is detrimental for the layers. As the idea was to get the best layer,
a balance between conductivity and transmittance had to be reached. In
this work, the �gure of merit 'electrical to optical conductivity'[210] is used
as reference parameter. It is de�ned as:

σDC
σOP

=
118.5

Rsh(T−1/2 − 1)
(5.6)

In this case, the samples of the partial pressure series (0, 2.98, 4.91,
6.93, 8.91 mPa) show values of σDC/σOP of 48.7, 49.8, 50.1, 30.9 and 6.9
Ω−1. This places the central sample (4.91 mPa of pO2) as the best op-
tion, although the di�erence with some of the other samples is not very big.

On the other hand, looking at the results of the temperature series,
it can be observed that the dependence in this range of temperatures
is very slight. It would be possible to obtain di�erent results if the
temperature was raised up to 300oC or more [211] but as the layers are
going to be deposited over devices, it is not possible to further raise the
temperature as it could a�ect the previously deposited materials. As a
clear optimal temperature was not found in this kind of trial over glass, it
was determined that all three temperatures would be tested over device
to check which one o�ered better performance.

5.4.1.2 ITO deposited over devices

To check the behavior of the di�erent ITOs in a c-Si device, a structure
developed at the UPC was used but varying the ITO deposited in the
front side of the cell. First, in the UPC, an n-type emitter a was deposited
in the front side of a p-type c-Si wafer; and a 30 nm thick intrinsic
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passivating layer and a 70 nm a-SiCx layer were deposited in the rear
side. The wafer was divided in four quarters and, at this point, the �rst
measurement of the carrier lifetime was done. After, di�erent ITO layers
(standard UPC's at RT and UB's at room temperature, 100oC and 200oC)
were deposited over each quarter, and τeff was measured again. Then,
all the samples underwent an annealing process at 160oC in air during 1
hour, and the last measurements of τeff were taken. Finally, the active
area was delimited by lithography, the grid for the front contacts was
made and an aluminum back re�ector was deposited and the rear contacts
were made by laser �ring. The �nished structures were characterized by
measuring the J-V curve and the EQE of square 1×1 cm2 cells. The
process is shown in Fig. 5.5.

Figure 5.5: Evolution of the structure of the device used for ITO optimization in the
di�erent stages of measurement.

The results of the e�ective carrier lifetime measurements are shown
in Table 5.5. The �rst thing that is noticed is that after the emitter is
deposited a dispersion is found in the e�ective lifetimes measured in each
quarter of the wafer. Although the emitter is the same, maybe there is
some inhomogeneity in the deposition that provokes these di�erences.
Anyway, they are not very big so a similar 'initial' state can be considered.

Then, it can be observed that there is an important drop of the
properties just after the ITO is deposited, but when the samples are
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Table 5.5: Summary of the results of the measured parameters in ITO over devices in
the three stages of deposition (see Fig. 5.5). From top down: as the emitter
is deposited, as the ITO is deposited over the emitter and after the thermal
annealing (1 h at 160oC in air). The name of the sample refers itself to the
quarter of the same wafer over which each ITO is deposited (the center and
the temperature of deposition are detailed).

Emitter as deposited
Sample τ eff (µs) S eff (cm/s) V oc(mV)
UPC@RT 890 15.89 714.3
UB@RT 833 16.98 710.8
UB@100oC 828 17.08 712.0
UB@200oC 852 16.61 712.9

After ITO deposition
Sample τ eff (µs) S eff (cm/s) V oc(mV)
UPC@RT 34.9 405.44 610.0
UB@RT 391 36.18 686.5
UB@100oC 470 30.11 693.9
UB@200oC 672 21.05 707.4

With ITO after annealing
Sample τ eff (µs) S eff (cm/s) V oc(mV)
UPC@RT 896 15.79 715.4
UB@RT 975 14.51 717.5
UB@100oC 718 19.70 718.8
UB@200oC 896 15.79 718.2

measured after the annealing, the properties recover in a di�erent degree.
This e�ect is less evident as the temperature of deposition grows, this is,
the higher the deposition temperature of the ITO the lower the loss after
deposition.

Although it has been reported that ITO su�ers di�erent changes on its
properties after di�erent annealing conditions [212][213], this happens at
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higher temperatures. This means that the annealing process a�ects the
amorphous silicon n layer or the interface between them. The reason for
this could be that the dopant atom activation of the emitter, normally
achieved by annealing, is accomplished during the ITO deposition at
higher temperatures. This suggests that depositing the ITO at higher
temperatures could lead to the possibility of avoiding later annealing.
However, going to higher temperatures could a�ect the existing layers,
and also the loss on τeff should have to be overcome.

Analyzing the e�ect of the temperature of deposition of the ITO, it can
be observed that although higher temperatures caused less reduction in
τeff , after the annealing was done, the sample with the ITO deposited
at room temperature shows the higher value of τeff (0.975 ms), with 0.1
ms over the next sample. So, as far as the temperature optimization is
concerned, the best option is to deposit the ITO at room temperature
and then perform a thermal annealing.

If the behavior of UPC's and UB's ITOs samples is compared, it can
be noticed that although the quarter of wafer on which the UPC ITO
was deposited had initially higher τeff , it experienced higher loss after
the deposition of the ITO and, which is more important, the �nal value
of τeff in the sample with this material is almost 0.1 ms lower than the
one obtained with the best sample with UB's ITO. The �nal ImpVoc is
almost equal in both samples. These results point to the ITO deposited
in the UB as the most suitable material to be used in the front contact.

To verify this result, a �nal test was made �nishing the devices,
implementing the punctual back contacts by di�using aluminum by laser
�ring (LFC) and measuring the parameters of the �nished solar cell. The
distance between contacts (also called �ngers), normally called pitch, is
varied, being used 800 and 600 µm in di�erent areas of the quarter of the
wafer. Then, J-V and EQE measurements were developed at the UPC
for 1 cm2 cells with di�erent pitch distances. The values for the best cell
with each pitch are shown in Table 5.6.
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Table 5.6: Values of the parameters of the best solar cells (1 cm2) with di�erent ITOs
for each �nger pitch.

Sample UPC@RT UB@RT UB@100oC UB@200oC
Pitch (nm) 800 600 800 600 800 600 800 600
V oc(V) 0.635 0.625 0.635 0.626 0.630 0.623 0.632 0.624
J sc(mA/cm2) 31.11 31.13 33.61 33.27 31.87 31.97 32.48 32.01
FF 0.593 0.599 0.680 0.699 0.691 0.705 0.678 0.704
η(%) 11.72 11.65 14.51 14.53 13.86 14.01 13.91 14.01

First, a comparison between pitch lengths was established: J sc behavior
is variable but without big di�erences. As far as V oc is concerned, the
samples with 800 nm of pitch show higher values. However, the FF is
always lower than the one found for 600 nm of pitch. So, the e�ciencies
are higher for the 600 nm samples (except for the UPC sample) but with
di�erences under 0.16%.

Figure 5.6: J-V and EQE curves for the 600 nm pitch samples with di�erent ITOs.
The values on the legend in the EQEs graph are the integrated J sc for each
sample.

In order to easily compare the performance of the di�erent ITOs, Fig.
5.6 shows the J-V and EQE curves of the best sample of 600 nm of pitch
(as this length has proved itself better). The integrated current values
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(weighed with the solar spectrum) are also shown in the legend of the
EQE graph.

Looking both the graphs and the values of the parameters in Table 5.6
it is clear that all three samples with ITO deposited at UB are better for
the performance of the cells, in spite of the previous measurements of τeff
which were lower in the case of the samples deposited at 100 and 200oC.
The main reason is that the cell with ITO deposited at the UPC presents
much higher series resistance than the cells with ITO deposited at UB.
The short circuit current is also lower. Among the devices deposited at
the UB, the cell with ITO deposited at room temperature shows higher
J sc, which is consistent with the result obtained for the measured τeff .
These improvements in Rs (which is traduced in a 0.1 absolute increase
in FF ) and J sc results in an absolute e�ciency increase of almost 3% in
the cell with UB's ITO at RT (14.53%) over the one with ITO deposited
at the UPC (11.65%).

However, even the cells with the ITO deposited in the UB present an
high series resistance, probably due to a very high sheet resistance. A pos-
sible solution would be to further raise the deposition temperature. It is
known that the conductivity of ITO is much improved when the deposition
temperature is about 300oC, because the layer is microcrystalline instead
of amorphous. Some commercial devices use TCOs deposited at these
higher temperatures. So, probably higher deposition temperatures could
reduce the sheet resistance to the range of 8 Ω, which the requirement for
low series resistance.

5.4.1.3 Conclusions

The ITO deposited at the UB has proved itself a better material to �nish
the devices than the ITO deposited at the UPC, mainly due to its lower
series resistance in the devices. The optimization of the material over
glass showed that it had the potential to achieve this goal, and then,
the trials over completed devices showed that a gain of almost 3% in
absolute e�ciency is obtained. As far as the temperature optimization
is concerned, the ITO deposited at room temperature is �nally the best
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option, as it presents higher carrier lifetime after the annealing, which is
traduced in higher short circuit current in the device. The fact that device
quality ITO can be developed at UB o�ers the possibility of depositing
the p-type emitter and the ITO in the same cleanroom, which is very
useful to avoid contamination.

5.4.2 Silicon layers optimization

5.4.2.1 Deposition temperature of the p-doped layers

The p layer optimization developed in Chapter 3, Sec. 3.4 was developed
aiming use the material for doped layers in a-Si:H solar cells, so the
temperature was limited to 200oC. However, for emitter over c-Si wafers
purposes, the temperature can be raised to try to obtain better values for
some parameters. For this experiment, the tried temperatures were 200oC
(reference), 250oC and 300oC for both types of p layer (amorphous and
microcrystalline). The rest of the deposition conditions remained equal
to those exposed in the mentioned sections, but the time is increased to
30 min. These conditions are summarized in Table 5.7. The layers were
deposited over Corning 1737F glass.

Table 5.7: Deposition parameters for p-doped a-Si:H and µc-Si:H layers in the temper-
ature optimization.

Parameter Amorphous Microcrystalline
Substrate temperature (oC) 200, 250, 300 200, 250, 300
Pressure (Pa) 80 400
Power (W) 4 30
Electrode distance (mm) 15 15
Background pressure (Pa) <5 10−4 <5 10−4

Silane �ow (sccm) 2.6 0.5
C4 �ow (sccm) 2.1 0
TMB �ow (sccm) 40 3
H2 �ow (sccm) 0 198
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The developed characterization was the same made for the previous
optimization, this is, measurements of the conductivity, which should be
enhanced, and the activation energy and absorptance, which should be
minimized. Fig. 5.7 shows the evolution of these parameters for both
types of material.

Figure 5.7: Values of the dark conductivity and activation energy with the temperature
(top) and absorbances (bottom) of the amorphous (left) and microcrystalline
(right) layers used in the temperature optimization for emitters.

The values of the measured parameters are summarized in Table 5.8.
As far as the conductivity and activation energy are concerned, it can be
observed that the microcrystalline sample has an optimal point at 250oC,
in which σ shows a maximum and Ea a minimum. In the case of the
amorphous sample, the best parameters are found at 300oC. However,
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Table 5.8: Parameters obtained from the measurements of the p-doped layers over 1737
Corning glass.

p-doped amorphous silicon
T (oC) d (nm) Rd(nm/min) σdark (S/m) Ea(eV)
200 180 6.00 6.38×10−6 0.423
250 190 6.33 1.96×10−5 0.371
300 230 7.67 2.34×10−5 0.343

p-doped microcrystalline silicon
T (oC) d (nm) Rd(nm/min) σdark (S/m) Ea(eV)
200 125 4.17 0.420 0.071
250 145 4.83 1.117 0.046
300 175 5.83 0.045 0.068

the di�erence between the 250oC and 300oC amorphous samples is not
very big. The fact that amorphous layer is less critical in the emitter
and the important amount of time that is saved if both depositions are
made at the same temperature point led to choose 250oC as the optimal
temperature to develop both depositions. If the absorptance is checked,
some di�erences are appreciated between the layers, but they are not very
large and are probably due to the thickness di�erence between layers. To
check this, the thicknesses were measured and, as expected, the thicker
samples showed the higher absorptance values. For future layers, the
deposition rate has to be taken in account in order to obtain the desired
thickness.

5.4.2.2 Silicon layers thickness optimization for the p-emitter

Just like when it is used as doped layer for a-Si:H solar cells, the
thicknesses of the p-layers used for the emitters must be optimized by
reducing the thickness as much as possible to avoid absorption while
keeping the highest possible V oc. In this case, as two layers are used, the
thickness of both of them combined has to be optimized. To evaluate
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Figure 5.8: Structure of the a-Si:H solar cell used to optimize the thicknesses of the
p-layers.

this, the procedure was to deposit a standard a-Si:H solar cells in which
the p-doped layer was substituted by a stack formed by a p µc-Si:H layer
and a p a-Si:H layer, whose thicknesses were varied. The rest of the layers
were equal to those in the optimized cell in Chapter 3. As the experiment
aims for direct comparison, no TCO is deposited in the back re�ector of
the cells in order to save time by avoiding some steps. The resulting cell
structure is shown in Fig. 5.8. The deposition times for the layers and
the estimated thicknesses are shown in Table 5.9.

Table 5.9: Deposition times for both amorphous and microcrystalline p-layers, and its
corresponding estimated thicknesses. The name references the deposition
times (min) of the layers.

Sample t for µc(min) ≈d for µc(nm) t for a(min) ≈d for a(nm)
41 4 19.33 1 6.33
405 4 19.33 0.5 3.17
21 2 9.67 1 6.33
205 2 9.67 0.5 3.17

The parameters extracted from the J-V and EQE curves measured
in these cells are presented in Table 5.10. As they have been developed
without TCO in the back re�ector, the cells are not very performing, as
J sc and FF values are very low. However, as the cells are being used to
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Table 5.10: Characteristic parameters and integrated transmittance values of the a-Si:H
solar cells with the varying thicknesses of the amorphous and microcrys-
talline p-layers in the stack. %EQE400−800 and %EQE400−550 correspond
to the percentages of the areas integrated under the curves of the EQEs in
the speci�ed range.

Sample V oc(V) J sc(mA/cm2) %EQE 400−800 %EQE 400−550

41 0.866 6.410 28.99 39.22
405 0.875 6.972 30.55 48.68
21 0.864 5.801 25.49 31.80
205 0.875 6.670 30.50 43.88

test the possible emitters, the crucial parameters to evaluate are the V oc

and the quantity of light absorbed by the p-layer.

As it can be observed, the V oc is quite high in all the samples, even
higher than the one found in the standard a-Si:H solar cell developed in
Chapter 3. On the other hand, the current is much lower, and not only
because the loss caused by the lack of TCO in the BR. There is also an
important di�erence in the blue part of the spectrum, as the integration
of the area in the 400-550 nm zone is normally about 65%, while here is
about 50% in the best case.

As far as the amorphous layer is concerned, it can be observed that the
cells with 0.5 min amorphous layers are better in all the parameters by an
important di�erence. The reason for the absorption loss in the blue part
is clear, as a thicker layer absorbs more photons. For the voltage loss, the
reason might be a higher screening e�ect on the µc layer contribution to
the V oc.

So, focusing on the samples with thinner amorphous layers, the voltage
is equal in both of them, which means that the thickness limit to
maintain the V oc is still not reached. However, unlike before, the cell
with the thicker microcrystalline layer presents higher values of J sc and
integrated EQE in the blue part. This was not expected, as normally
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higher absorption is produced in thicker layers. One possible reason for
this behavior is that as microcrystaline silicon growths in conical shape
[214][215][216], if the layer is not thick enough, the microcrystalline grains
may not form a path and the properties of the layer are poorer, presenting
a loss in the conductivity and so in the J sc of the cell.

There are several conclusions to be extracted from this experiment: the
�rst is that looking at the voltage values, all combinations are potentially
usable as emitters, being the 405 sample (4 min of microcrystalline
and 0.5 min of amorphous) the best among them. However, as the
thickness limit for the V oc is not reached and the absorption on the p
layer is still high, it would probably be possible to further optimize the
thicknesses of the stack. Anyway, to really evaluate the performance
of the stack as emitter, it has to be tested and optimized over wafer devices.

5.4.2.3 First trials of complete p-type emitter

After previous experiments with ITO and p layers were developed and
their quality was considered enough, the �rst trials of emitters completely
deposited at the UB could be developed. The structures used for
p-emitter trials are a combination of HIT (front part) and PERC (rear
part) structures (Chapter 1, Sec. 1.2.3.2). They are shown in Fig. 5.9.

First, the rear passivating stack (which is di�erent depending on the
type of wafer) was deposited in the UPC over �at polished wafers of both
p and n type. Then, the p-emitters with the optimized materials and
thicknesses were deposited in the UB. The structure of the deposited
emitter consisted in an intrinsic a-S:H layer of about 6 nm deposited
at 200oC, a p-doped a-Si:H layer of about 3.2 nm deposited at 250oC
and a p-doped µc-Si:H layer of about 20 nm also deposited at 250oC.
Then, 80 nm of the optimized ITO were deposited over it. Then, both
structures underwent subsequents annealings, aiming to �nd the optimum
temperature. Finally, for the n-wafer, the laser �ring was developed.

To evaluate the potential quality of the resulting device, the e�ective
carrier lifetime and implicit open circuit voltage were measured after the
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Figure 5.9: Structures used for p-type emitter trials over p- and n-type wafers. The
front part (i-layer, p-emitter and ITO) was deposited in the UB. The rear
passivating stacks were deposited in the UPC before the emitters. In the
case of the n-wafer, the laser �ring was performed after the last annealing
process.

di�erent annealing stages (as deposited, 200, 250 and 275oC) and, in
the case of the n-wafer, after the laser �ring is done. The idea was to
obtain the optimum annealing temperature for this emitter over wafer
and test the in�uence of the LFC process. The graphs corresponding to
the lifetime versus the minor carrier concentration are shown in Fig. 5.10.

In the graphs, it can be observed that the measured lifetimes are
strongly dependent on the annealing process, being the best results
obtained after the annealing at 250oC, and raising the temperature
further to 275oC provokes an decrement in τeff . It can also be observed
that the values obtained for the n-wafer are higher than those obtained
for p-wafer. For the n-wafer, when the laser �ring was developed after
the last annealing, a decrement on the parameters was found, but much
smaller than expected. The absolute values are shown in Table 5.11.

Even at the best point of the n-wafer sample, the values (531 µs, 682.9
mV) are still lower than those obtained at the UPC at this stage for n
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Figure 5.10: Measured carrier lifetimes for both p (top) and n (bottom) wafers with the
p-type emitter and ITO deposited in the UB. Several curves at di�erent
stages after consecutive annealing or laser �ring processes are shown.
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Table 5.11: E�ective lifetime and implicit open circuit voltage after the successive an-
nealings or LFC processes for both p (left) and n (right) wafers with the
p-type emitter and ITO deposited at the UB. The annealings were per-
formed at the UPC in a forming gas atmosphere.

p-wafer n-wafer
Status τ eff (µs) ImpV oc(mV) τ eff (µs) ImpV oc(mV)
As ITO deposited 36.5 599.9 86.6 605.9
Ann.200oC 30 min 298 666.1 385 672.3
Ann.250oC 30 min 388 679.4 531 682.9
Ann.275oC 30 min 194 620.2 293 658.8
Afrer LFC - - 247 655

emitter, which are over 750 µs and 700 mV. An interesting result is that
the degradation of the parameters caused by laser �ring is quite smaller
than expected. This suggests that the lifetime is already limited by the
passivation of the front side of the wafer, this is, the passivation achieved
by the deposited intrinsic a-Si:H of the emitter. After the laser �ring, the
cell was eventually not �nished and measured because the values of the
carrier lifetime were too low to obtain quality devices.

The conclusions extracted for this experiment are that it is possible to
deposit functional p-type emitters at UB with the p-doped layers detailed
at the previous section. On the other hand, the results suggest that
further optimization of the intrinsic a-Si:H aiming for better passivation is
needed, as it is currently limiting the values of the e�ective carrier lifetime.

5.4.3 Intrinsic a-Si:H passivating layer optimization

5.4.3.1 Carbon concentration and annealing temperature

As it was explained in previous sections, the surface defect saturation is
critical to obtain good passivation results, and a-Si:H has proved itself
a useful material in this �eld [182][183][184][217]. Several parameters
have been optimized, like the thickness [218] or the carbon inclusion
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[179]; and also some treatments have been included in the fabrication
process, like thermal annealing [219]. In the present case, the thickness of
the intrinsic layer is only a few nm, so the heterojunction is essentially
preserved [220]. The objective in this section was to overcome the
problems associated to the a-Si:H passivation that resulted in the low
lifetimes found in the p-type emitters of the previous section, aiming to
obtain similar lifetimes to the ones obtained for n-emitter over p-wafer [63].

So, an experiment was developed to study the passivation that the
a-Si:H of the UB could provide and the in�uence of the inclusion of
some carbon in the layer. To do so, a deposition of intrinsic a-Si:H
layers was made over both sides of p-type polished wafers. The �rst
sample set kept the silane �ow at 40 sccm and no �ow of methane
nor hydrogen (i a-Si:H). The second set added some CH4 to include
carbon in the layer, but keeping the total �ow. This is, instead 40 sccm of
SiH4, the �ows used were 30 sccm of SiH4 and 10 sccm of CH4 (i a-SiCx:H).

The deposition time used was 3 min, which corresponds to a thickness
of about 33 nm. This is thicker than the layer that would be used in
the emitter, but it serves to check the passivation that both layers could
provide, and compare them. The rest of the deposition conditions were
the same as those used for standard i a-Si:H for thin �lm solar cells,
shown in Table 3.2 (Chapter 3, Sec. 3.3).

To try to recreate the e�ect of the ITO deposition in the carrier lifetime
observed in the devices, ITO at room temperature was deposited over the
intrinsic layers. This is an unusual con�guration, but it allowed that the
reduction on lifetimes due to the ITO deposition was somehow taken into
account. The con�guration used for this experiment is shown in Fig. 5.11.

The evaluated parameters were again τeff and ImpV oc, which were
measured after the ITO was deposited and after each subsequent annealing
process. The results are shown in Table 5.12.
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Figure 5.11: Structure used for i-layer passivation trials. The depositions are symmet-
rical, so the layers on both sides are identical. The ITO is deposited at
room temperature with the same conditions as in Sec. 5.4.1.

Table 5.12: E�ective lifetime and implicit open circuit voltage after the successive an-
nealing processes for the i a-Si:H and i a-SiCx:H deposited at the UB (at
200oC). The thickness of both intrinsic layers (a-SiH and a-SiCx:H) are
about 33 nm.

Passivating layer i a-Si:H i a-SiCx:H
Status τ eff (µs) ImpV oc(mV) τ eff (µs) ImpV oc(mV)
As ITO deposited 0.99 517 0.80 521
Ann.160oC 30' 149 651 133 649
Ann.200oC 30' 528 692.8 445 687.4
Ann.250oC 30' 1040 716.8 910 719.3
Ann.300oC 30' 1050 720.9 908 717.7

The successive thermal treatments managed to produce a signi�cant
increase in the parameters until the process at 250oC, and then they
stabilize. This is consistent with the result found in for p-emitters in the
previous section. However, the need of an annealing at this point could
be a drawback, as it is a time and energy consuming process.
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5.4.3.2 Deposition temperature increase to avoid thermal annealing

In this section, the objective was to improve the passivation and, if
possible, achieving it without the need of an annealing. To do so, an
experiment raising the deposition temperature of the intrinsic passivating
was performed, aiming to somehow include the thermal e�ects in the
process. A total of six samples were studied, divided in two sets, one of
each kind of material, with the same structure shown in Fig. 5.11. The
temperature of both sets was varied, being the substrate temperatures
200, 250 and 300oC. 300oC has been set as the maximum temperature, as
higher values could be prejudicial for the existing material in the wafer,
like the rear passivating stack. The results are shown in Table 5.13.

Table 5.13: E�ective lifetime and implicit open circuit voltage in the i a-Si:H samples
deposited at the UB at di�erent temperatures (200, 250 and 300oC). The
thickness of both intrinsic layers (a-SiH and a-SiCx:H) are about 33 nm.

Passivating layer i a-Si:H i a-SiCx:H
Dep. T τ eff (µs) ImpV oc(mV) τ eff (µs) ImpV oc(mV)
200oC 0.71 515.9 1.51 529.0
250oC 10.4 577.2 29.5 605.2
300oC 1280 730.8 1310 726.8

As it can be observed, when the deposition temperature is raised to
300oC the results without thermal treatment are much better, overcoming
even the previous values for annealed samples. Furthermore, not only
these values are the best by far, but also they are good absolute values,
as an e�ective carrier lifetime of more than 1.3 ms corresponds to a good
passivation.

There are two possible reasons that justify this result. The �rst is
that the higher temperature of deposition could somehow substitute
the e�ect of the annealing, and the surface defects are more e�ectively
saturated. However, as the deposition time (3 minutes) is short compared
to a standard annealing time, probably this is not the main reason. The
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second and most likely reason to this large increment is related to the bulk
defects on the a-Si:H. As the deposition rate is higher, the quantity of
bulk defects is also a higher (Chapter 3, Sec. 3.3.5). So, higher deposition
temperature leads to an increase in the defect density. On the other hand,
the higher temperature helps to charge these defects, which results in
more trapped charge that contribute to avoid recombination through the
�eld-e�ect mechanism explained before.

The main conclusion is that among the tried temperatures for the
deposition of the intrinsic layer before the emitter, the optimum one is
300oC, as it not only provides good passivation, but also manages to avoid
the annealing at this point. However, as some of the subsequent layers
equally require an annealing process (like ITO), it would eventually not
be possible to avoid it in the whole device fabrication process. As far as
the carbon content is concerned, the a-SiCx layer presents slightly better
passivation results than the a-Si:H layer.

5.5 Conclusions and future work

The work in this chapter presents amorphous silicon not as active layer
but as support material to other technologies. Its main role now was to
contribute to the passivation of c-Si wafers. The experiments presented
were developed in cooperation with the UPC and had two main objectives:
the use of sputtered alumina as rear side passivation material and the
development of a p-type emitter in order to be used in n-wafers.

As far as the passivation with sputtered alumina is concerned, accept-
able values of the e�ective lifetime and implicit open circuit voltage were
found when depositing directly over the wafer and after a thermal anneal-
ing, but still low compared to the values achieved with alumina deposited
by ALD. This was likely caused by the super�cial damage induced by the
high energy ion bombardment produced by the sputtering process. The
inclusion of a very thin intermediate a-Si:H layer produced an important
improvement in the passivation, as it ful�lls a double function: it saturates
the free surface bonds providing chemical passivation, and also protects
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the crystalline surface from the ion bombardment. The values obtained
are very promising but they still have to be improved by trying di�erent
thicknesses and stacks combining a-Si:H and Al2O3.

The second objective was to develop a p-type emitter in the UB, in
order to use it for n-type wafer devices. The �rst step was the optimiza-
tion of ITO layers in order to be used as front TCO in these emitters.
The ITO deposited in the UB not only ful�lled this condition, but also
improved the p-wafer device performance in about an absolute 3% when
used over n-type emitters deposited in the UPC. However, the ITO has
to be improved to reduce the series resistance of the cells. Raising the
deposition temperature to about 300oC to try to obtain microcrystalline
layers instead of amorphous would be an interesting future experiment.

After, the p-layers were adapted to be used as a stack bound to be
employed as emitter. The values of the e�ective carrier lifetime obtained
were good but still lower than those obtained with n-emitters over
p-wafers. It was also found that the optimum annealing temperature
is 250oC and the values after laser �ring pointed to the need of an
optimization of the a-Si:H layer for passivation processes. The subsequent
optimization of the i a-Si:H layer revealed that adding methane to the
plasma and increasing the deposition temperature until 300oC leads
to higher values of the lifetime and the implicit V oc. Also, when the
passivation is performed with a-Si:H at 300oC, the annealing process
was not necessary to achieve good values. An option to further improve
passivation would be raising even more the deposition temperature, as
the tendency shows that passivation increases with it.

Future experiments projected are trials with di�erent thicknesses of the
intrinsic layer in the a-Si:H/Al2O3 stack, in order to evaluate the real
contribution of both materials and passivation mechanisms (chemical and
�eld-e�ect). As far as the p-type emitters are concerned, the experiments
are in their initial stage and there is still plenty of work to do. The �rst
experiment that should be performed is the deposition of the emitter with
the intrinsic a-Si:H deposited at 300oC and check if the passivation is
increased, and continue from there aiming to a complete working device
based on n-wafer with good quality.
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The development of this thesis has been marked by the need to start up
a PECVD reactor of recent acquisition. This new reactor is bound to be
an important equipment for further experiments in the group, and it was
imperative to match the quality of the materials and the devices with the
state of the art of photovoltaics. Amorphous silicon was selected as the
most suitable material to perform the optimization of the reactor working
recipes and techniques, as it is a material that has been long studied in
PV technology. The group has historically very large experience involving
deposition and characterization of this material, not only at laboratory
device level, but also with modules and power plants on �eld operation;
so continuing this work was also one of the objectives of this thesis.

The �rst important conclusion extracted is that the layers and cells
deposited at the reactor present high homogeneity (over 95% in the central
9×9 cm2 area), which allows to have several identical cells for subsequent
experiments. The reproducibility was also tested and veri�ed through
several comparisons between depositions with the same conditions. This
is important because it allowed that the subsequent studies were reliable.
The most relevant conclusions of these studies are shown next.

Chapter 3 was focused in the optimization of the materials involved in
thin �lm silicon solar cells, specially amorphous silicon. Experiments in
layers and complete devices were developed, aiming to obtain a complete
working thin �lm a-Si:H solar cell with good performance. First, the con-
clusions in intrinsic a-Si:H are exposed:

• The depletion series in pure a-Si:H showed a behavior with a maxi-
mum in the deposition rate in the central values (D = 0.37) which
comes as a result of an equilibrium between the chemisorption and
the absence of polysilane species, reached at this maximum point. It
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is also found that the increase of the deposition rate leads to poorer
properties of the thin �lms, probably due to a higher defect forma-
tion during the deposition. The best results are obtained for low
depletion values.

• The inclusion of hydrogen reduces the deposition rate due to a higher
atomic hydrogen etching. The layers deposited with higher hydrogen
�ows present attachment problems, which suggests that these layers
were deposited in an inadequate plasma regime. The increase of
hydrogen content reduces light induced degradation. The optimum
ratio between hydrogen and silane �ows that was found to be 2:1.

• The in�uence of the temperature in the deposition rate and the con-
ductivities is small compared with those of other parameters. The
activation energy and the gap revealed an optimum point at 250oC.
However, the di�erence with the 200oC layer did not compensate the
potential loss in the open circuit voltage in complete devices.

• The optimizations in all the layers should be tested together to check
if the combined optimized parameters are still optimal when used
together as absorber layer.

The p-doped layer optimization included the optimization of two di�er-
ent materials, amorphous and microcrystalline silicon. For both, several
series varying di�erent parameters were developed aiming to obtain quality
material to be used as doped layer for a-Si:H solar cells.

• For p-doped amorphous silicon, four optimization series (TMB par-
tial �ow, temperature, pressure and methane partial �ow) were de-
veloped, which led to an increase of the dark conductivity by more
than three orders of magnitude. The obtained �nal values of the dark
conductivity, activation energy and bandgap ful�ll the requirements
for device implementation (1.1x105 S/cm, 0.43 eV and 2.02 eV).

• p-doped microcrystalline silicon was also optimized by the same
procedure of four subsequent series: temperature, TMB partial
�ow, power and SiH4 partial �ow. The dark conductivity was
raised by more than 2 orders of magnitude (to 1.32 S/cm), the
crystalline fraction from less than 0.2 to almost 0.6, and the bandgad
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reached a value of 2.07 eV. These values are also suitable for device
implementation.

With the layers optimized, complete a-Si:H solar cells were deposited
using the optimized materials. Trials involving the back re�ector and the
p-layer thickness were developed, with the objective of increasing the cell
e�ciency trying to reach the state of the art or get as close as possible.

• The inclusion of a TCO in the back re�ector provided an important
increase in the short circuit current as a result of a enhanced absorp-
tion in the long wavelength part of the spectrum. Several options for
the TCO deposited with di�erent conditions optimized in previous
group work were tested. Aluminum doped zinc oxide proved itself
the best choice, providing a slight increase in the open circuit voltage
and an important increment of 12% in the short circuit current, as
a result of an enhanced absorption in the long wavelengths (>550
nm). Di�erent metalizations have been also tested, being found that
thermal evaporated silver is the most suitable option.

• Reducing the p-layer thickness also resulted in an increase of the
short circuit current, as the absorption in this layer (which produces
no current) is reduced, and so the light is absorbed in the intrinsic
layer. This can be clearly observed in the short wavelength range of
the EQE measurements. The optimal thickness found for the used
substrate is 7 nm, and it is considered the lower limit. If the p-layer
is reduced beyond this value, the resulting device is not a cell but a
resistance, as the pin junction is not formed anymore.

After these experiments, working a-Si:H solar cells can be deposited at
the UB, showing a 7.08% of conversion e�ciency as deposited. The V oc

reaches 0.84 V, which is still lower than expected for a-Si:H solar cells
(≈0.9 V). This suggests the need of further optimization of the doped
layers. The J sc has a value of 12.5 mA/cm2 and the FF presents a value
of 0.714. Although the devices show good enough performance to develop
further experiments, these values, specially V oc, are still a bit low. In order
to improve the quality of the device, some work can still be developed:

• Combine the optimizations developed in the i layer over a device.
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• Use a bi-layer stack µc/a as p doped layer aiming to enhance V oc.

• Include a suitable bu�er layer between the p and the i layers.

• Develop some optimizations in the n-doped material.

The work developed during the stage at the LPICM in Palaiseau was
also aiming to increase the e�ciency of solar cells through an increment
of the open circuit voltage, in both PIN and NIP con�gurations. The
active material in this case was polymorphous silicon, which means
silicon deposited on the edge between amorphous and microcrystalline
silicon. The two main trials developed were to reduce the temperature
of deposition and to include an amorphous silicon oxide (a-SiOx) bu�er
layer between the doped (µc-SiOx) and intrinsic (pm-Si:H) layers. This
bu�er layer can be either intrinsic, p-doped or n-doped.

• Reducing the temperature works for PIN con�guration, providing a
slight increase in the V oc, but it has no e�ect in the NIP con�gura-
tion. The reasons for this behavior are not clear, further experiments
would be needed.

• Depositing a-SiOx before the intrinsic layer (pa-SiOx over pµc-SiOx

in PIN con�guration; na-SiOx over nµc-SiOx in NIP con�guration)
results in an increase on the open circuit voltage. This suggests
that growing pm-Si:H over amorphous material produces a better
interface than the one obtained when growing over microcrystalline
material, either due to better passivation of the µc surface, the cre-
ation of a di�usion barrier or simply that the growth of pm-Si:H is
favored when it is over amorphous material.

• On the contrary, depositing a-SiOx with the corresponding dopant
(p for NIP, n for PIN) over the intrinsic pm-Si:H causes a dramatic
drop of the cell properties. This points to the fact that the
subsequent microcrystalline doped layers do not grow properly over
the amorphous material of the bu�er layers. Also, it is possible that
some eventual powder formed during the intrinsic layer deposition
a�ects the deposition of the bu�er layers.
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The second main block of results in this thesis, shown in Chapter 4,
come from the study of light induced degradation and seasonal e�ect in
a-Si:H, continuing previous work developed by the group over commercial
modules and operating power plants. Also, the study of the SWE was
necessary in order to evaluate the real performance of the materials and
the devices developed in Chapter 3. This is why the �rst stage to obtain
results from laboratory devices in this �led was to design and construct
a low cost light induced degradation system with the possibility of
implementing and controlling di�erent degradation temperatures. A LED
based light soaking system with four identical 'towers' with independent
temperature control was constructed, and it has proved itself a valid
solution, as the results obtained from LID experiments developed with
this equipment are consistent with experiments developed with solar
simulators found in the bibliography.

An optimization of thickness of the intrinsic layer in UB solar cells was
developed. To test it, four samples whose only di�erence was the i-layer
thicknesses were degraded in the same exact conditions. The thicker cells
present a higher initial performance, but this tendency is reversed after a
few hours of degradation. A simple model based on the mobility-lifetime
product has been used to explain this phenomena: Initially the inter�cial
defects have more weight in thinner cells making them have much smaller
values of µτ . However, as the degradation is mostly a bulk process,
the defect generation is higher in the thicker cells, and in the end,
their performance is more a�ected. The i-layer thickness that was con-
sidered optimal (as the cell presented the highest �nal e�ciency) is 200 nm.

Focusing in the studies on seasonal e�ect, both commercial T-Solar and
UB deposited cells were light soaked varying the degradation temperature,
studying their parameters at di�erent stages of degradation. The experi-
ments aimed to isolate the e�ect of the temperature by removing the spec-
tral e�ect (as the illumination was constant and identical for all samples).
Several conclusions were extracted from the J-V and EQE measurements
in both set of samples.

• The light induced degradation is higher when the temperature is
lower, and this is appreciable since the �rst stages of the degradation
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(less than 10 hours of exposure). All the parameters are a�ected in
di�erent degree, being the V oc the less a�ected, and the FF the most
(J sc shows an intermediate behavior between them).

• If the temperature of degradation is switched, the samples going from
lower to higher temperatures experience a recovery in all the parame-
ters. On the contrary, those going from higher to lower temperatures
su�er from a sudden degradation. This is also appreciable after few
hours after the switch.

• When LID was performed again for over 1000 h at the new temper-
ature, the results proved that the values of the parameters do not
depend on the previous history of the sample, but only on the �nal
temperature of degradation.

• The temperature coe�cient for the e�ciency was calculated for T-
Solar cells and it was found that, in modules, it is almost compen-
sated by the fast temperature change coe�cient, provided by the
manufacturer. So, in �eld conditions, the temperature e�ect is very
little compared with the spectral e�ect, as the results in previous
work showed.

• The temperature coe�cient for the �ll factor in UB cells is almost
three times the one found for T-Solar samples. This means that fur-
ther optimization in the UB intrinsic material against LID is needed.

• Analyzing the current loss with the EQE measurements, it was
found that the degradation is higher in the short and long wave-
lengths. This indicates that more degradation is produced in the
material close to the interfaces (blue for p-i and red and NIR for
i-n). The inclusion of bu�er layers and the improvement of the
doped layers could help to avoid this e�ect.

Several studies can be projected to further understand seasonal e�ect,
like the inclusion of cyclical variations of the temperature and the
illumination in order to better recreate the on-�eld conditions and obtain
the adapted coe�cient. Also, studies varying the material instead of the
light would be interesting, specially the ones involving the inclusion of
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hydrogen in the i -layer.

Finally, Chapter 5 treats the role of amorphous silicon in c-Si technol-
ogy. The experiments were developed in collaboration with the UPC and
are divided in two blocks. The �rst had as objective to develop alumina
deposited by sputtering in order to be used in passivation, as an alternative
to other materials or to alumina deposited by other techniques (specially
ALD). The experiments included testing the in�uence of a very thin layer
of a-Si:H deposited between the wafer and the sputtered Al2O3, aiming
for physical protection for the wafer surface and some chemical passiva-
tion through hydrogen. The results of both unprotected and protected
layers were compared between them and with the values obtained in other
technologies.

• The unprotected samples showed values of the carrier lifetime below
0.1 ms, while the protected samples reached values over 1.2 ms for
p-wafers and 1.4 ms for n-wafers, which are not very far from the
values reached with alumina deposited by ALD. So, the role of the
amorphous silicon is very important in passivation with alumina de-
posited by sputtering. The a-Si:H layer provides protection against
the ion bombardment in the sputtering, and also could be providing
a certain amount of hydrogen that results in chemical passivation.

• A thermal annealing is required in both unprotected and protected
wafers in order to obtain acceptable values of the carrier lifetime.
This comes as a result of the need of the annealing process to charge
the defects in the alumina layer. Also, in the case of the protected
samples it could be enhancing hydrogen movement, which helps the
defect saturation.

Although these values of the passivation with alumina are still a little
below those achieved with ALD, the combination of PECVD a-Si:H
and sputtered Al2O3 seems very promising. The next step would be
trials varying the thickness of the a-Si:H layer, aiming to evaluate the
contribution of each passivation mechanism: chemical and �eld-e�ect; and
maximize both to obtain better passivation.
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The second set of experiments in passivation aimed to develop a p-type
hetero-emitter (containing amorphous and microcrystalline silicon) to be
used in n-wafers. The objective was to develop the whole front part of the
cell at the UB (emitter + front ITO). So, several optimization series were
developed for both the ITO and the p-type layers.

• ITO was �rst optimized over glass. Two series were developed,
oxygen partial pressure and temperature, and the optimum point
was chosen by evaluating the sheet resistance and the transparency.
While the oxygen partial pressure series presented an optimum point
at 4.91 mPa (over a total pressure of 173 mPa), the temperature se-
ries did not revealed a clear optimum point.

• To try to obtain an optimal temperature, ITO was deposited over
an n-type emitter deposited over a p-type c-Si wafer. Before the
device is �nished, the carrier lifetime was measured, obtaining that
the highest value after annealing (0.975 ms) is obtained with the
ITO deposited in the UB at room temperature. The �nished device
showed an absolute improvement in e�ciency of 3% over the one with
UPC's ITO, due to a lower Rs (which increases FF ) and a higher
J sc.

• As the p-layers were going to be used as part of the emitter, it was
possible to raise the deposition temperature of p-doped amorphous
and microcrystalline silicon, aiming for better values of the parame-
ters. It was found that the p µc-Si:H at 250oC shows a maximum in
the dark conductivity and a minimum in the activation energy; and
they increase also for p a-Si:H at this temperature. So, 250oC was
selected as optimal temperature.

• The thickness for the p-type layers in the hetero-emitters was opti-
mized based in the V o and the absorption in the blue part of the
spectrum in an a-Si:H solar cell. The cell with 20 nm of p µc-Si:H
and 3.2 nm of p a-Si:H showed the lowest absorption in the blue part
while maintaining the highest open circuit voltage.

The optimized emitter (both p-doped layers and ITO) was tested over p
and n-wafers by evaluating the lifetime and ImpV oc in several stages: as
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deposited, after subsequent annealings, and in the case of n-wafer, after
laser �ring.

• The optimum annealing temperature is 250oC. When the tempera-
ture is raised beyond this point, the e�ective carrier lifetime value
decreases.

• τeff is higher in the n-wafer in all the annealing stages.

• Even the best values of τeff and ImpV oc (521 µs, 682.9 mV) are still
lower than those obtained at the UPC at this stage for n-emitters
over p-wafers.

• It was found that the degradation of the parameters caused by laser
�ring was much smaller than expected, which suggests that the val-
ues of the lifetime are already limited by the front side passivation
provided by the i-layer of the emitter.

• An experiment over wafers has proved that increasing the temper-
ature of the i a-Si:H to 300oC results in better passivation, due to
hydrogen mobility and to the fact that a-Si:H deposited at 300oC
has more defects that could get charged, which leads to trapped
charge that contributes to �eld-e�ect passivation. Also, deposit-
ing the a-Si:H suppresses the need of thermal annealing at this point.

The emitter development is still a starting work. Further experiments
can also be developed on the thicknesses of the p-layer. The next step
would be trying the emitter with i a-Si:H at 300oC and make the annealing
only at 250oC before �nishing the device, and then study the complete
parameters of the cell, and compare them with the results for n-emitters
over p-wafers.
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l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Length

Mtoe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Million Tones of Oil Equivalent

NA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Number of atoms

Na . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Doping density

Ndb,Ndbbulk, Ndbsur . . Defect density of the i-layer and its regions (bulk
and surface-a�ected)

n . . . .Carrier concentration, refractive index, number of electrons, ideality
factor

n− doped;n− . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Negatively doped

q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Elemental charge

228



qe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Electron charge

p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pressure

P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Power

P0 . . . . . . . . . . . . . . . . . . . Power of incident light (normally density [W/cm2])

Pn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Nominal power of the module [W]

p− doped; p− . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Positively doped
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PRm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Performance Ratio (module)
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Rd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Deposition rate

Roc . . . . . . . . . . . . . . . . . . . (Area Normalized) Open circuit resistance [Ω cm2]

Rp . . . . . . . . . . . . . . . . . . . . . . . . (Area Normalized) Parallel resistance [Ω cm2]

Rs . . . . . . . . . . . . . . . . . . . . . . . . . . (Area Normalized) Series resistance [Ω cm2]

Rsc . . . . . . . . . . . . . . . . . . . (Area Normalized) Short circuit resistance [Ω cm2]

Rsh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sheet resistance

S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Surface recombination velocity

Seff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . E�ective surface recombination velocity

s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Substrate refractive index

T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Transmittance, Temperature

Ts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Substrate temperature
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U . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Recombination velocity

V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Voltage

Vbi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Built-in voltage

Vm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Maximum power voltage

Voc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Open circuit voltage

VT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Boltzmann potential

W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Wafer thickness

w . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Width

Ym . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Module yield

Yr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Radiation yield

Greek alphabet

α . . . . . . . . . . . . . . . . . . . . . . . . .Absorption coe�cient, Temperature coe�cient

χc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Raman crystalline fraction

∆σ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Variation of the photoconductance

η . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Energy conversion e�ciency

Φ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Flow

λ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Wavelength

µ, µn, µp . . . . . . . . . . . . . . . . . . . . . Mobility (Electron mobility, Hole mobility)

µτ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Mobility-lifetime product

ρ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Resistivity

σ, σdark, σph Conductivity(generic), Dark conductivity, Photoconductivity

σDC/σOP . . . . . . . . . . . . . Electrical to optical conductivity (Figure of merit)

τ, τeff . . . . . . . . . . . . . . . . . . . . . . . . . . Carrier lifetime, E�ective carrier lifetime
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