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Abstract

Amongst available silicon-based photovoltaic technologies, a-Si:H/c-Si heterojunctions
(HJ) have raised growing attention because of their potential for further efficiency
improvement and cost reduction. Compared to conventional homojunction technologies,
HJ solar cells benefit from lower fabrication temperatures (around 200°C), cost-effective
processes (thin layers are deposited on large-scale), better temperature coefficient and
lower silicon consumption (thinner wafers can be used due to excellent passivation
quality). Nowadays, the Japanese company Sanyo has already proven 23.7% of
conversion efficiencies on large-area HJ devices within an industrial-compatible process
flow. However, in spite of these excellent results, the full potential of this kind of structures
has not been completely explored yet, and an extensive work on the HJ architecture is
being conducted by several groups.

In this thesis, research on n-type a-Si:H/c-Si heterojunction solar cells developed at the
Institut National de 'Energie Solaire is presented. Technological and physical aspects of
HJ devices are reviewed, with the focus on the comprehension of the back side role.
Then, an extensive work to optimise amorphous layers used at the rear side of our
devices as well as back contact films is addressed.

The influence of plasma-enhanced chemical vapour deposition (PECVD) process
parameters on the properties of amorphous layers is investigated with the aim of
enhancing their electrical characteristics. It is evidenced that properties of a-Si:H layers as
well as resulting passivation quality are extremely sensitive to deposition conditions. It is
shown that the higher the deposition pressure and the larger the distance between the
parallel electrodes in the PECVD chamber, the better the passivation quality of the (n)a-
Si:H layers at lower PH3 flow rates.

Through the development and implementation of high-quality intrinsic and n-doped a-Si:H
films on HJ solar cells, the needed requirements at the back side of devices are
established. A comparison between different back surface fields (BSF) with and without
the inclusion of a buffer layer is presented and resulting solar cell output characteristics
are discussed. When no rear buffer layer is used, a highly doped BSF is necessary to
create the appropriate band bending to be able to collect charge carriers. However,
conversion efficiencies are limited since the density of defects is not optimised at the
heterointerface. Then, it is shown that the minimization of recombination losses at the rear
a-Si:H/c-Si interface is also of key importance.

A discussion on the back contact of HJ solar cells is also presented. A new back TCO
approach based on boron-doped zinc oxide (ZnO:B) layers is studied. Then, this part of
the work focuses on the deposition of ZnO thin films by low pressure chemical vapour
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deposition (LPCVD). With the aim of developing high-quality ZnO:B layers well-adapted to
their use in HJ devices, different deposition parameters are studied, and their influence on
solar cells is assessed. It is found that higher values of electron mobility can be obtained
on layers with larger grain sizes, since electron scattering phenomena at the grain
boundaries are reduced. Besides, in this work a degradation of the ZnO film’s lateral
conduction under air exposure is evidenced. As a way to further enhance the ZnO
characteristics and stability, post-deposition treatments such as post-hydrogen plasma or
excimer laser annealing are investigated.

Throughout this work it is evidenced that the back side of HJ solar cells plays an important
role on the achievement of high efficiencies. However, the enhancement of the overall
device performance due to the back side optimisation is always dependent on
phenomena taking place at the front side of devices. The use of the optimised back side
layers developed in this thesis, together with improved front side layers and a novel
metallisation approach have permitted a record conversion efficiency over 22%, thus
demonstrating the great potential of this technology.
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Résumé

La diminution du co(t des cellules photovoltaiques en silicium cristallin (c-Si) passe par
une augmentation de leur rendement de conversion alliée a la réduction en épaisseur des
tranches de silicium (<200 pym). On peut espérer atteindre des rendements de 19-20%
avec du trés bon matériau multicristallin mais seuls des matériaux monocristallins de tres
bonne qualité permettront d’approcher petit a petit les limites théoriques des cellules
silicium (29%). Le rendement maximum sous un soleil jamais atteint par une cellule en
silicium est de 24,7% (surface 4cm2) avec une technologie homojonction améliorée grace
a des méthodes issues de la microélectronique (émetteur sélectif, BSF localisé,
passivation par SiO2 thermique...). Ces méthodes sont cependant loin d'étre
industrialisables a des codlts raisonnables, et les recherches essaient d’en simplifier
certains aspects afin de permettre des codts de fabrication viables.

Parmi les technologies photovoltaiques a base de silicium, les cellules solaires a
hétérojonction a-Si:H/c-Si (HJ) ont montré une attention croissante en ce qui concerne
leur fort potentiel d’amélioration du rendement et de la réduction de codts. Par rapport
aux homojonctions, les HJs profitent de plus basses températures de fabrication (autour
de 200°C), des procédés rentables (des couches minces sont déposées en grand
échelle), un meilleur coefficient de température et une consommation plus faible du
silicium (des wafers plus minces peuvent étre utilisés en raison de I'excellente qualité de
passivation de surface). Actuellement, la société japonaise Sanyo a déja prouvé 23.7%
de rendement de conversion avec des dispositifs a HJ de grande surface et un procédé
pouvant étre industriel. Cependant, malgré ces résultats excellents, le plein potentiel de
cette structure n'a pas été encore complétement exploré et un vaste travail sur
I'architecture HJ est conduit par plusieurs groupes.

Dans cette thése, des investigations sur les cellules solaires a hétérojonction a-Si:H/c-Si
de type (n) développées a I'Institut National de I'Energie Solaire (INES) sont présentées.
Les aspects technologiques et physiques du dispositif & HJ ont été revus, en mettant
I'accent sur la compréhension du réle joué par la face arriére.

L'influence de paramétres de processus de la technique de dép6t chimique en phase
gazeuse assisté par plasma (PECVD) sur les propriétés des couches de silicium amorphe
est examinée dans le but d'améliorer leurs caractéristiques électriques. Il a été mis en
évidence que les propriétés de couches d'a-Si:H, aussi bien que leur qualité de
passivation résultant, sont extrémement sensibles aux conditions de dépét. On montre
gue plus la pression de dép6t et la distance inter électrodes sont grandes, meilleure est la
qualité passivation des couches (n)a-Si:H déposées a bas débits de PH3.

A travers le développement et la mise en ceuvre des films de a-Si:H intrinséques et dopés
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(n) de haute qualité des cellules solaires & HJ, les conditions requises en face arriere des
dispositifs ont été établies. Une comparaison entre plusieurs types de champ surface
arriere (BSF), avec et sans lintroduction d’'une couche buffer, est présentée et les
caractéristiques des cellules solaires résultants sont discutées. Si aucune couche buffer
n'est utilisée en face arriere, un BSF fortement dopé est nécessaire pour créer une
courbure de bandes adéquate permettant de collecter efficacement les porteurs de
charge. Cependant, le rendement de conversion est limité puisque la densité de défauts
n'‘est pas optimisée a linterface. Alors, on montre que la minimisation des pertes de
recombinaison & l'arriere de l'interface a-Si:H/c-Si a aussi une importance capitale.

Une discussion autour du contact arriere de cellules solaires a HJ est aussi présentée.
Une nouvelle approche d’oxyde transparent conducteur (TCO) en face arriere basé sur
les couches d’'oxyde de zinc dopé au bore (ZnO:B) est étudié. Cette partie du travail se
concentre sur le dépbt des films minces de ZnO par la technique de dépét chimique en
phase gazeuse aux organométalliques a basse pression (LPCVD). Dans le but de
développer des couches de ZnO:B de haute qualité bien adaptées a leur utilisation dans
des dispositifs a HJ, différents paramétres de dépdt sont étudiés et leur influence sur des
cellules solaires est évaluée. Il est montré que des valeurs plus hautes de mobilité
électrique peuvent étre obtenues sur des couches possédant de plus grandes tailles de
grain, car les phénomenes de dispersion des électrons aux joints de grains sont réduits.
En plus, dans ce travail une dégradation de la conduction latérale des films de ZnO en
contact a l'air est mise en évidence. Comme voie alternative pour améliorer les
caractéristiques du ZnO ainsi que sa stabilité, des traitements apres dépbt comme le post
plasma d’hydrogéne ou le recuit laser sont examinés.

Au cours de ce travall il est montré que la face arriere des cellules solaires & HJ joue un
rble important sur 'accomplissement de hauts rendements. Cependant, I'augmentation de
la performance globale du dispositif d0 a I'optimisation de la face arriére de la cellule est
toujours dépendante des phénomeénes ayant lieu en face avant des dispositifs.
L'utilisation des films optimisés pour la face arriere des HJs développées dans cette
thése, associée a des couches améliorées pour la face avant et une nouvelle approche
de métallisation nous a permis d’atteindre un rendement de conversion record de plus de
22%, démontrant ainsi le grand potentiel de cette technologie a HJ de a-Si:H/c-Si.
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1. Introduction

Solar cells convert the energy of photons coming from the sun into electricity using the
photovoltaic effect. Generally speaking, the photovoltaic effect is the generation of
electron-hole pairs in a material under light exposure, and their separation by an internal
electric field. Solar cells were first commercially introduced in the late 1950’s in space
applications for powering satellites. However, terrestrial applications did not take long to
be developed, and nowadays there is a broad choice of promising solar cell technologies
for satisfying the energy demand in a sustainable and environmentally friendly way.

In this chapter, the world’s photovoltaics context will be introduced, and a review of
current solar cells’ technologies will be given, the focus being on the silicon wafer-based
devices. Surface passivation techniques will be described, and the amorphous/crystalline
silicon heterojunction concept, in which this thesis is based on, as well as their state of the
art will be presented. Finally, the process followed in this work to fabricate silicon
heterojunction solar cells will be described, and the main research objectives will be
established.

1.1. Status of world’s photovoltaics

Why photovoltaics? There was a time when this was a difficult question to answer. Fossil
fuel was plentiful and apparently without end, and the Earth’s environment appeared
resilient. The photovoltaic (PV) industry was based on the applications of powering
satellites and energy supply in remote locations [1]. However, increasing awareness of
the environmental impact of non-renewable energy sources, and the obvious economic
volatility that comes from reliance on oil and gas, have made the use of renewable
energies a focus of interest.

As it is well known, the demand for energy is growing rapidly because of the rapid
increase in the worlds’ population and the rise in the standard of living, also in emerging
countries such as India and China. The majority of this demand has been supplied by
fossil fuels (oil, coal, and natural gas). In 2009, they accounted for more than 80% of the
total world primary energy supply [2]. In this context, the use of renewable energy sources
combined with a rational use of energy represents a fundamental vector of a responsible
energy policy for the future. Because of their sustainable character, renewable energy
technologies are capable of preserving resources, of ensuring security and diversity of
energy supply and providing energy services, with minimised environmental impact.

In this sense, photovoltaics has significant values since it is an inexhaustible resource,
available anywhere, clean and noiseless. The sun provides approximately a total
irradiation of 10?* J to the Earth’s surface which is about 1800 times the present rate of
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the world’s primary energy consumption [3]. Hence, photovoltaic solar cells are being
increasingly used to tap into this huge resource and will play a key role in future
sustainable energy system.

World PV market has just surpassed the impressive solar cell production of 23.9 GW by
the end of 2010 [4], which represents an increase of 111% from 2009 to 2010. At that
time, the world’s PV cumulative installed capacity was approaching 40 GW and in 2011,
more than 69 GW have been installed globally (see Figure 1.1) being able to produce
85 TWh of electricity every year [5]. Europe still leads the way with more than 51 GW
installed as of 2011, representing about 75% of the world’s total PV cumulative capacity.
Japan (5 GW) and the U.S. (4.4 GW) are next in the ranking, followed by China (3.1 GW).
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Figure 1.1. Evolution of worldwide cumulative PV installed capacity by region [5].

PV is a real business now and should continue to exhibit such substantial annual
increases for some time to come. Much of this growth has been the result of government
incentives, but the successes of these policies sometimes overshadow another important
component: technology advancement. The reached encouraging deployment has also
required a progression of substantial and creative R&D improvement, leading to better
device performance and reliability [6]. Nonetheless, the cost of photovoltaic electricity
production is still too high to be competitive with fossil fuels [4]. As long as the cost per
kilowatt hour for the installed PV system does not reach grid parity with respect to other
energy sources, the use of solar energy will not be generalised. Therefore, the
development of low-cost cell fabrication technologies without appreciably compromising
the cell efficiency should help in achieving the goal of cost-effective PV system.
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1.2. Solar cell technologies

The current PV market consists of a wide range of technologies including wafer-based
silicon and a variety of thin-film technologies that can be grouped into different families
according to their development stage. Crystalline silicon (c-Si) solar cells are subdivided
into two main categories: (i) monocrystalline and (ii) multicrystalline silicon, and to date
these are the mainstream PV technologies. A typical thickness of several hundreds of
microns is used and high conversion efficiencies are obtained. Monocrystalline cells,
made of single silicon crystals, are more efficient than multicrystalline cells but are more
expensive to manufacture due to material related expenses.

Besides crystalline based technologies, thin-film solar cells account for 10 to 15% of the
global PV market share [4]. They are subdivided into three main families [7]: (i)
amorphous (a-Si:H) and micromorph silicon (a-Si:H/pc-Si:H), (i) cadmium-telluride
(CdTe), and (iii) copper-indium-(gallium)-diselenide (CIS/CIGS). Application of extremely
thin layers of semiconductor materials as active layers in photovoltaic devices offers the
promise of low utilisation of raw materials and the use of manufacturing technologies
already demonstrated in other industries. Thin films can also be deposited on cheap
substrates, including flexible plastics and stainless steel. However, some disadvantages
have been found; electrical properties of a-Si:H degrade when material is exposed to
illumination due to the generation of light-induced defects, the so-called Staebler-Wronski
effect. Even if double and triple junction solar cells have been developed, stabilised
efficiencies still remain below 13%.

Chalcopyrites family of compounds, have achieved the highest efficiencies of any
polycrystalline thin-film material. For both CIS/CIGS and CdTe technologies, in-line
processing for high throughput has been developed. Efforts are made to make use of as
much standard equipment as possible. However, many process steps are very specific for
these products, making the development of special equipment inevitable [8].

Multi-junction cells using multiple layers of InGaAsP family compounds are developed to
absorb and convert more of the incident light into electricity by increasing the number of
junctions with a range of different band gap values tailored to the range of photon
energies available in the solar spectrum. Combined with light-concentrating optics and
sophisticated sun-tracking systems, these cells have demonstrated the highest sunlight-
to-electricity conversion efficiencies of any PV technologies, over 40%.

As an approach to move the prices of photovoltaic electricity to those required to be
competitive with other power sources, basic research to explore new materials for PV and
new cell concepts is being developed. New emerging technologies include dye-sensitised,
organic solar cells and quantum dots, which are not yet competitive with other well
established technologies due to their relatively low efficiencies to date.
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The research progress on PV technologies has been substantial and steady over the past
decades. Figure 1.2 shows the history of confirmed best laboratory-cell efficiencies. The
highest-efficiency research-cell was achieved in 2011 in a multi-junction concentrator at
43.5%. Other research-cell efficiencies range from 15% to 25% for crystalline silicon cells,
about 10% to 20% for thin film, and 10.1% and 11.4% for the emerging PV technologies
organic cells and dye-sensitized cells, respectively. In any case, the active areas of
research and development for all PV technologies are mainly focused on further
increasing module efficiencies and decreasing production costs, reducing at the same
time the consumption of raw materials and making easier the scale-up of the processing
to larger areas.
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Figure 1.2. Efficiency evolution of best research cells by technology type. This table
identifies those cells that have been measured under standard conditions and confirmed
at one of the world’'s accepted centres for standard solar-cell measurements. Source:
NREL, 2012.

= Crystalline silicon solar cells

Despite the recent progress obtained with alternative materials, PV market is still
dominated by crystalline silicon (c-Si) solar cells, especially due to the wide abundance of
Si, its low cost and non-toxicity. In 2010, the market share of c-Si based solar cells was
equal to 86% [4]. This means that technical progress can be taken to market faster than in
any other photovoltaic technology. Although the basic design of crystalline devices has
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remained essentially the same for 20 years, this vast growth of the photovoltaic market is
directly related to the fact that silicon fulfils the physical requirements for application in
solar cells due to its natural semiconducting properties, the major and dominant presence
of more efficient and reliable ¢-Si modules and the low capital costs related to the
manufacturing and processing of silicon solar cells.

Following in the direction of improving the efficiency of silicon solar cells, new high
efficiency technologies were invented and currently are being developed and introduced
into the market. The 25% laboratory world record efficiency on c-Si with the so-called
PERL (passivated emitter rear locally diffused) structure was published by Green and co-
workers from the University of New South Wales in 1999 [9]. Similarly, the high-efficiency
“point contact” technology from SunPower exhibits an impressive performance of 24.2%
[10] on production size wafer. However, these larger values of conversion efficiency are
reached using a sophisticated c-Si cell structure, involving numerous and complicated
steps, that inevitably make increase the costs, which is not suitable for industrial demands
(simple, high-throughput and reproducible processes).

In order to provide large-scale low-cost power production, silicon solar cells must break
from the thick wafers and expensive high temperature process as a way to cost reduction
in cell processing. Cheaper substrates such as multicrystalline Si (mc-Si), metallurgical
and ribbon silicon constitute an alternative for monocrystalline silicon. c-Si substrates
alone account for 25% to 45% of the cost of the solar cell fabrication [11]. Indeed, silicon
solar cell industry uses much more silicon than necessary.

Instead of reducing the quality of the silicon, a more immediate cost reduction can be
achieved by using thinner wafers. Despite the fact that nowadays’ wafers are cut from
silicon ingots with a thickness around 250 um, thinner wafers far below 100 um should be
enough for absorbing sun light in Si solar cells combining light trapping schemes.
However, in this case, back surface passivation is a special relevant parameter due to the
higher surface-volume ratio since thickness of the silicon wafer is decreased [12].

Thermally grown oxide at temperatures around 1000°C is the state-of-the-art surface
passivation layer for n-type wafers and also provides good surface passivation for a wide
range of p-type c-Si resistivities [13-17], being used in the record-efficiency PERL c-Si
solar cell [9, 18]. The surface passivation of the as-grown thermal oxide is moderate, but
can be significantly improved by subsequent annealing in a forming gas (H. in N,).
However, best results are obtained by the so-called alneal scheme, where a sacrificial
layer of aluminium is evaporated on the film prior to annealing [19]. However, for a
number of reasons, the high-temperature processing has some problems, including:
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- the need for a very clean production equipment and a thorough cleaning of the
samples due to the risk of contamination and diffusion of unwanted impurities into
the bulk;

- long fabrication times (several hours at 1000°C) and the thin wafers’ tendency to
bow after being exposed at such a high temperatures;

- thermal degradation of lower quality silicon material (e.g. multicrystalline silicon
[20, 21]);

- potentially higher costs due to a high thermal budget and long processing times.

Therefore considerable effort is put in the development of low temperature surface
passivation schemes both at the front and back side of devices that do not show the
limitations of thermal oxide.

1.3. State of the art in surface passivation

As it will be seen hereinafter, the rear side of the solar cell should exhibit good internal
reflection to further use the long wavelength light, as well as good electrical contact
between layers to minimise device series resistance. Besides, excellent surface
passivation to reduce recombination losses and thus contribute to conversion efficiency
enhancement is needed.

To this end, several surface passivation approaches have been developed and the choice
of a particular one depends on the doping type of silicon substrate, the quality of the
same, the economic constraints and it also depends on its use: front or rear surface
passivation.

1.3.1. High-temperature approach

An economic mean to reduce surface recombination is the use of an aluminium back
surface field (Al-BSF) to create a lightly-heavily doped junction p/p* at the rear side of the
cell. In practice, the most effective technique to create it consists in the deposition of an
aluminium film, usually by means of screen-printing of aluminium-based paste onto the
rear of the cell. A subsequent firing step alloys the aluminium into the silicon creating a
(p") layer, where an AISi compact alloy and a phase-mixed AISi/Al,O; layer also coexist
[22]. The alloying process is typically performed at 800-900°C and as a consequence of
the high-temperature processing and subsequent cooling cycle, solar cells with Al-BSF
contacts suffer from wafer bowing. Moreover, a moderate surface recombination velocity
is provided [23]. Although the properties of AI-BSF are especially indicated for industrial
solar cells (simple process providing good contact), its performance is insufficient to reach
very-high efficient devices.
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Apart from aluminium doping of rear c-Si surface, high-temperature back surface fields
are also fabricated using boron or phosphorous diffusion (depending on the doping type of
the substrate) to create the p/p” or n/n" junctions, respectively. p-type high-efficiency
silicon solar cells incorporating a local boron-BSF have shown very high conversion
efficiencies up to about 25% [9]. However, the fabrication of diffused contacts requires
again high diffusion temperatures about 1000°C resulting in a number of possible
problems more or less already stated: high energy consumption and potentially higher
costs in silicon solar cell fabrication; contamination risk of the bulk material by diffusion of
unwanted impurities; thermal degradation of lower quality silicon materials; and material
stress due to fabrication process temperature gradient.

1.3.2. Low-temperature approach

For the above-mentioned reasons, low-temperature passivation schemes are preferable.
Promising candidates such as hydrogenated amorphous silicon nitride (a-SiNy:H) [24, 25],
amorphous silicon oxides (a-SiOx:H) [26-28], amorphous silicon carbide (a-SiCx:H) [29-
31], aluminium oxide (Al,O3) [32, 33], as well as hydrogenated amorphous silicon (a-Si:H)
[34-37] have been investigated.

1.3.2.1. Hydrogenated amorphous silicon nitride

Hydrogenated amorphous silicon nitride (a-SiNx:H) films deposited by plasma-enhanced
chemical vapour deposition (PECVD) at temperatures below 400°C are one of the most
extensively used low-temperature passivation alternatives to thermal oxide. Excellent
surface recombination velocities for high- and low-resistivity silicon wafers of 1 and
20 cm/s, respectively, have been reported in both n- and p-type c-Si [38, 39].

Silicon nitride mainly passivates by field-effect, thanks to a high positive fixed charge
density in the film as well as its contribution to the reduction of defects at the interface.
Nonetheless, the large density of positive fixed charges within the SiNyx may induce an
inversion layer at the rear of p-type c-Si solar cells, producing a detrimental parasitic
shunting, which leads to a significant loss in the short-circuit current density [40].

Another strategy that improves the performance of silicon nitride lowering its positive fixed
charge density is the combination of such layers in a stack with SiO, [41, 42] or
hydrogenated amorphous silicon [43]. Silicon nitride films can also be used as
antireflection coatings at the front side of devices.

1.3.2.2. Hydrogenated amorphous silicon oxide

The introduction of oxygen with additional hydrogen into amorphous silicon is used to
deposit wide optical band gap materials for solar cells. a-SiOx:H features high quality
surface passivation, high transparency and assures an abrupt interface with the c-Si
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surface [26, 28]. As reported in [44] an excellent effective lifetime of 4.1 ms on n-type c-Si
has been achieved, compared to 1.7 ms achieved with (i)a-Si:H films. High-transparent
intrinsic a-SiOx:H films have been used as buffer layers on heterojunction solar cells
structures, combined with wide-gap high conductive pc-Si:H for use as emitter and BSF
[44, 45].

1.3.2.3. Hydrogenated amorphous silicon carbide

Amorphous silicon carbide is produced from the decomposition of silane and methane
(CH,) and it can be phosphorus or boron doped using phosphine or diborane gases. Its
passivation effectivness is based, as in the case of silicon nitride, on the reduction of
interface state density and the field effect passivation due to the fixed charge density at
the interface [30].

Martin et al. investigated the surface passivation provided by amorphous silicon carbide
(a-SiCx:H) films and excellent passivation properties were reported. SRVs as low as
30 cm/s for 3.3 Qcm p-type wafers with intrinsic a-SiCx:H layers were published. Results
were further improved to 11 cm/s using phosphorous-doped films [46]. However,
passivation quality was found to be dependent on the doping concentration of base
material. Using a-SiCx:H material as passivation layer at the rear side of c-Si solar cells
resulted in conversion efficiencies over 20% [47].

1.3.2.4. Aluminium oxide

Recently, another interesting option is being investigated: the use of dielectric alumina
(AlL,O3) as a surface passivation layer. With a refractive index of ~1.65 and no significant
absorption in the visible part of the solar spectrum, Al,O; is well suited to improve the
optical quality at the front or the back of the solar cell. Some works [48, 49] have shown
that Al,O; films grown by thermal Atomic Layer Deposition (ALD) provide a good level of
rear surface passivation on low-resistivity p-type c-Si due to its high negative fixed charge
density, and independently confirmed efficiencies above 20% have been obtained [50].
However, due to the very low deposition rates of thermal ALD technique alumina films
fabricated at a high deposition rates have been investigated [33, 51]. Surface
recombination values (< 2 cm/s) comparable to that obtained by thermal ALD have been
obtained.

1.3.2.5. Hydrogenated amorphous silicon

Low-temperature passivation scheme resulting in outstanding surface recombination
velocities is achieved by hydrogenated amorphous silicon (a-Si:H) [35, 36, 52], deposited
in the temperature range of 200-250°C. Amorphous silicon is able to passivate all silicon
doping types and levels and can be used to form both the emitter and the BSF. The good



a-Si:H/c-Si heterojunction solar cells: back side assessment and improvement 17

surface passivation by a-Si:H can mainly be attributed to the excellent electrical quality of
the interface between c-Si and the a-Si:H film [34, 53]. Additionally, field-effect passivation
of doped layers plays a role as a result of the amphoteric nature of the silicon dangling
bond defects. Recently, extremely low surface recombination velocities (1-3 cm/s) on
relatively thick a-Si:H obtained by various deposition technigues have been reported [54].

Since the fixed charge density in high quality intrinsic a-Si:H films is very low, no parasitic
shunting occurs in the case of a-Si:H passivation on the rear side of diffused emitter c-Si
solar cells. Thus, a-Si:H does not only yield an excellent level of surface passivation on
crystalline silicon solar cells with a diffused emitter [55], but is also of prime importance for
a-Si:H/c-Si heterojunction solar cells [56].

Despite all these promising features, a-Si:H does not withstand temperatures higher than
400°C, which makes this material incompatible with some of the current device
processing technologies. Moreover, when applied at the front side, only very thin a-Si:H
layers can be tolerated due to their high blue light absorption.

All things considered, it becomes obvious that the choice of the best passivation layer is
strongly influenced by the device structure and by the fabrication process sequence.
Regarding the use of hydrogenated amorphous silicon, the most common approach is the
amorphous/crystalline silicon heterojunction (HJ), which benefits from wafer-based c-Si
and thin-film technologies. Instead of high temperature treatment in diffusion junction, HJ
devices uses a-Si:H to form the heterojunction with c-Si. In this area, impressive results
have been achieved by Sanyo Electric * with the so-called a-Si/c-Si Heterojunction with
Intrinsic Thin layer (HIT) solar cell [57]. HJ concept has shown great interests and has
been studied extensively in recent years due to its advantages of low cost, solar cell
processing at low temperature and potential for thinner wafer, while still keeping high
efficiency and high stability.

1.4. a-Si:H/c-Si heterojunction solar cells

The study of a-Si:H/c-Si heterojunctions and its application in solar cells started a long
time ago and it still attracts growing attention since Sanyo demonstrated the high
efficiency silicon solar cell based on this structure [58]. The first HJs were studied in 1974
by Fuhs and co-workers [59]. Then, few years later, intrinsic a-Si:H films were found to
passivate c-Si surfaces remarkably well, and in 1983 the first heterojunction solar cell was
fabricated [60, 61]. The potential of this technology was definitely demonstrated by Sanyo

! In 2010, Japan’'s Panasonic Corporation acquired remaining shares of Sanyo Electric. However, the affiliation Sanyo is still
being used within the photovoltaic community.
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in 1992 with the structure denominated heterojunction with intrinsic thin layer (HIT) [58,
62] and has been successively developed to date. Nowadays, Sanyo is the only company
producing HJ solar cells and it is also the market leader in mass production of HIT
modules. At a laboratory scale, since 2011 they hold the world record efficiency of 23.7%
on 100.4 cm? (98 um-thick substrate) with an open-circuit voltage of 745 mV, a short-
circuit current density of 39.4 mA/cm? and a FF equals to 80.9% [63, 64]. Moreover,
Sanyo has also achieved very high efficiencies in mass production: 20% efficiency at the
cell level, and 18.3% at the module level [65, 66].

The key of the success of these devices is the introduction of the thin buffer layer of
undoped a-Si:H between doped emitter and wafer to reduce the interface state density,
decrease surface recombination and lower emitter saturation current [67]. The HIT
concept has also been applied to low temperature back surface field (BSF) contacts,
creating a symmetrical bifacial structure, fabricated on CZ n-type wafers.

From a processing perspective, a-Si:H/c-Si heterojunctions have several advantages over
a conventional c-Si homojunction, including: (1) good passivation properties, leading to
high open-circuit voltages and high efficiency; (2) low processing temperatures which
prevents bulk quality degradation in low-quality silicon materials [68] and enables
technological development on thin substrates too; and (3) better temperature coefficient
compared to traditional diffused cells [69, 70]. Moreover, only a small number of process
steps are needed to fabricate the device. Thus, research and development of HJs can
increase the solar cell efficiency using simple, high-throughput mass-production
compatible processes.

Motivated by the excellent results largely demonstrated by Sanyo, HJ technology recently
emerged on a global scale, where many other research groups battle to enhance
conversion efficiencies [69, 71-75] and an increasing number of industrial partners are
considering commercialization, as the Sanyo’s most important patents expired in 2010.
Figure 1.3 condenses the main reported results on HJ devices.

In Asia, apart from Sanyo, efficiencies of 22.7% have been obtained by Kaneka [76].
Besides, Hyundai Heavy Industries reached a 21.1% in 220 cm? cells. Likewise, at a
laboratory scale, AIST and Tokyo Institute of Technology in Japan [45, 77-79], the
Sungkyunkwan University of Korea [80] and the Institute of Electrical Engineering at the
Chinese Academy of Sciences in China [81], are studying heterojunction devices.

In the USA, the National Renewable Energy Laboratory (NREL) reported the highest
efficiency on p-type c-Si wafers (19.3%) [82]. Wang et al. used hot-wire CVD (HWCVD)
instead of PECVD to deposit a-Si:H. They studied the deposition temperature effect on
the cell performance [83] and found low temperature is crucial for achieving high open-
circuit voltage.
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In Europe, Roth & Rau obtained Voc values up to 735 mV and conversion efficiencies of
21.9% on 4 cm? and 20.3% on 149 cm? [69], using RF PECVD. At EPFL Neuchatel, a
conversion efficiency of 21.8% and a Voc of 726 mV on 4 cm? solar cells have been
obtained on textured substrates using very high frequency (VHF) PECVD [84]. The
Helmholtz-Zentrum Berlin (HZB) has reached high efficiencies of 17.4% on p-type c-Si
and 19.8% on n-type c-Si wafers with pyramidal surface texturization [85] on 1 cm?
wafers.

The National Institute of Solar Energy (INES), where this thesis has been developed, is
conducting research on a-Si:H/c-Si heterojunction solar cells since 2006. Notably, INES
has reached one of the highest efficiencies in Europe on large area 148 cm? n-type c-Si
wafers and solar cells with up to 20.4% and 720 mV of Voc (21% and 732 mV on
105 cm?) have been reported [72]. This performance has been possible thanks to the
equipment loaned recently by JUSUNG Engineering to INES.
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Figure 1.3. Reported efficiencies of HJ solar cells by different research groups (a) and
industrial companies (b).

Finally, it is worth to remark that a recent interest has risen for HJ cells with interdigitated
back contact (IBC) structure. The absorption in the front TCO and a-Si:H layer can be
avoided having both contacts at the rear side of the device. Being introduced in 2007 [86],
its efficiency attains lower results than in conventional HJ [72, 87]. However, this new
technology has a theoretically great potential, being able to overcome the efficiency
results of IBC cells with homojunction contacts [88], through a fabrication process
involving less patterning steps.

For a review of the current status of HJ photovoltaic technology, the interested reader is
referred to [56, 89].
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1.5. Structure and fabrication process of heterojunction solar cells at
INES

In this section, the structure of the solar cells studied in this thesis is described. HJ solar
cells are made through a rather simple manufacturing process, where the different
deposition steps are made at temperatures lower than 220°C. Moreover, there is no need
of patterning since layers cover the entire device surface, the one behind the other one,
which allows an industrial process. At INES, heterojunction solar cells are the result of
teamwork, where several fields of expertise are involved.

The base material of the cell consists of 125 pseudo square high quality FZ n-type
monocrystalline silicon wafer, with a thickness around 200 um and a resistivity of 1-5 Qcm
(n-doped material has been chosen since higher conversion efficiencies than in p-type
material can be achieved and light induced degradation phenomena can be avoided). The
(100) oriented c-Si wafers are preliminary randomly textured by a classical alkaline wet

process [90, 91], revealing Si (111) faceted square-based pyramids during the etching
(see Figure 1.4(a)). This texture both reduces external reflection and improves internal
reflection, allowing to increase the attainable current of the cell [92, 93], as it is shown in
Figure 1.4(b). During the etching, special attention has to be paid in order to properly
remove the wire-saw damage (~10 uym) since incomplete removal can directly impact on
Voc [89].

reflection [%]
3 8 8 3 3

—h
(=]

wavelength [nm]

Figure 1.4. (a) SEM micrograph of randomly textured c-Si surface. (b) Reflectivity
measurements for different texturing processes on 200 ym c-Si wafers. The 280 pm-thick
polished c-Si sample is plotted for comparison. In the inset, a correlation between
reflectivity of samples and short-circuit current density measured on the HJ cell is given.
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Prior to the a-Si:H deposition, a multistep RCA clean is applied followed by a short dip in
diluted hydrofluoric acid (HF) to remove the native oxide on the c-Si surfaces. It has been
widely demonstrated that well-controlled surfaces are required to obtain high-quality
passivation [94-96]. However, the duration of the initial phase of oxidation of H-terminated
silicon surfaces is found to be relatively short. Consequently, a fast subsequent transfer of
cleaned surfaces to film deposition systems is of significant importance.

Thus, samples are introduced in the JUSUNG cluster equipped with a load lock, two
parallel-plate plasma-enhanced chemical vapour deposition chambers (RF, 13.56 MHz),
two magnetron sputtering systems: Indium Tin Oxide (ITO) and Aluminium, and one
metalorganic chemical vapour deposition at low-pressure (LP-MOCVD) chamber for
Boron-doped Zinc Oxide (ZnO:B) depositions. Figure 1.5 shows a schematic view of the
multi-chamber cluster tool (length: 6 m; width: 5 m), which is able to process 9 cells at the
same time.

PVD(ITO)
PECVD
MOCVD PVD(metal)
Transfer module 2 Transfer module 1
] =1
Load lock
[ =<1
PECVD
in [ out

Figure 1.5. Schematic view of the multi-chamber deposition tool used in this thesis.

a-Si:H layers are deposited at front and back sides of the solar cell by PECVD with silane
(SiHy) diluted in H, as precursor gases, at 200°C. As it has been mentioned before, for a
high-efficiency HJ device, high-quality surface passivation is required. Thus, a stack of
layers is used in order to improve the passivation and to create the adequate electrical
field.

Undoped a-Si:H passivates the c-Si surface mainly by hydrogenation of silicon dangling
bonds, leading to a reduction of the interface defect density [97]. For a good passivation
quality, deposition conditions are optimised and controlled in order to carry out a low-
damage plasma deposition process. Besides, silicon epitaxial growth has to be avoided,
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obtaining an atomically sharp interface between the substrate and the a-Si:H film, where
no crystalline material is deposited [78, 83] .

Boron-doped (p)a-Si:H is deposited by decomposition of silane and hydrogen-diluted
diborane (B,Hs, 0.5% in H,). Phosphorous-doped (n)a-Si:H is obtained from a gas mixture
of SiH, and hydrogen-diluted phosphine (PHs, 1% in H,). These doped films are required
to form the emitter and BSF, respectively. The emitter layer forms the p/n junction in the
cell, which creates the desired band bending in the c-Si wafer close to the a-Si:H/c-Si
interface and thereby enables charge separation. The back surface field (BSF) repels
minority charge carriers from the back side of the cell reducing this way recombination
losses at the rear surface of the c-Si wafer.

In order to be able to collect the photogenerated current, on top of the emitter layer it is
necessary to add a transparent conducting oxide (TCO), in our case, 90 nm-thick indium
tin oxide deposited by DC magnetron sputtering from a ceramic ITO target containing
90 wt.% of In,O3 and 10 wt.% of SnO, (during the course of this work, a target containing
95 wt.% of In,0O3 and 5 wt.% of SnO, has also been tested). Deposition is done on a
dynamic way, so that the carrier speed of the substrate holder controls the desired
thickness of the layer. This antireflection coating enables a good lateral conduction
(p < 10° Qcm) to reduce series resistance losses. On the back side, 200 nm of ZnO:B
layer are deposited by metalorganic chemical vapour deposition at low-pressure. Both
TCOs are deposited at 180°C.

Finally, 500 nm of sputtered Al on the whole rear surface forms the back contact of the
cell and a low-temperature silver paste is deposited through an optimized designed grid
by screen printing on the front side. To this end, a compromise between grid lay-out and
conductivity/transparency of the TCO has to be found, since lower sheet resistance
enables a wider metal grid spacing [98] which reduces shadowing losses (therefore,
larger Jsc) and consumption of silver paste, as well. Besides, fabricating narrow and tall
metal lines to further reduce resistive and shadow losses at the front of HJ solar cells will
be a challenge to be faced [99].

Since no masks are used during the fabrication process, an adapted laser scribing and
edge isolation step is done to avoid any shunt in the cell. A schematic overview of the
solar cell is given in Figure 1.6.
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Figure 1.6. Schematic diagram of a standard heterojunction solar cell fabricated in this
thesis.

1.6. Specific research objectives: back side of heterojunction solar
cells

Back side (BS) of heterojunction solar cells plays an important role on device's results
especially from an electrical point of view. While on the front side (FS) of the cells we
need to find the compromise between optical and electrical properties on amorphous and
TCO layers, at the BS some constraints in terms of optical properties disappear since
back-side layers can only profit the long wavelength light.

The increase in Jsc owing to the optimisation of the back side of the device is weak and
difficult to quantify. However, its impact will be more important as the thickness of the c-Si
wafer will be diminished. Due to the difficulty to decorrelate the back side effects from the
whole device and due to the fact that there is not a direct impact on the p/n junction, the
BS of HJ solar cells has not been widely studied by other research groups.

Nevertheless, this back side is a key part of the solar cell to obtain high efficiencies and
therefore it has to carry out certain conditions for the appropriate performance of the cell.
Solar cell back side specifications concern amorphous layers and the back contact,
usually comprising a rear side TCO and metallic contacts.

As presented in Table 1.1, the different layers and resultant interfaces used at the back
side of HJ devices differently impact on the characteristic parameters used to evaluate the
efficiency of solar cells. The BS of devices has a weak impact on Jsc, since the absorption
of light is not predominant. Then, Jsc is mainly affected by the front side of the cell (UV
absorption) and the optical confinement at the textured c-Si substrate. By contrast, the
Voc Of the device is very sensitive to the a-Si:H/c-Si interface and to the amorphous layers
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themselves. The set of all layers and interfaces of the back side determine FF values, as it
is especially affected by the series resistance.

Table 1.1. Qualitative impact of the different layers and interfaces used at the back side of
a standard HJ device on the solar cell characteristic parameters (- none, x low, xx
medium, and xxx strong).

layer / interface Jse Voc FF
c-Si XXX XX X
interface c-Si/a-Si:H - XXX x
back a-Si:H - XX X
interface a-Si:H/TCO X x X
back TCO X X X
interface TCO/metal x - XX
back metal x - XX

BS amorphous layers have to properly passivate c-Si to avoid recombination of minority
carriers before being collected. Thus, a very low defect state density at the heterointerface
together with a strong electrical field is desired [67, 100]. Combining these two different
passivation mechanisms in a single layer is extremely difficult because of the very low
conduction properties of low defective intrinsic a-Si:H layers. To increase the layer's
conductivity, some doping can be introduced on them. However, defect density will also
be increased [101, 102]. This fact leads to a tricky compromise between passivation
properties (structural and morphological) and conduction properties (electrical) that will
enable improved Voc and FF. To this end, as it will be discussed later in this work, the
inclusion of a thin intrinsic amorphous silicon layer at the back side will be advantageous
for high efficiency devices. In this case, intrinsic a-Si:H applied to the rear side of HJ solar
cells should have an enhanced dark conductivity (o4) no matter the photoconductivity (o,n)
since there is no light-activated conduction at the back side of the solar cell.

When decreasing the thickness of c-Si substrate as an approach to cost reduction, high
quality a-Si:H layers will be needed. In this case, the optical thickness of the solar cell will
be increased beyond its real thickness and the relative importance of rear surface
recombination will increase. Analogously, the role of the back contact in HJ solar cells will
become more critical with thinner wafers, being the light trapping a key issue to be
assessed. Then, in order to increase the attainable current in the cell an ideal back
reflector should be ensured, and it should accomplish with maximum reflection (perfect
mirror), low near infrared absorption of films, increased light path within the solar cell, and
surface roughness in the corresponding spectral region. In this thesis, substrates
thicknesses around 200 um have been used and therefore these will not be the prevailing
concerns when optimising the BS.
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The back contact can be ensured by a metal layer deposited on top of the rear side a-Si:H
[103, 104]. However, in this case, efficiencies are limited well below 16%, since the
interface with the amorphous layer is not optimised. To overcome this drawback the use
of a back TCO has been introduced, which apart from enhancing the contact between a-
Si:H and metal layers in monofacial devices (TCO covered by a full metal sheet), also
enables the use of bifacial (a metallic grid electrode partially covers the TCO) structures.

The TCO properties that should be accomplished differ when this layer is used in bifacial
or monofacial HJ devices. Back side TCO in bifacial structures, like fot the front side, has
to fulfil high transparency and high electrical conductivity. On the one hand, it assures the
lateral collection of charges to the device terminals, which is not easily permitted due to
the poor conductivity of a-Si:H layers. On the other hand, it also works as an antireflection
coating in order to reduce reflectance losses due to the high refractive index of silicon.
Therefore, its thickness is adapted and it is often limited to 80-100 nm.

By contrast, the transparency and conductivity criteria for the monofacial back TCO layer
take into consideration the following: (i) short wavelengths are not able to reach the back
TCO at all, because they are absorbed during the first transit of the light through the solar
cell. Therefore, the transparency of the back TCO layer in the short spectral range is not a
critical point [105]. (ii) Lateral transport constraints do not govern layer design when the
TCO is used in full rear metallisation HJ solar cells. In this case, back side TCO is mainly
used for contacting and optical purposes hence being as transparent as possible without
incurring in contact resistance losses [56]. This way, Voc and FF will be improved.

In order to guarantee the device integration into modules, the metal used at the rear side
contacts and the other layers should be suitable for device encapsulation, providing good
adhesion between the solar cell and the rear surface of the PV module. Moreover, the
rear surface of the HJ module should have a low thermal resistance and it must prevent
the entry of water and water vapour to avoid corrosion of metal contacts and
interconnects, and degradation of the TCO layer, which is very sensitive to humidity. In
the case of bifacial modules (bifacial cells), the encapsulant should be optically
transparent in order to also profit from the rear reflected and diffuse light.

1.7. Aim of this work

In this thesis, research on n-type a-Si:H/c-Si heterojunction solar cells developed at the
Institut National de I'Energie Solaire (INES) is presented. Technological and physical
aspects of HJ devices are reviewed, with the focus on the comprehension of the back side
role. After giving an introduction to the fundamental background on solar cells such as the
device physics and band diagram analysis (section 2), an extensive work to optimise
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amorphous layers used at the rear side of our devices as well as back contact films is
addressed.

In section 3, the influence of PECVD process parameters on the properties of amorphous
layers is investigated with the aim of enhancing their electrical characteristics. Through
the development and implementation of high-quality intrinsic and n-doped a-Si:H films on
HJ solar cells, the needed requirements at the back side of devices are established. A
comparison between different BSFs with and without the inclusion of a buffer layer is
presented and resulting solar cell output characteristics are discussed. Various material
characterisation techniques are used (some of them performed at the Laboratoire de
Génie Electrique de Paris), and numerical simulation tools are applied to give more insight
into the observed tendencies of the studied samples.

In section 4, a discussion on the back contact of HJ solar cells is presented. A new back
TCO approach based on boron-doped zinc oxide (ZnO:B) layers is studied. Then, this
part of the work focuses on the deposition of ZnO thin fiims by LPCVD. In order to
properly understand the obtained results, the basic properties of ZnO are presented. With
the aim of developing high-quality ZnO:B layers well-adapted to their use in HJ devices,
different deposition parameters are studied, and their influence on solar cells is assessed.
Moreover, post-deposition treatments are investigated as a way to enhance ZnO
characteristics.

In section 5, diverse technological issues related to the fabrication of heterojunction solar
cells are presented. The effects of eventual deposition system failures on the solar cell
performance are discussed, and the key development aspects towards record-efficiency
heterojunction devices fabricated at INES are given. Besides, HJ solar cell module
integration is presented, in which different tests varying the back side design are
investigated. Finally, this thesis concludes with a summary of the main results and gives
some prospects for future studies.
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2. Main aspects of the back side of amorphous/crystalline
silicon heterojunction solar cells physics

As previously said, the back side plays an important role on the characteristic parameters
of HJ solar cells. In order to obtain high Voc values a good passivation scheme both at the
emitter and at the back side of devices is required. Good rear surface passivation will act
to repel one type of charge carriers and thus it will contribute to lower the carrier
recombination in the device.

This section presents and clarifies the most relevant background information required to
properly interpret the results presented in the following chapters. Here the basic
recombination mechanisms for electrons and holes in crystalline silicon will be introduced,
and a review of surface passivation strategies will be also covered. Besides, discussion
on fundamentals of solar cells, energy band diagrams and optical concerns focused on
the rear side will be given.

2.1. n/n"junction: recombination and passivation

Recombination and passivation mechanisms at the rear n/n* junction of n-type HJ devices
have been little studied. Generally, they are based on the same principles as the front
side, and therefore the same objectives are pursued. Most of the back side physics issues
are common with the emitter structure; however, since no p/n junction exists at the BS,
the characterisation of recombination does not consider the emitter saturation current
density Jo.. As it will be seen, recombination and passivation quality at the n/n* rear
junction will be given by the effective lifetime measurement.

2.1.1. Basics of carrier recombination mechanisms in crystalline silicon

The definition of passivation with respect to c-Si surfaces is the reduction of the rate at
which electrons in the conduction band (charge carriers) drop to fill a hole in the valence
band. This annihilation process is also known as carrier recombination. In n-type material,
the rate at which these electrons and holes are annihilated, i.e. the recombination rate, is
defined by the relation:

u=2-8 2.1)

where Ap is the excess minority carrier density and t is the lifetime of such carriers.
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Recombination in a semiconductor can occur by multiple ways both in the bulk and at the
surfaces. Bulk recombination has been extensively addressed in previous works [12, 106,
107]. Thus, in this thesis, only the basic equations are presented, illustrated by plots of the
fundamental recombination processes in bulk silicon material. For surface recombination,
theoretical foundations will be discussed.

The different recombination paths in the bulk and at the surface may occur simultaneously
within the semiconductor. The recombination rate of some of the processes might be
negligible, while others may contribute to a higher extent.

2.1.1.1. Bulk recombination

In bulk c-Si there are three recombination pathways considered to limit the bulk lifetime,
1, 1) radiative recombination t..q, 2) Auger recombination ta,, and 3) recombination
through defects (Shockley-Read-Hall (SRH) recombination, tsgy).

Between these three fundamental recombination processes present in semiconductors,
two of them are intrinsic and therefore, unavoidable (radiative and Auger recombination).
The third one (SRH) is related to the presence of defects and is an extrinsic process,
related to crystal defects. Then, the net carrier recombination lifetime in the bulk can be
expressed as:

1 1 1 1
=t (2.2)

Tp Trad TAug TsrH

The individual recombination processes are discussed in the following sections.
* Radiative recombination

Radiative recombination is the inverse process of photogeneration. An electron from the
conduction band makes a transition into its ground-state in the valence band, with the
emission of photon to release its excess energy (see Figure 2.1). It depends directly on
the availability of electrons and holes and it is given by [108]:

Urad = Bnp (23)

where B is the coefficient of radiative recombination. For silicon, B ~ 10™ cm®/s at room
temperature, although this value may change depending on the reference source [109,
110].
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As c-Si is an indirect band gap semiconductor, the process must be assisted by a phonon
to simultaneously conserve energy and momentum, and therefore such a four-particle
process has a low probability of occurring [111].

Ec

photon

—>

y Ev

(©)

Figure 2.1. Radiative recombination mechanism.

Under illumination, the electron and hole concentrations can be written as n = ng + An and
p = po + Ap, where po (ng) is the equilibrium hole (electron) concentration, and An (Ap) is
the minority excess photogenerated carrier concentration. Considering the case for an n-
type material, ng = Ng and po = nZINg << Ap, with Ny the doping concentration of ¢-Si and
n; the instrinsic carrier concentration. Assuming an injection level where both excess
carrier concentrations are equal (An = Ap), the radiative recombination rate can be then
written as:

Urag = B(Nd + Ap)Ap (2.4)
Accordingly to equation (2.1) the radiative recombination lifetime can be expressed as:

1

Trad = BN, + Ap) (2.5)

Depending on the photogenerated carrier concentration this expression can be simplified
(at low injection level Ap << Ny, whereas at high injection level Ap >> Ng). In general, at
least one other recombination mechanism will be dominant over radiative processes at
any given injection-level in silicon wafers.

= Auger recombination

Auger recombination is the reverse of impact ionization, in which an electron or a hole
with high kinetic energy collides with another electron out of its bond, thereby creating a
free electron and a free hole. In the reverse process, the energy set free during
recombination is transferred to an electron or a hole, which subsequently releases its
excess energy in the form of heat (thermalisation) [112]. Figure 2.2 illustrates the process
of Auger recombination in which three particles partake.
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Figure 2.2. Auger recombination mechanism.

Unlike radiative recombination, where an electron and a hole recombine emitting a
photon, in Auger recombination the excess energy lifts a third electron/hole to a
higher/lower conduction/valence band level, respectively. The particle relaxes inside its
band to its equilibrium state by emitting or absorbing phonons.

The Auger recombination rate is then proportional to the probability that an electron-hole-
electron (eeh) or an electron-hole-hole (ehh) interaction occurs and depends on the
concentration of involved carriers (excess carrier density and the doping concentration)
[113, 114]. The rates at which both processes occur are given by:

UAug,eeh = Cn(an_nozpo) (26)

UAug,ehh = Cp(ﬂp2 - nOpOZ) (27)

Assuming that ny’po and nepy? are negligible [1086], the total Auger recombination rate can
be expressed as:

UAug = UAug,eeh + UAug,ehh = Cnnzp + Cpnp2 (2.8)

where C, and C, denote the Auger coefficients for electrons and holes.

From this expression and equation (2.1) the Auger lifetime in n-type c-Si can be defined
as follows, considering ng = Ny, po << Ap, and An = Ap:

1
C,(Ng +4p)* +C, (N, +Ap)Ap

(2.9)

TAug =
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Under low-injection conditions, ta,g is constant and inversely proportional to the doping
concentration of the c-Si:

1
Tawg = - 5 2.10
Awg =S N2 (2.10)

n
By contrast, at high-injection t,,4 can be expressed as:

1
Tawg = 5
Aug CaApz (211)

where C, = C, + C,, is the ambipolar Auger coefficient.

Although recombination rates can be described by similar empirical factors as does the
factor B for the radiative recombination, the relationship in Auger mechanisms cannot be
easily pinned down. For low injection conditions, Coulomb interaction between charge
carriers induces higher Auger recombination rates [112], whereas at high injection this
effect is diminished. The Auger lifetime is strongly influenced by Coulomb forces and the
possible influence of other processes, preventing a simple description of this
phenomenon. Hence, various models based on the Coulomb-enhanced effect have been
suggested [113-115] for all doping densities at any injection level. However, they tend to
diverge from experimental data. Up to now, the most complete description for the Auger
recombination rate for both low and high injection levels, doping type and doping level has
been proposed by Kerr and Cuevas (for extended details see [116]).

= Recombination through defects

Imperfections in the crystalline silicon due to impurities, or crystallographic defects, such
as vacancies and dislocations, produce a determined number of states within the band
gap that act as carrier traps for free electrons or holes. A free carrier trapped in the defect
releases its excess energy by a phonon emission process, and can be either emitted
again to its original band or recombine with an oppositely charged carrier (Figure 2.3).
While the first process does not contribute to carrier recombination, the second one is a
dominant mechanism in indirect band gap semiconductors.
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Figure 2.3. Possible interactions between a defect positioned at E; and a charge carrier:
(1) capture of an electron, (2) emission of an electron, (3) capture of a hole and (4)
emission of a hole.

The recombination rate was first calculated by Shockley, Read and Hall in 1952 [117, 118]
and is therefore often referred to as Shockley-Read-Hall (SRH) recombination. Their
statistical model uses the density of localised states per unit of volume (density of
recombination centres) N;, the capture cross sections for electrons (o,) and holes (o),
which represents the efficiency of the defect to capture electrons and holes, and the
energy level of the recombination centre E;. Then, the following expression for the net
SRH recombination rate can be found:

U _ VthNt(np_niz)
SRH T i, . P+p, (2.12)

c, G,

being vy the thermal velocity of the charge carriers (here, considered to be equal for
electrons and holes), and n; the instrinsic carrier concentration. The statistical factors n;
and p, are the electron and hole densities when the Fermi level coincides with the
recombination centre energy E;:

E,-E,
kT ] (2.13)

where N¢ and Ny are the effective densities of states at the conduction and valence band
edges, respectively.

Using equation (2.1), and assuming the charge neutrality condition (An = Ap), SRH
lifetime can be expressed as follows:

. _ TpO(nO +n, + Ap)"' Tho (po +P,+ Ap) (2.14)
SRH P, +N, +Ap '

with 10 and tpo the capture time constants for electrons and holes defined as:
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1 1
Too =——— T =———— (2.15)

o, vyN, crpvthNt

This expression shows that tsgy IS in general a function of the excess carrier
concentration. In the case of similar characteristic lifetimes t,, and tp, recombination rate
is higher when n; ~ p;. This takes place when the localised state lies near the middle of
the c-Si band gap. Therefore, mid-gap trap states are very effective recombination
centres. Under the assumption of low-injection conditions and Ap << ny, p1, Tsru iN N-type
¢-Si can be simplified to:

n P
Tsrr = Tpo (1+ N—lj + T N_l (2.16)
d d

At high-injection (Ap >> Ng), equation (2.14) can be expressed as follows. As it can be
seen, 1sgy does not depend on the energy level of the recombination centre and is also
independent of the doping concentration.

TsrH = Tpo T Tno (2.17)

SRH recombination is especially important at the c-Si surface where the density of
crystallographic defects is very high (see next section).

2.1.1.2. Surface recombination

c-Si surfaces are a recombination pathway due to the truncation of crystal lattice
periodicity, which results in a high surface density of unsaturated bonds and other surface
states that exist at energy levels within the forbidden gap of the crystal bulk. Surface
recombination is a special case of SRH recombination in which the localised states occur
at the surface. Unlike bulk SRH centres, these states do not usually occupy a single
energy level, but rather form a set of states distributed across the band gap.

The surface recombination rate Us via a single level surface state located at an energy E;
can be defined as follows [12]:

_ nsps _ni2
NG +Ny PP (2.18)
SpO SnO

S
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with, n; and p; defined as in equation (2.13, ns (ps) the density of electrons (holes) at the
surface (ns =Ny + Ang and ps = pPo + Aps), Ng the density of defects per unit area, and Sy
and Sy the surface recombination velocities of electrons and holes, defined as
Sno = vin Ng; G, and Spo = vip Net Op.

At low-injection level, equation (2.18) can be simplified for an n-type c-Si considering that
No = Ny >> po, and py >> po (with Ang = Aps):

S50 Ap,

Vs = 1 S (2.19)
1+ N(nl +Sp0le '

d n0
At high-injection conditions, equation (2.18) turns into:

S10Ss0
= _—M0TR0 A
=5, +S, Ps (2.20)

Analogously to equation (2.1), surface recombination can be characterised by a surface
recombination velocity S, instead of a recombination lifetime, defined as:

U = SAp; (2.21)

where Us [cm?s™] denotes the surface recombination rate and Aps [cm™] is the excess
minority carrier density at the surface.

Unlike bulk recombination via defects, in surface recombination an electric field at the
semiconductor surface is usually found. Owing to the fact that the electric field creates
large differences between the density of electrons and holes at the surface, Ang is far
away from Aps. Hence, an effective surface recombination velocity can be defined:

U, = SeAp (2.22)

where Ap = An is the minority carrier density at the limit of the space charge region
created at the surface, which can be measured easier than Aps varying the illumination
level.

2.1.2. Effective lifetime and surface recombination velocity

The different recombination paths in the bulk and at the surface may occur simultaneously
within the semiconductor. The recombination rate of some of the processes might be
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negligible, while others may contribute to a higher extent. From the definitions for the bulk
lifetime and the surface recombination velocity, we can define the effective carrier lifetime
as reciprocal sum of bulk and surface lifetimes:

11, 11 S, Seaw 523
T, W W (2:23)

Siont [CM/S] and Sy [cM/s] denote the front and back surface recombination velocities
respectively and W [cm] is the wafer thickness.

Equation (2.23) only holds when the bulk lifetime is high enough to allow photogenerated
carriers to reach both surfaces, and when the surface recombination is sufficiently low to
avoid transport-limited profiles near the surfaces [119, 120]. Generally, this can be
assumed to occur if T IS greater than 100 ps [121]. Throughout this work, high-quality
float zone material (FZ) has been used as well as high-quality passivation layers, thereby
assuring the assumption of the preceding conditions. Finally, considering that the front
and rear surfaces are identical and the photogeneration of carriers is homogeneous,
equation (2.23) can be simplified as follows:

11 25,

(2.24)

From the experimental data and assuming an infinite bulk lifetime, the upper limit of the
effective surface recombination velocity will be calculated according to:

Sy < (2.25)

eff

2.1.3. Surface passivation techniques

The high number of defects at the bare silicon surfaces makes surface recombination the
dominant mechanism in silicon wafers. The reduction of such surface recombination is
achieved by surface passivation. In thinner silicon wafers surface passivation becomes
even more important for the development of high-efficiency solar cells, since
photogenerated carriers will easier reach the rear surface of devices.

Generally, surface passivation is ascribed to two strategies: that of reducing interface
defect density (Dy), namely chemical passivation, and the reduction of either electron or
hole concentrations (or both) at the surface, i.e. field effect passivation. Reducing the
defect density requires the surface bonding valence states to be positioned outside the c-
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Si band gap, which can be achieved by Si-O, Si-N, Si-H, and localised Si-Si bonds. The
surface carrier concentration can be reduced by an induced electric field thanks to a
passivation layer.

2.1.3.1. Field effect passivation

Since both an electron and a hole are required for the recombination process, surface
recombination rate in c-Si is maximised when the concentration of electrons and holes is
equal. If respective concentrations are unbalanced, the recombination rate will be strongly
reduced. Based on this fact, field effect passivation reduces the electron or hole density at
the surface, inducing a band bending at the silicon surface through the creation of an
electric field which provides an energetic barrier to charge accumulation at the interface.

The electron (hole) concentration at the surface can be reduced by depositing a fixed
negative (positive) charged film or introducing a doping profile within the semiconductor.
Silicon nitride (SiN,) [24, 25] or aluminium oxide (Al,O3) [32] have been studied as
dielectric films storing a high charge carrier density. However, because of the presence of
a large fixed charge, the effectiveness of passivation depends on the silicon doping type
and level. Thermally grown silicon dioxide with a relatively low charge density can also be
used by applying an external voltage or an electrostatic charge at the surface to provide
the field effect [122].

The field effect passivation scheme can either be applied at the front or rear side of c-Si,
creating a p/n junction with opposite doping types or lightly-heavily doped junctions with
dopants of the same polarity as the bulk (p/p* or n/n*). In the latter case, passivation is
referred to as back surface field since it is often used for the rear surface passivation of
solar cells.

2.1.3.2. Chemical passivation: saturation of defects

Chemical passivation allows saturating the dangling bonds present at the c-Si surface
properly, and consequently the number of recombination centres can be decreased. This
strategy is usually related to a passivating layer grown over the c-Si surface which
decreases the density of defects Ng. Although, the reduction of the capture cross sections
0, and o, would have the same effect, it is generally believed that these parameters are
intrinsically related to the type of defect and, hence, cannot be varied.

Surface passivation by dangling bond saturation can be achieved by growing an oxide
film at high temperatures or by depositing passivating films with the addition of molecular
hydrogen as a precursor gas. This is the case of a-Si:H, that can also give additional field
effect passivation by further growth of doped layers.
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Besides, cleaning steps before deposition of the passivating film are above all very
important to reduce defect density at the c-Si surface. In most chemical cleaning methods,
a dipping into diluted HF solution prior to depositions eliminates the native oxide at the
substrate and terminates surface dangling bonds by atomic hydrogen. Other cleaning
approaches are based on dry methods, usually consisting on a plasma and etching gas
exposure [123].

In many practical cases, the above-mentioned techniques occur at the same time,
reducing the interface state density and additionally providing a field-effect passivation. An
overview of the most relevant materials and techniques for c-Si surface passivation has
been presented in section 1.3.2, emphasizing the rear surface approaches.

2.2. n/n" band energy diagram analysis

Once the main surface passivation techniques for c-Si have been introduced, in the
following paragraphs a detailed analysis of the rear n/n” junction behaviour is given. In
order to give more insight on the physical aspects at this back junction, computer assisted
modelling based on the simulation software AFORS-HET [124] and a home-developed
simulation code based on Silvaco Atlas 2D finite element commercial tool [125] have been
used.

In n type c-Si wafers, rear passivation leads to an n/n* junction which establishes the so-
called BSF. In homojunction devices, the rear band bending mainly depends on the
doping concentration of the n* region. As can be seen in Figure 2.4, if a lightly doped BSF
is used almost flat bands are obtained. On the contrary, if higher dopings are achieved,
the electron transport at the conduction band is enhanced. However, in any case, holes
are not prevented from reaching the n/n+ junction, and therefore recombination
mechanisms can limit the potential of the homojunction BSF.
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Figure 2.4. Band diagram at the n/n" homojunction obtained from AFORS-HET numerical
device simulator. Two differently doped n* regions have been tested.

Device operation can be greatly improved by using heterojunctions instead of usual
homojunctions. Due to the difference of electron affinity and band gap of amorphous and
crystalline materials, the energy band diagram (after Anderson’s model) is characterised
by the presence of discontinuities in both the conduction-band edge and valence band-
edge, which will allow the selective control of carrier transport. At the n/n* junction these
offsets provide a barrier that favours the collection of electrons and repulses holes from
the rear electrode. However, this band bending can be significantly modified depending
on the properties of the amorphous material, which will then have an impact on the solar
cell's BSF operation, and therefore on the performance of the final device.

In this section a short overview of the band line-up at the n/n* junction is given, and the
impact of varying the properties of amorphous silicon is discussed. As a simplified
approximation, no defect density at the rear heterointerface has been accounted for, since
as it can be seen in Figure 2.5, simulations of the n/n” junction with an (n) layer with low
Dy lead to small differences on the band bending in (n)c-Si (Agc.si ~ 9 mV) compared to
the use of layers with higher D.
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Figure 2.5. Conduction band bending of an n/n* heterojunction with varying D; at the
amorphous/crystalline interface. Low and high Dy values corresponds, respectively, to
1x10° and 1.2x10" cm™.

In Figure 2.6, results of band energy numerical simulations for two different n/n* junctions
are presented, where the activation energy (E,), at the n* region have been modified. In
Figure 2.6(a), a highly doped (n") layer characterised by a small E, has been used. In this
case, the (n*) conduction band energy lies below that of the c-Si. Consequently, the spike
at the conduction band is quite reduced and the electrons’ transport across the junction is
provided through thermionic emission and tunnelling-mediated mechanisms. At the
valence band offset, holes are effectively screened, diminishing the carrier recombination
probability.
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Figure 2.6. Band diagram of two different n/n* heterojunctions as calculated with the
AFORS-HET simulation tool. E, of the (n*) region has been modified.

If a less doped (n*) layer is used, and E, is increased (Figure 2.6(b)), the band bending is
modified in a way in which both thermionic emission and tunnelling mechanisms are
hampered, since the spike at the conduction band becomes larger. Here, the passing of
electrons is not as evident as in Figure 2.6(a). Besides, the barrier at the valence band is
smaller, which could be a drawback to prevent holes reaching the (n*) region.

Then, in view of results presented in Figure 2.6, it will be preferred to use (n*) layers with
lower activation energies in order to minimise the barrier for electrons at the conduction
band and enlarge the valence band mismatch. Thereby, the electron charge transport will
be enhanced at the same time as holes will be effectively repulsed.

If a different band gap of the (n*) material (leading to different conduction and valence
band offsets) is used in simulations, the band bending is accordingly modified. In Figure
2.7(a) the same activation energy as in Figure 2.6(a) is used. Again, the (n*) conduction
band energy lies below that of the c-Si. However, in this case due to the lower electron
affinity used in the calculations, the conduction band offset is more pronounced, and
tunnelling processes through the spike are also involved. As the material’'s gap is higher,
the offset at the valence band is larger, which increases the screening of holes towards
the n base material.

In Figure 2.7(b) a higher E, is used for simulations (i.e. less doping in the layer). As it can
be seen, the bending in the (n*) material extends over a larger region, which makes
tunnelling-mediated paths a less provable mechanism for electron transport. Moreover, as
the valence band barrier is smaller the loss of holes may increase, which renders the case
presented in Figure 2.7(b) less favourable.
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Figure 2.7. Band diagram of two different n/n* heterojunctions as calculated with the
AFORS-HET simulation tool. E4 of the (n*) region has been modified compared to Figure
2.6.

According to these results, for a high performing n/n* heterojunction, here the use of
materials with low activation energy and high band gap will be preferred. Thereby, the
charge transport in the conduction band will be enhanced, and a strong barrier at the
valence band will be created to effectively repulse holes. Consequently, recombination
mechanisms will also be minimised.

2.3. The solar cell and the impact of the BS on device characteristics

Silicon heterojunction device structure uses c-Si absorber layer. However, the p/n junction
is no longer achieved by contact of opposite doping types within a crystal lattice as it is
been done in homojunction solar cells. Rather, the junction is made through deposition of
thin a-Si:H film doped with the opposite polarity to that of the absorber. Then, the
heterojunction is done between crystalline and amorphous phases, which have a band
gap energy difference of approximately 0.6 eV.

2.3.1. Current density and open-circuit voltage

The effects of the p/n junction can be described with the diode equation, an expression for
the current density at the junction as a function of voltage. When a load is present, a
potential difference develops between the terminals of the cell. A current which acts in the
opposite direction to the photocurrent is generated and the net current is reduced from its
short circuit value. This called dark current density (Jqak) Varies like:
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qVv
J =J.| ex -1
dark 0|: p[ndkBTj :I (226)

where Jq is the saturation current density, q is the charge of an electron, nq is the diode
ideality factor, k is the Boltzmann’s constant and T is the temperature.

As inferred from equation (2.26), the p/n junction diode admits a much larger dark current
under forward bias (V >0) than under reverse bias (V <0). As early reviewed, the
behaviour of the device is strongly affected by the recombination properties of the
material. Generated minority carriers need to diffuse to the junction to be collected and
thereby, be able to contribute to the current. Therefore, diffusion length Lgx [cm] being
characterised by the diffusion coefficient D [cm?s] and the lifetime t according to

Ly =Dt , is a valuable indication of recombination properties of material (and it is

taken into account in the calculation of Jo). In order to extract the charge carriers, Lg
should be in the order of wafer thickness, W.

Under typical illumination conditions, photons with energy larger than the band gap are
absorbed creating electron and hole pairs which are separated in the space charge region
with electrons being attracted to the n-type region (positively charged) and vice versa for
holes (p-type region). If an external circuit is connected with the front contact held at
voltage V, dark current is shifted by the value of the photogenerated current (Jp):

Y,
J= J{exp[n qk T] —1] -3, (2.27)
dB

where J,, can be calculated using the approximation Jg, = qG(dgep + Ln + L), being L, and
L, the diffusion lengths of the minority carriers in their respective regions and dgey the
width of the depletion region [107].

The sign convention for current in photovoltaics is such that the current is positive, which
is the opposite of the usual convention for electronic devices. Thus, from now on, the net
current density in the cell will be presented as J = Jyh - Jgark-

When the contacts of the cell are isolated, the potential difference is maximised, thus
obtaining the open circuit voltage (Voc) as apparent in equation (2.28):

J
V,, = ndk—BTln{Lh + 1} (2.28)
q 0
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Maximising Voc requires minimising the saturation current, which can be achieved
maintaining high carrier lifetimes, hence the importance of surface passivation.

2.3.2. Fill factor and efficiency

Conversion efficiency of a solar cell is defined as the ratio of its electric power density
delivered to the incoming light density that strikes the cell, which usually corresponds to
the internationally accepted standard test condition (reference air mass AM1.5, sunlight
normalized to 1000 W/m?, temperature kept at 25°C). Conversion efficiency is determined
by measuring the photocurrent as a function of the cell voltage using the formula:

IV FF
P

S

n (2.29)

where Jsc is the short-circuit current density (flowing through the device when the voltage
is zero); Voc is the open circuit voltage (voltage between the terminals of the device when
the current is zero); Ps is the incident solar power density (1000 W/m?); and FF the fill
factor defined as the electric power produced at the maximum power point of the J(V)
curve divided by the product Jsc-Voc, as it can be seen in Figure 2.8.
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Figure 2.8. J(V) characteristic of a solar cell under illumination.
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2.3.3. Equivalent circuit of heterojunction solar cells

The most commonly accepted model describing solar cells has been used for our HJ
devices. It is based on the well-known two-diode model, which schematically describes
the equivalent circuit diagram for a solar cell as depicted in Figure 2.9.

R, lJ

|

Figure 2.9. Equivalent circuit for two-diode model of a real solar cell including series and
shunt resistances.

on l) SZDdiﬂ' XZQ—eC R,

The current-voltage characteristic of the two-diode model can be expressed as [107]:

V-R.J V-R.J V-R.J
J=J,|expl ——|-1|+J.|exp| ——— |-1|+ ———-]
Ol{ p[ n,KT ] } 02[ p( n kT J } Rp 3 @3D

In Figure 2.10(a) the impact of the two-diode model parameters on the dark J(V)
characteristic of the solar cell is shown. The solar cell is characterised by a first diode with
an ideality factor n; and a current saturation Jo;. It is the main diode giving information
about diffusion transport occurring at the p/n junction at high-forward bias. Therefore, it
principally impacts the Voc parameter. In Figure 2.10(b), experimental dark J(V) curves
corresponding to two differently doped BSF are presented. The lower Vocs obtained with
the BSF1 sample correspond to higher Jo; values. Ideality factor ny, typically lies between
1and 2.

At moderate forward bias, the second diode becomes especially important on
heterojunction solar cells. Diverse charge transport paths within the structure can arise,
such as emission process, recombination or tunnelling effect. Saturation current density
Jo2, gives an idea of phenomena in the space charge region (recombination and
tunnelling), hence having an impact on mainly FF (although its effects can also be seen in
the Voc); the smaller Jo,, the better FF. The ideality factor n, typically lies above 2.5 in HJ
devices.
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Figure 2.10. Experimental dark current-voltage characteristic showing the influence of the
two-diode model parameters.

Rs and Rp are the parasitic series and parallel resistances, respectively. The series
resistance arises from the bulk resistance of the silicon wafer, the resistance of the
metallic contacts of the front and back surface, the contact resistance between layers and
metallic contacts and further circuit resistances from connections and terminals. If, for
example the a-Si:H BSF is not sufficiently doped the charge transport will be hindered and
consequently Rs will increase. Its impact on the J(V) curves is indicated in Figure 2.11(a)
and (b). The parallel resistance is mainly caused by leakage across the p/n junction due
to non-idealities and impurities near the junction, which cause partial shorting of the
junction, particularly near the edges of the cell. Under reverse bias and at very low
forward bias, parallel resistance prevails, as observed in Figure 2.10. If, for instance the
edge isolation is not properly done the front emitter and the rear of the cell will be
contacted, leading to a decrease in Rp, which impacts the J(V) characteristics as
presented in Figure 2.11(c) and (d). Both types of parasitic resistances primarily reduce
the value of the fill factor. In turn, for an efficient solar cell Rs should be as small as
possible, and Ry as large as possible (in the MQcm? range).
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Figure 2.11. Experimental J(V) curves at dark and under illumination for different series (a,
b), and parallel (c, d) resistance values.

2.4. Band diagram analysis and carrier transport at the rear side of
HJ solar cells

The amorphous/crystalline heterojunction results from the contact between these two
materials, which have a different energy band gap (Eg) of approximately 0.6 eV (Ey, ..
si=1.12 eV and Eg .sin = 1.75 eV at 300 K). According to the Anderson’s model [126],
which is the most widely used to represent the band diagram of the HJ cells, the
difference of band gaps and electron affinities entails the presence of band offsets at the
conduction and valence band edges (AEc, AEy, respectively).
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Figure 2.12. Schematic band diagram of a silicon heterojunction cell based on (a) n-type
and (b) p-type c-Si.

The discontinuity in the conduction-band edge equals the difference in electron affinities
(Xesi=4.05eV and Xa.sin =3.9eV), and the discontinuity in the valence-band edge
depends on the difference in both electron affinities and band gaps. Thus, the band offset
between a-Si:H and c-Si at the valence band, is larger than that at the conduction band
[127]. Besides, the band bending held up on the amorphous silicon side is comparably flat
to that on c-Si, where most of the overall band bending is supported [128].

In Figure 2.12 a schematic overview of the band diagram of a-Si:H/c-Si HJ cells is given.
In the case of n-type based devices, holes are collected at the front side of the solar cell.
The large valence band offset on the front side leads to a potential barrier in which
minority carrier holes can be trapped, thus limiting efficient photogenerated carrier
transport. However, tunnel transport mechanisms can assist trapped holes crossing this
potential barrier to get the (p)a-Si:H emitter [129].

On the back side, the small offset at the edge of conduction band does not prevent
electron collection at the metal electrode. Moreover, the pronounced AE, sets a strong
barrier for holes that are effectively screened, thus preventing recombination mechanisms
at the rear side.

The insertion of the thin intrinsic a-Si:H layer containing less defect states than doped a-
Si:H provides a remarkable improvement in c-Si surface passivation, although it can also
suppress the trap assisted tunnelling which in turn can somehow be a useful contribution
for the conduction of majority carriers [130]. Actually, tunnelling can be useful to improve
FF values.

A way to create a larger barrier for minority carriers (holes) is the further doping of rear
side a-Si:H, bringing the Fermi level closer to the conduction band edge. Besides, as it
has been discussed in section 2.2, the height of the valence band offset can also slightly
be increased enlarging Eg by the introduction of oxygen or carbon into the layer (a-Si:H-
based alloys, such as a-SiCx:H and a-SiOx:H) [44]. However, this mechanism may lead to
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a reduction of the passivation efficiency due to defects in the layer.

In Figure 2.12(b), the band line-up of a p-based heterojunction is also presented. In this
case, electrons are collected on the front side and holes on the back side. The fact that
silicon solar cells are more efficient on n-type c-Si wafers than on p-type can
predominantly be ascribed to the inherent asymmetry of the conduction and valence band
offsets. The less favourable band offsets created in (n)a-Si:H/(p)c-Si heterojunction is
believed to reduce performance compared to its oppositely doped counterpart [85].
Although carrier collection is more efficient than for n-based HJ (smaller AE(), the
expected built-in voltage is also smaller, thus leading reduced Vocs [130]. Besides,
minority charge carriers are also less effectively screened from the back side and the
large offset in the valence band between (p)c-Si and (p)a-Si:H often hinders the majority
carriers (holes) from flowing to the back terminal.

Nevertheless, p-type wafers are also being used on HJ solar cells fabrication, since they
are more easily found on the market than n-type wafers, and several groups [82, 129,
131-134] have already demonstrated performing results on p-type, although conversion
efficiencies are still lower than those achieved on n-type wafers.

As briefly reviewed in the preceding paragraphs, in order to enhance the carrier transport
at the rear side of HJ solar cells a compromise between band line-up and carrier transport
is necessary. Minimal dangling bond density in (i)a-Si:H, fine-tuning of tunnelling
mechanisms and maximised band bending (high-quality wide-gap a-Si:H layers) are
desired. The accomplishment of all these conditions is subject to the technological
aspects of the a-Si:H deposition technique. Thus, an extensive work of development of
high-quality back surface field schemes and subsequent assessment on their
performance has been conducted. To this end, a deep study of the influence of the
deposition parameters of PECVD-grown amorphous layers and their impact on HJ solar
cells is presented in the following chapter.

2.5. Back side optical considerations

As it has been previously said, optical issues concerning the back side of HJ solar cells
are clearly determined by the way layers at the front side behave. The a-Si:H and TCO
films at the front of silicon heterojunction solar cells absorb light parasitically. As presented
in Figure 2.13, the a-Si:H stack at the front of the cell is very absorbing at short
wavelengths (< 600 nm), which is characterised by the increased extinction coefficient.
Moreover, ITO absorbs both in the UV and also in the IR due to excitation of free carriers.
Then, all of the short wavelength losses and some of the IR losses occur at the front of
the cell, thus governing the attainable Jsc of the cell. For this reason it can be considered
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that the back side of solar cells will not play a decisive role on the optical losses of the
device.
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Figure 2.13. Extinction coefficient obtained by spectroscopic ellipsometry for (p)a-Si:H and
TCO films.

Figure 2.14 shows the reflectivity of various solar cells with identical front side and
different rear side configurations. In the long wavelength range, differences have been
observed whether ITO, ZnO or no TCO is used at the back contact. The maximum
contribution of photons of wavelength A to the short-circuit current density has been
calculated using equation (2.32) [135].

350 (1) e =1QE(MP, () L 11~ R(1) (2.32)

where Ps(A) is the incident illumination power of photons at a given wavelength,
hc/q = 1239,84 Vnm, R(A) stands for the reflection at the cell surface and IQE(A) denotes
the internal quantum efficiency of a standard HJ solar cell considered to be equal in all of
the cases.

Indeed, the differences in R(A) induced by the various back side configurations occur at
wavelengths higher than the gap of c¢-Si, where photons weakly interact with the
semiconductor. Therefore, no Jsc changes in the IR region have been obtained.
Integrating Jsc(A) over the whole spectral region, leads to almost equal short-circuit
current densities in all the devices herein presented (see Figure 2.14). This highlights the
fact that the rear side does not remarkably contribute in the optical behaviour of our
devices.
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Figure 2.14. Reflection and short-circuit current density per wavelength unit for three

different devices with various rear configurations. The Jsc(A) curves for all samples are
superimposed.

Despite all this, the current trend towards wafer thickness reduction can not be dismissed.
When using thinner wafers not only rear side passivation quality becomes even more
important, but also the optical performance of devices gets more relevant. Light trapping
schemes and improvements at the back of the cell which allow long wavelength light to
undergo multiples internal reflections without leaving the cell will contribute to Jsc and lead

to enhanced performances. However, this will not be a major concern of the present work,
since wafers around 200 ym have been used.
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3. Amorphous silicon layers applied to back side of HJ
devices

Hydrogenated amorphous silicon has demonstrated to be a high performing material in a-
Si:H/c-Si heterojunction solar cells, leading to conversion efficiencies over 23% [64].
Intrinsic and doped layers applied to the emitter of devices have been widely studied and
their influence on the solar cell conversion efficiencies has been reported. By contrast,
little research has been done on amorphous silicon at the rear side of HJ cells, since its
impact on the overall device performance depends on the front side events, and therefore
it is difficult to quantify. Nevertheless, this amorphous back side is a key part of the solar
cell and plays a valuable role to obtain high efficiencies.

In the present chapter, some fundamental aspects of amorphous silicon on which the
analysis of experimental data is based will be introduced. The experimental set-up used
for the deposition and characterization of studied amorphous layers will be briefly
described. Moreover, the technological steps taken in order to optimise the properties of
(na-Si:H layers will be detailed. Finally, optimised amorphous layers will be used at the
BSF of heterojunction solar cells and their effects on the device will be investigated. The
fundamental parameters and the main requirements at the BSF to achieve high
efficiencies will be assessed.

3.1. Properties of hydrogenated amorphous silicon

In single crystal silicon each atom is covalently bonded to four neighbouring atoms
through equal bonding lengths and angles. A unit cell can be defined, from which the
crystal lattice is identically reproduced by stacking it one next to each other. A regular
atomic arrangement results in a structure with a long range order that differs from that of
hydrogenated amorphous silicon, as illustrated in Figure 3.1. Though most silicon atoms
are four-fold coordinated, a-Si:H does not exhibit a structural order over a long range due
to small deviations in bond lengths and angles. The larger deviations lead to weak bonds
that can easily be broken, resulting in defect formation within the atomic network. In a-
Si:H, defects are mainly silicon atoms that are covalently bonded to only three silicon
atoms and have one unpaired electron [136]. These unsaturated bonds are the so-called
dangling bonds.
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Figure 3.1. Schematic view of the atomic structure of (a) single crystal silicon and (b)
hydrogenated amorphous silicon.

In pure a-Si, a large concentration of defects in the amorphous atomic structure is found
(about 10* defects per cm?). However, these defects can be reduced by the incorporation
of hydrogen into the atomic network. Additional hydrogen passivates most of the silicon
dangling bonds, lowering defect density down to 10 cm™ [137]. Besides, it has been
demonstrated that incorporation of hydrogen into the a-Si network allows a better
integration of dopant atoms [138] which are essential for photovoltaic applications.

In order to understand the optical and electrical properties of a-Si:H, a proper description
of the density of states (DOS) distribution is of great importance. In Figure 3.2 the
corresponding model for the density of states introduced by Davis and Mott [139] is
shown. For an ideal silicon crystal, the valence band (VB) and the conduction band (CB)
are separated by a well-defined band gap (Ey), where there are no allowed energy states
in it. Contrary to this, the energy states of the valence and conduction bands in a-Si:H
spread into the band gap throughout the band tail states near the band edges. In addition,
between the band tails lie allowed energy states introduced by defects (defect states
related to dangling bonds), represented by two Gaussian distributions.
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Figure 3.2. Standard model of density of states in hydrogenated amorphous silicon. The
shaded areas indicate extended states in the bands, which have tails of localised states
with an exponential distribution. Within mobility gap, two Gaussian distributions of states
represent defect states related to dangling bonds.

A continuous distribution of density of states characterises a-Si:H, and no properly defined
band gap between Ey and Ec can be settled. In general, the band edge is considered to
be the energy that separates localised states from extended ones in the DOS distribution.
The band edges are correspondingly termed the conduction and valence band mobility
edges, and define the mobility gap (E,) which is commonly considered to be 0.1 to 0.2 eV
larger than the optical band gap [137].

The states above the conduction band mobility edge and below the valence band mobility
edge are extended, and are populated with electrons and holes, respectively. The
localised states within the mobility gap consist of the tail states and the defect states, and
can be different in nature. CB tail states are acceptor-like states and VB tail states are
donor-like states, whereas dangling bond states (“D-centres”) are amphoteric. Dangling
bonds can be in three different charge states: positive (D*) when they are not occupied by
electrons, neutral (D°) when occupied by one electron or negative (D) when occupied by
two electrons [136]. Therefore, for this kind of defects, charge state transitions between
the +/0 (donor-type) and 0/- (acceptor-type) are possible, and define two energy levels
that characterise the centres of the two Gaussian distributions, separated by the
correlation energy U. In the case of a-Si:H it is considered to be positive and in the order
of 0.2 eV.

A more advanced description of defect states distribution in a-Si:H is the defect-pool
model [140, 141] which accounts for the break of weak Si-Si bonds as the source of
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defect-forming reactions, where hydrogen is thought to play an important role by breaking
and reforming Si-H bonds. The main idea behind the defect-pool model is that the
concentration of dangling bond states depends on the formation energy of the dangling
bonds. Moreover, the formation energy of a dangling bond depends on charge state of the
dangling bond and thereby on the position of the Fermi level. For n-type material, where
Er gets closer to the Ec, the dangling bond distribution is shifted towards the lower part of
the gap and defect concentration increases. On the contrary, as the Fermi level gets
closer to the valence band (p-type material), dangling bond distribution is shifted towards
Ec.

3.2. Experimental details for PECVD a-Si:H

In the following paragraphs the deposition technique used to fabricate a-Si:H layers is
presented. Details on the sample preparation, and the characterisation techniques used to
determine the properties of studied layers are given.

3.2.1. PECVD set-up

Deposition of amorphous silicon layers, whether they are intended to be used as
passivation layer, emitter or BSF, or for material characterisation has been carried out in a
five-chamber cluster tool, equipped with two parallel-plate capacitively coupled PECVD
reactors operating at 13.56 MHz, as depicted in Figure 3.3. In this technique the plasma
provides a source of energy to excite and decompose the gaseous precursors (SiHg4, H»
and hydrogen-diluted PH; in the case of (n) layers) due to multiple collisions between
high-energetic electrons, and generates radical and ions species in the chamber. The
deposition of an a-Si:H film is achieved by attaching these reactive particles of dissociated
silane molecules to the surface of the growing film. Then, the film growth in a PECVD
process consists of a gas diffusion, electron impact dissociation, gas-phase chemical
reaction, radical diffusion and deposition. Detailed analysis of the process involved in the
growth of amorphous silicon go beyond the scope of this work and can be found
elsewhere [137, 142, 143].
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Figure 3.3. Schematic illustration of the PECVD system used at INES.

Initially, all doped amorphous layers were performed inside the same PECVD reactor,
named ‘PM1’ as defined in Figure 1.5. Top quality intrinsic layers were grown in a different
reactor (‘PM3’ as indicated in Figure 1.5). Thus, at the beginning of this thesis buffer and
phosphorous-doped layers were deposited in the same chamber as the boron-doped
films, using appropriate cleaning schemes of the ‘PM1’ reactor after each deposition.
However, in the course of this work, we realised that cross-contamination problems
affected the quality of our a-Si:H films. In order to improve the layers’ passivation,
technical modifications were incorporated on the cluster tool. p- and n-type a-Si:H
depositions together with their associated buffer films were split, being processed in two
specifically dedicated chambers: ‘PM1’ for (p) layers and ‘PM3’ for the (n) ones.

Then, unless otherwise indicated, all of the intrinsic and n-doped films analysed and
reported on in this thesis have been processed inside the same PECVD chamber (the
other one being reserved for p-doped layers). The substrates placed on a tray of
60x60 cm? are heated at 200°C to achieve optimum film quality, since thermally activated
surface diffusion of adsorbed radicals favours the film’s growth.

3.2.2. Sample preparation and standard characterisation techniques

Depending on the characterisation to be performed on samples, a-Si:H films have been
deposited on Corning glass or polished c-Si wafers. Deposition parameters have been
carefully adjusted in order to enhance the quality of deposited layers, minimizing process-
induced damage during thin-film growth (see section 3.4).

Samples fabricated for passivation purposes were deposited on FZ n-type c-Si polished
wafers ((100); 300 um; 1-5 Qcm). After cleaning the samples in a wet chemical HF bath,
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a-Si:H was deposited sequentially on both surfaces. Single intrinsic or n-doped 10 nm-
thick precursors as well as samples with an (i) a-Si:H buffer layer between the wafer and
the (n)a-Si:H were fabricated. To determine the passivation quality of films, a symmetric a-
SiH/c-Si/a-Si:H structure equally treated on both sides, was used.

The quality of the (n)a-Si:H/(n)c-Si heterointerface was determined by Quasi-Steady-State
Photoconductance (QSSPC) measurements, performed with a WCT-120 Sinton
instrument, in both QSS and transient modes. The QSSPC technique allows the
contactless characterisation of solar cell precursors [144]. From this measurement, the
effective lifetime .« (limited by surface recombination as defined in section 2.1.2) can be
determined as a function of the excess minority carrier density. Furthermore, this
technique also allows the estimation of the implied open-circuit voltage of solar cell
precursors according to:

v KT |n[(Nd +Ap)Ap] (3.1)

oc,impl q nig
where kT/q and n? are constants already fixed in the system calculations, and Ny is
determined from the c-Si resistivity specified by the user. More details on this technique

can be found elsewhere [106, 122].

The thickness and microstructure of layers were estimated by Spectroscopic Ellipsometry
(SE), fitting the experimental data using the widely known Tauc-Lorentz Model [145] and
the surface roughness layer of the Bruggemann's approach, as it has been further
detailed in [129]. The model describes the energy dependence of the imaginary part of the
dielectric function €, using the equation (3.2).

2
e,(E) = AECE-E,) 1 ESE (3.2)
([E?-E2f +CE? E

where E, is the peak transition energy, E the energy, E, the optical gap (Tauc’s gap), C a
broadening parameter related to the film disorder, and A a parameter related to the film
density.

Secondary lon Mass Spectrometry (SIMS) was mainly used to detect the phosphorous
concentration of (n) layers. Fourier-Transform InfraRed spectroscopy (FTIR) acquisitions
were also performed to determine the type of bonds between silicon and hydrogen atoms
within the amorphous material. Both analysis allowed to correlate structural features with
optical and electrical properties of a-Si:H layers.
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The output characteristics of complete HJ devices were determined using a solar
simulator, with illumination calibrated to the AM1.5 spectrum (1000 W/cm?) and sample
temperature maintained at 25°C according to standard test conditions. Besides, Suns-Voc
measurements were also performed [146]. This technique directly measures Voc as a
function of the light intensity, typically from a few suns to just below 0.1 suns. The
measurement results in a contactless pseudo J(V) curve, which is independent of series
resistive losses. Then, Suns-Voc allows to identify a pseudo FF (pFF), which is only
limited by recombination and shunting phenomena.

3.3. Advanced electrical characterisation

The electrical properties of samples were evaluated on 100 nm-thick a-Si:H layers
deposited on Corning glass with temperature dependent conductivity measurements. The
conductivity of a-Si:H is often determined to evaluate the electronic transport properties of
thin film samples. Measurements performed both at dark and under optical bias give
information about the material quality. The experimental determination of o is done
through current-voltage characteristic measurements, using a coplanar electrode
configuration providing an ohmic contact. Layers under study are deposited on a highly
resistive Corning glass, and should be thick enough (~ 100 nm) to minimise the potential
effect of glass/a-Si:H and a-Si:H/air interfaces on the measured properties.

Preventing any light, dark conductivity (o4) can be determined according to:

S (3.3)

where V is the applied voltage, | the measured current, ¢ the length of electrodes, d the
film thickness and o the distance between electrodes.

The dark conductivity of a-Si:H is thermally activated, and can be described by [137]:

_ (ETR B EF):| (3.4)

64(T)=0,€x
«(T) =0, p{ T
where Err is defined as the average energy of the conducting electrons, o, denotes the
conductivity prefactor (oo = N(Ec)qukgT).

E+r coincides with the conduction band edge (Ec) if an abrupt mobility edge applies to the
material. However, in a-Si:H other transport mechanisms arise from the existence of
localised states for which the energy lies deep in the band, well away from the mobility
edge. Thus, conduction may also take place by hopping at the band tails and at the Fermi
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level. These transport mechanisms are weak and temperature dependent, tending to
dominate at very low temperatures.

Based on the assumption that no hopping mechanisms exist, extended state conduction
takes place. Therefore, the activation energy (E,), typically defined as Ec-Er for an n-type
material, can be determined by the Arrhenius plot obtained from the temperature
dependent dark conductivity measurements, according to equation (3.4). Nonetheless,
the linear relationship between log(o(T)) and 1/T lays as an approximation since the
mobility, and thus the conductivity prefactor gy, is weakly temperature dependent.

If the same samples as used for the dark conductivity measurements are illuminated with
appropriate light, the photoconductivity (o,,) can be determined, which gives an indication
of the material's photo-response and its suitability to be used as a photoactive layer.
Photoconduction takes into account generation, transport and recombination of excess
photogenerated majority carriers, and can be expressed as in equation (3.5), assuming
that generation and recombination are balanced in thermal equilibrium [137]:

Gpn = quAN = qutG (3.5

where An is the density of photogenerated majority carriers (electrons), p their mobility, t
their lifetime and G the optical generation rate of carriers.

Photoconductivity allows the determination of the mobility-lifetime product pr, a useful
figure of merit characterising the quality of charge carriers that dominate the transport in
a-SitH (electrons in n-type a-Si:H). Using geometry factors of samples, yut can be
expressed as follows [147]:

e

- qQVID,(1-e )

[Th (3.6)

where |, is the measured photocurrent, w the distance between electrodes, V the applied

voltage, ¢ the length of electrodes, @, the illumination intensity measured in photons per
unit area per second, o the absorption coefficient of the material and d the film thickness.

Temperature dependent conductivity measurements were carried out placing the samples
into a cryostat pumped down to 10 mbar. Samples were heated from the ambient to
450 K, and then cooled down to 110 K. To perform the photoconductivity measurement, a
monochromatic light at A =660 nm with incident photon flux in the range of 10™-
10" photons/(cm?s™) was used. Figure 3.4 shows an example of the Arrhenius plot of
dark and light conductivity for two differently n-doped samples. Activation energy has
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been determined from the slope of the linear portion of the dark conductivity plot and pt
has been deduced from the photoconductivity result at 300 K.
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Figure 3.4. Arrhenius plot of conductivity at dark and under optical bias for (a) intrinsic and
(b) doped a-Si:H layers. Activation energy and mobility-lifetime product at 300 K are also
given.

Comparing results in Figure 3.4, the doping effect on the conductivity as well as
photoconduction features of samples are evidenced. Undoped a-Si:H is photosensitive,
whereas the doped layer exhibits the same light and dark conductivity, due to
electronically active impurities introduced. Activation energy in the intrinsic layer
(Ea=0.69 eV) reflects slight n-type behaviour (typical values for undoped a-Si:H stay
around 0.8 eV), which is usually originated from the dissymmetric valence and conduction
band tail states. In the doped a-Si:H samples, E, is much lower, indicating that the Fermi
level is shifted towards the conduction band edge due to a higher doping level. A higher
mobility-lifetime product is also observed for the doped sample.

In addition to temperature dependent conductivity measurements, High-Frequency
Modulated PhotoCurrent (MPC-HF) technique was used to determine the density of
states of photosensitive (i) a-Si:H layers. In this technique, a spectroscopy of the defects
comprised between the majority carriers band edge and the Fermi level is performed by
varying the temperature, and the frequency of the light excitation (here a monochromatic
light at A =650 nm was used, uniformly absorbed within the thickness of the sample).
From this measurement, a relative DOS reflected by N(E)c/i, N(E) being the DOS at
energy E, c the capture coefficient and u the carrier mobility, can be directly deduced from
the photocurrent modulus and its phase shift with the excitation according to [148]. For
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these electrical characterizations, the samples were placed into a cryostat pumped down
to 10° mbar, and temperature was varied from 450 K to 110 K.

3.4. Influence of deposition parameters

a-Si:H layer properties and resulting passivation quality are sensitive to deposition
conditions. Therefore, a deposition parameter survey has been performed in order to
identify the process conditions leading to enhanced performing layers applied to the BSF
of heterojunction solar cells. The study has been mainly focused in the achievement of
high implied Voc. The parameters studied are as follows: deposition pressure (pgep), inter-
electrode distance (de), PHs; concentration and hydrogen dilution ratio (H./SiHs). The
impact of c-Si substrate orientation has been also analysed, since as it has been reported
[35, 149], depending on the grain orientation the growth of a-Si:H can turn into epitaxial
layers.

3.4.1. Process pressure

Deposition pressure has been varied from 0.8 T to 2.0 T with a fixed inter-electrode
distance at 23 mm. The process temperature has been set at 200°C and the deposition
time has been duly adjusted in all samples in order to obtain similar thicknesses (around
10 nm) in all cases. The pressure effects have been studied over a wide range of PH;
flow rates. In this sample series, in order to keep the total amount of gases constant
during layers’ deposition, the hydrogen content in the gas mixture has been adjusted as
the doping content has been increased.

Figure 3.5 shows the variation of the passivation quality of layers deposited at different
process pressures. It can be seen that the maximum implied Voc is not obtained at the
same doping for all process conditions. When increasing the pressure, the highest value
of implied Voc is moved to lower concentrations of PHs. On the contrary, at lower
pressures (0.8 T) better passivating conditions are shifted towards higher PH; flow rates.
This can be explained through a better incorporation of the doping content into the film
with regard to deposition conditions. Better passivation layers are obtained with a low
defect density of states but enough field effect due to the active doping.
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Figure 3.5. Implied Voc at 1sun as a function of PH; flow rate for different process
pressures: 0.8 T, 1.1 T, 1.5 T and 2.0 T; inter-electrode distance has been fixed at 23 mm.

Although higher pressures lead to better performing layers in the low doping range, further
increasing the pressure leads to detrimental effects on the passivation quality of the films,
as it is observed at 2.0 T. Based on results obtained in Figure 3.5, a pressure of 1.5T
seems the most adequate to fabricate lightly doped (n)a-Si:H films, whereas 0.8 T of
pressure is suitable for heavily doped ones.

In order to study the effects of a further decrease in process pressure, pqep has been fixed
at 0.5T. A comparison between both deposition conditions is presented in Figure 3.6,
where it can be seen that implied Voc of layers deposited at 0.5 T is degraded over the
whole range of explored PHj; flow rates.
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Figure 3.6. Implied Voc at 1sun as a function of PH; flow rate for (n)a-Si:H layers
deposited at 0.5 T of pressure. The tendency at 0.8 T is given for comparison. In both
cases, inter-electrode distance has been fixed at 23 mm.

Figure 3.7 shows the imaginary part of the pseudo-dielectric function of layers deposited
at 0.5 T. SE measurements show that films grown at such a low pressure regime result in
epitaxial structures no matter the doping concentration. The a-Si:H spectrum shows a
peak centred around 3.6 eV, whereas c-Si spectrum has two peaks placed at 3.4 eV and
4.2 eV (other peaks at lower energies correspond to thickness-related interferences).
Epitaxed layers have an intermediate spectrum with a soft peak tending to 4.2 eV. As
clearly seen in Figure 3.7, a decrease in the crystalline fraction content in the layers is
observed when increasing PH; flow rate, since the characteristic c-Si peak at 4.2 eV
becomes less pronounced and changes towards the a-Si:H spectrum. This tendency is
well correlated with Voc results shown in Figure 3.6, and it has been already reported in
[78]; the smaller the crystallinity, the better the passivation quality of the layers, since for
the improvement of the a-Si:H/c-Si passivation an atomically sharp interface is necessary.
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Figure 3.7. Imaginary part of the pseudo-dielectric function of various n-doped a-Si:H films
deposited at 0.5T. The amorphous and crystalline silicon spectra are given for
comparison.

An extended analysis on the epitaxial behaviour of (n)a-Si:H films grown at pressures
between 0.5 and 0.8 T has evidenced that the amorphous content of n layers may vary
depending on the PH; flow rate as well as pgp. As presented in Figure 3.8(a) the
crystalline fraction of 50 sccm doped a-Si:H layers lowers as the process pressure
increases. Similarly, the crystalline content in 215 sccm of PHs layers (Figure 3.8(b)) tends
to decrease at higher pressures, although these layers are basically amorphous.
Comparing Figure 3.8(a) and (b), it can be observed that the crystalline content on films
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deposited at lower PH; flow rate is higher than that at 215 sccm. Then, additional PH;
content turns the microstructure of samples more amorphous. Above 0.8 T, no crystalline
fraction is observed, so complete amorphous layers are deposited.

50 T T T T T T T 50
@EDswmPr ©[2i5scomer]
—+—05T —+—05T
40F —.—06T - 06T 40
—+—07T ——07T
—+—08T | . 08T
30 a-Si:H . - a-Si:H

c-Si

I\l

20

<e>

10

photon energy [eV] photon energy [eV]

Figure 3.8. Imaginary part of the pseudo-dielectric function of (a) 50 sccm and (b)
215 sccm of PH; deposited layers with varying process pressure.

Thus, in view of these results a pressure of 0.8 T will be suitable when depositing (n)
layers at highly doped ratios since completely amorphous films with high implied Vocs will
be obtained. On the contrary, a pge, around 1.5 T is optimal at low PH; flow rates in order
to obtain high quality passivating layers.

3.4.2. Inter-electrode distance

The distance between the parallel electrodes (d.) affects the emerging network of
amorphous deposited layers, and has to be therefore precisely adjusted. Thus, various
inter-electrode distances have been tested at the intermediate pressure of 1.1T.
Resulting QSSPC measured implied Vocs are shown in Figure 3.9.
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Figure 3.9. Implied Voc at 1 sun as a function of PH; flow rate for different inter-electrode
distances: 35 mm, 23 mm and 18 mm. Deposition pressure has been fixed at 1.1 T.

Similarly to what has been observed when increasing the deposition pressure, a larger de
results in a better implied Voc for lower doping rates. For the smallest inter-electrode
distance (d. =18 mm), the higher PH; contents are favoured over the lower ones.
However, at this deposition condition, the plasma was found to be instable, since
randomly blinkings were observed during the process. Thus, although smaller spacing is
usually desirable for a uniform deposition, it is sometimes insufficient to maintain the
plasma.

According to the fact that larger d further enhance the passivation at lower doping, the
effect of increasing the distance between parallel electrodes has been tested on (n)a-Si:H
layers deposited at the 1.5 T in order to see if even better results can be obtained. Indeed,
as shown in Figure 3.10, higher implied V¢ are obtained at even lower doping contents
when d; is increased from 23 mm to 35 mm.
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Figure 3.10. Implied V¢ at 1 sun as a function of PH; flow rate for various (n)a-Si:H layers
deposited at 1.5 T and two different inter-electrode distance: 35 mm and 23 mm.

Based on these results, it can be concluded that a pressure of 1.5T and an inter-
electrode distance of 35 mm lead to enhanced Voc on undoped and lightly doped (n)a-
Si:H layers. Therefore these will be the deposition conditions to be used at low PH; flow
rates.

Concerning the influence of inter-electrode distance variation in 0.8 T deposited layers, in
Figure 3.9 it has been highlighted that a distance of 23 mm enables better passivation at
higher doping compared to results obtained at larger d. (35 mm). Besides, it has been
found that a further decrease in de (18 mm) creates some plasma instabilities, which has
to be avoided in order to obtain repeatable results. Based on this, and considering that
Puep=0.8 T favours enhanced Vqcs at higher doping (see Figure 3.5), it seems natural not
to increase d. beyond 23 mm, nor to decrease it at lower distances where it might be
difficult to maintain the plasma. Therefore, 23 mm of spacing between electrodes has
been set for films grown at low pressure. pgep = 0.8 T and de =23 mm are found to be
optimised conditions leading to enhanced implied Voc when higher PH; flow rates are
used.

As it has been verified by SE measurements, inter-electrode distance does not have an
effect on the crystalline fraction of the grown samples. Therefore, no epitaxial layers at
any of the studied conditions (23 mm and 35 mm) have been obtained.

3.4.3. PHs;concentration

As already mentioned, during the course of this work the PECVD cluster design was
modified, since some limitations were identified due to the fact that all doped amorphous
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layers were grown inside the same ‘PM1’ chamber (see Figure 1.5). Indeed, the former
technical specifications had a great impact on the achievable results, thus limiting the
quality of films. Below, the influence of the (n) doping content on the passivation quality
will be discussed regarding the deposition’s chamber used (‘PM1’ before chamber
splitting; ‘PM3’ after chamber splitting).

Undoped layers deposited inside the same reactor where boron-doped layers were also
grown (‘PM1’; see open column at O sccm of PH; in Figure 3.11), were of lesser quality
compared to that deposited after chambers splitting (‘PM3’; see solid column). Before this
cluster modification, a little quantity of PH3; doping had to be introduced into the intrinsic a-
Si:H in order to obtain high performing layers, since in spite of the chamber cleaning
performed between depositions of different doping types, a small residual boron content
was found to be present in that layer. Introducing a small quantity of PH; compensated
the detrimental effects of unintended boron doping, hence the good implied Voc obtained
at 1 sccm of PHs. As per results obtained in Figure 3.11, this technological problem was
solved once p-doped layers where performed in a specifically dedicated reactor, different
from that used for undoped and n-doped a-Si:H.
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Figure 3.11. Imlpied Voc comparison between layers with identical deposition parameters
(Pgep = 1.5 T; de = 35 mm) grown inside the same reactor where boron-doped layers were
also grown (‘PM1’, before chamber splitting) or inside ‘PM3’ chamber, specifically
dedicated for (n) layers (after chamber splitting).

MPC-HF measurements performed on this improved intrinsic layer (deposited inside
‘PM3’) vyield a DOS of N(E)~2.5x10® cm®eV! for Ec-E=0.5eV (considering
generalised values for the electron capture coefficient, ¢, = 4x10°® cm®s™ and mobility,
U, = 10 cm?V's™), which is typical of device grade a-Si:H. The good quality of our (i)a-
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Si:H layers is also reflected in the high mobility-lifetime product of 2.1x10° cm?v™*
obtained from steady-state photoconductivity measurements (with incident photon flux
in the range of 10*-10" photons/(cm™s™) at A = 660 nm), which is also common for
intrinsic amorphous layers (ut values above 10”7 cm?V™ are required for device-quality
material).

Once the adequacy of chamber’s splitting has been verified, the influence of the PH;
content on the properties of resulting layers has been analysed varying the n-doping
level of a-Si:H from 0 up to 215 sccm of PHs. Deposition pressure and inter-electrode
distance have been fixed at 1.5 T and 35 mm, respectively. Figure 3.12(a) shows how
the passivation quality of these (n) samples is deteriorated as the doping concentration
increases. In order to extract relevant interface parameters, lifetime measurements
have been fitted using the recombination model for a-Si:H/c-Si heterostructures
developed by C. Leendertz et al. in [150]. Compared to other attempts to deduce
interface parameters [34, 53], the used model allows for the definition of arbitrary
interface defect distributions, and the charge states of the defects depending on the
quasi-Fermi level positions are also considered. However, band bending is not
computed in the model, although field effect passivation mechanism is accounted for
via an effective interface fixed charge. Then, the interface density of defects and the
interface charge density have been determined using capture cross sections
o, = 6,0 = g"""% = 110" cm? and 6," = 0, = 0% = 10g """ With a Gaussian
dangling bond distribution centred at mid-gap (width: 0.18 eV, correlation energy:
0.15 eV) [151].
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Figure 3.12. (a) Lifetime measurements for samples with varying doping content,
deposited at pgep = 1.5 T and de = 35 mm. (b), (c) Parameters extracted from lifetime data
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as a function of PH; doping: concentration of Gaussian distributed defects (D DB) and
effective fixed charge density (Qy).

The parameters extracted from the model are presented in Figure 3.12(b). As the doping
content of the layer increases, interface defect density becomes higher, indicating that
defect passivation is less effective. Accordingly, the fixed charge increases in the highly
doped layers, which is somehow related to the band bending and therefore, to the field-
effect passivation. The undoped sample exhibits the smallest Dy and Q; while the
215 sccm-doped layer exhibits the highest values, which are almost equal to those of the
sample deposited at 180 sccm of PH;. The rather similar results obtained in these two
differently doped samples (215 sccm and 180 sccm) suggest that not all the phosphorous
amount is actively incorporated into the layer, but a certain quantity of the total content
does not play an active role in the carriers’ conduction, thus creating defects at high
doping concentrations. Passivation quality of samples results from a compromise
between interface defect density and effective fixed charge.

In Figure 3.13 the activation energy of the dark conductivity is compared with the total
phosphorous concentration of the layers measured by SIMS, which steadily increases
when the PH; flow rate is also increased. As it can be noticed from the E, results, the
undoped layer exhibits slight n-type behaviour. Indeed, the activation energy E, of our (i)
layer is found at 0.69 eV, which is slightly lower than typical values of undoped a-Si:H that
are commonly in the range 0.7-1 eV. At this point, it is worth reminding that the same
chamber (‘PM3’) is used for the deposition of both (i) and (n)a-Si:H layers, so that residual
n-type doping might be found.

Up to 50 sccm of PH; flow rate, the activation energy becomes smaller due to the doping
of a-Si:H. Above 50 sccm, the activation energy increases. This fact is attributed to the
creation of defects at high doping concentration, in agreement with results presented in
Figure 3.12(b). Thus, the (n) layers doped up to 50 sccm of PH; will be better for
passivation purposes than those deposited at higher PH; flow rates. When increasing
active doping concentration of (n)a-Si:H, band bending at the a-Si:H/c-Si heterointerface
increases, which is favourable for better charge carrier collection. However, as reported in
[101], the number of gap states in the a-Si:H layers and interface states slightly increase
with heavily doped layers.
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Figure 3.13. Total phosphorous concentration on (n) doped layers calculated from SIMS
depth profile of 10 nm-thick samples compared with its corresponding activation energy
calculated from temperature dependent conductivity measurements.

To further discuss on the influence of varying PH; on a-Si:H layers, the silicon-
hydrogen bond content of samples deposited at the optimised condition of pge, =1.5T
and d. =35 mm (1.5 T-35 mm) has been analysed. In addition, analysis of films at
Paep = 0.8 T and de =23 mm (0.8 T-23 mm) has also been performed. In Figure 3.14
the structure and hydrogen bonding of a-Si:H films is related to their passivation
properties in terms of implied Voc. From FTIR measurements performed on bulk a-Si:H
films deposited onto c-Si, it can be concluded that low dihydride (Si-H,) percentage
within the layer is associated with high-quality material. According to [35] monohydride
bonding is preferred since a low void fraction is present in the material. As shown in
Figure 3.14, the larger the monohydride (Si-H) fraction, the better the implied Voc of
layers. As the doping level of (n) layers is increased, the hydrogen content in the gas
mixture is adjusted in order to keep the total amount of gases constant during layers’
deposition. Passivation quality of different samples decreases, indicating that the
increasing ratio between the hydrogen diluted within the phosphine and the pure
hydrogen introduced in the reactor creates more porous layers. Lower values of Voc
are obtained, correlated with higher Si-H, values. Regarding results at 0.8 T and
23 mm, only highly doped layers have been analysed, since these process conditions
will only be used with high PH; flow rates, as already discussed in previous sections.
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Figure 3.14. Fourier-transform infrared spectroscopy measurements performed on
different (n)a-Si:H layers. Implied open-circuit voltage measured by QSSPC at 1 sun is
also shown for 10 nm-thick layers.

The PH; doping content of a-Si:H deposited at 1.5 T clearly influences the properties of
layers. Their passivation quality is found to steady degrade with the increasing doping
content, and it is found to be strongly linked to hydrogen bondings created during film’s
growth. The corresponding activation energies determined by temperature dependent
dark conductivity measurements have been well correlated with the total phosphorous
concentration present in layers as well as their concentration of interface defects. Highly
doped layers are more defective, and consequently Fermi level is moved away from
conduction band. Based on this result, depending on the layer's requirements wanted,
special attention will be paid when choosing the optimal doping.

3.4.4. Hydrogen dilution ratio

As it has been discussed in the preceding section, the passivation quality of films is found
to be dependent on the hydrogen alloying. Based on this, the hydrogen dilution during
PECVD a-Si:H deposition (characterised by the hydrogen to silane ratio, R = H,/SiH,4) has
been varied in order to investigate whether even better implied Vocs can be obtained at a
fixed PH; doping level. Since deposition rate is found to decline as the hydrogen dilution is
increased, the process time has been duly adjusted in order to obtain 10 nm of thickness
in all studied samples. Figure 3.15 presents the Voc changes as a function of H; ratio for
various representative process conditions.



a-Si:H/c-Si heterojunction solar cells: back side assessment and improvement 71

720 - | o e |
A A
////.," ”7xx\““::\;—v\”\
< 700 & A
5 @
% 680 | l
E- - \\\.
660 @ ni |
---A-- nl10
——n215
640 L ——t——
0 5 10 15 20
H/SiH,

Figure 3.15. Implied Voc at 1 sun as a function of hydrogen dilution ratio for three different
(n)a-Si:H samples doped with 1 sccm (nl), 10 sccm (n10), and 215 sccm (n215) of PHs.

For each of the layers tested, an optimised H,/SiH, ratio interval leading to enhanced Voc
is found. Thus, the a-Si:H layer doped with 1 sccm of PH; allows for 720 mV of implied
Voc When a ratio of 8.6 is used. In the case of 10 sccm-doped samples similar results
have been obtained in the ratio range between 4 and 8.6. When a higher doping level is
used (215 sccm-doped sample), low ratios clearly favour enhanced Vocs. As can be
observed in Figure 3.15, at any doping content the higher ratios degrade the passivation
quality of films.

The recombination model for a-Si:H/c-Si heterostructures [150] already introduced in
section 3.4.3 has been used to extract the interface density of defects and the fixed
charge density of layers deposited with different hydrogen ratios. Table 3.1 shows the
results for n0 and nl1 samples at R8.6 and 21.5. At the higher ratio, Qs slightly increases in
both samples, which should lead to an enhancement of the implied Voc. On the contrary,
Voc remarkably decreases according to the increase of D, at the H./SiH, ratio of 21.5.

Table 3.1. Concentration of Gaussian distributed defects (Dy DB) and effective fixed
charge (Qy) at the interface for n1 and n10 samples at different ratios.

. D, DB
sample H./SiH, [ctm'z] [c%‘z]
" 8.6 5.0x10% 1.5x10"
21.5 8.8x10™ 2.7x10"
8.6 5.7x10° 1.0x10%
nl10

21.5 3.8x10" 2.5x10M
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Dark conductivity at 300 K and activation energy determined for the samples doped at 1
and 10sccm of PH; are presented in Figure 3.16 (no measurements have been
performed on n215 samples deposited at higher ratios as they are found to be not enough
performing). Opposite tendencies between differently n doped layers are obtained when
augmenting the hydrogen ratio. In the case of the 10 sccm-doped sample, o4 lowers and
E., moves away from the conduction band, which is in good agreement with passivation
results shown in Figure 3.15. Being the PH; flow rate unchanged, the varying dilution ratio
may induce some differences on doping incorporation. Hence, at higher ratios more
defects are created on the material. Contrary to this, o4 of the 1 sccm (n) layer increases
and accordingly E, becomes smaller. Surprisingly, the more conductive layer (obtained at
R = 21.5) does not coincide with the best passivating one (R = 8.6).
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Figure 3.16. Dark conductivity at 300 K and activation energy as a function of hydrogen
dilution ratio for a-Si:H layers deposited at 1 sccm and 10 sccm of PHa.

The quantity of hydrogen during the growth of samples has been varied. Accordingly,
monohydride and dihydride bonds might have been modified, being a critical parameter
for passivation quality as it has been previously reported in Figure 3.14. From FTIR
measurements shown in Figure 3.17(a), it can be seen that the content of monohydride
bonds for the n1 samples increases with the H,/SiH, ratio, matching up with a higher
implied Voc between R4 and R8.6. However, the ratio at 21.5 presents a disrupting
behaviour: the higher content of Si-H bonds is detected, though it has the smallest Voc.
Regarding results for layers doped at 10 sccm (Figure 3.17(b)), decreased monohydride
content at R21.5 certainly coincides with a lower Vqc.
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Figure 3.17. Mono- and dihydride bonds determined from FTIR spectroscopy
measurements performed on (n)a-Si:H films doped with (a) 1 sccm and (b) 10 sccm of
PH; deposited at various hydrogen dilution ratios. Corresponding implied Vocs for 10 nm
thick layers is also shown.

Comparing Figure 3.17 and Figure 3.16, it can be seen that the increase in monohydride
bonds in the n1 sample is correlated with the observed decrease in the E,. Similarly, the
sample doped at 10 sccm has a smaller content of Si-H bonds when the E, raises
between the ratios 8.6 and 21.5. However, the trend for the nl layer deposited at R21.5
still remains unexplainable.

As presented in Figure 3.18, further analysis of SE measurements show that the peak
transition energy in the 1 sccm sample tends to slightly increase and get closer to that of
the c-Si when increasing the hydrogen dilution ratio from 4 to 21.5. Although no evident
epitaxial structure is present at R = 21.5, this tendency to crystallinity could explain the
disagreement between FTIR measurements, passivation and dark conductivity results,
since an increase in the crystalline fraction can enhance the charge carriers conduction,
but can also lead to detrimental surface passivation. Concerning the sample doped with
10 sccm of PH3, no changes on the amorphous content of the layer have been observed
between different H,/SiH, ratios.
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Figure 3.18. Imaginary part of the pseudo-dielectric function of n1 and n10 a-Si:H layers,
deposited at two different H,/SiH, ratios: R =4 and R = 21.5.

The pronounced loss in Voc for layers doped at 215 sccm deposited at low pressure and
high hydrogen dilution is also related to changes on the material structure, since an
increase on the crystalline fraction is observed at R21.5. In spite of the fact that in section
3.4.1 no epitaxial structures were obtained at pressures of 0.8 T and 1.5T, it has been
found that the H,/SiH, ratio can play an important role on their microstructure. Hydrogen
dilution during PECVD a-Si:H deposition is found to be an effective way to vary the
material properties of the resulting film, enabling enhanced passivation performance.

3.4.5. Influence of c-Si wafer orientation

So far, the influence of different deposition parameters on a-Si:H quality has been
examined without paying much attention to the substrate. Here the surface passivation
quality of (n)a-Si:H layers has been examined on FZ n-type c-Si (100) and (111) oriented
wafers (1-5 Qcm), since the nature of the sample can certainly influence the growth
process. Indeed, depending on the grain orientation of c-Si, the growth of a-Si:H can turn
into epitaxial layers [35], thus deteriorating the surface passivation quality of the deposited
layer.

Figure 3.19 presents the changes of V¢ for various a-Si:H layers deposited on (100) and
(111) wafers. Only significant doping contents have been tested. As it can be clearly seen,
the measured Vo exhibits a pronounced Si surface orientation dependence. The values
of Voc decrease on (111) wafers for layers deposited at high pressure, whereas Voc
increases on (111) wafers for the highly doped a-Si:H deposited at low pressure.
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Figure 3.19. Implied Voc at 1 sun for various (n)a-Si:H samples deposited on (100) and
(111) oriented n-type wafers.

SE measurements indicate that the decreased passivation quality regarding different c-Si
orientation can not be attributed to epitaxial growth of films. In Figure 3.20(a), no changes
on the crystalline content of layers deposited on both (100) and (111) wafers can be
inferred from the plot of the imaginary part of the pseudo-dielectric function. As an attempt
to explain this behaviour, FTIR spectroscopic measurements have been done on samples
in order to investigate the influence of crystalline orientation on predominant bonds in a-
Si:H network. Results presented in Figure 3.20(b) do not show significant differences
between Si-H and Si-H, regarding the c-Si orientation. Layers deposited on (111) c-Si,
have a bit less monohydride bonds in benefit of little more dihydride bonds. However,
these slight differences can not explain the variation on passivation results between (100)
and (111) oriented wafers.
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Figure 3.20. (a) Imaginary part of the pseudo-dielectric function of (n)a-Si:H layers
deposited on (100) and (111) oriented wafers. (b) Mono-and dihydride bonds determined
from FTIR spectroscopy measurements for (n) layers deposited on (100) and (111)
oriented wafers. Corresponding implied V¢ of layers is also shown.

From SE and FTIR measurements it has been proved that no remarkable differences in
the bulk of a-Si:H layers can explain the differences observed on implied Vocs induced by
the orientation of c-Si. Then, it is supposed that depending on the crystalline silicon
network orientation, a different distribution of defects at the a-Si/c-Si heterointerface is
created which may vary depending on the deposition parameters fixed during the films’
growth.

Lifetime measurements of representative samples have been fitted using the
recombination model for a-Si:H/c-Si heterostructures [150] introduced in section 3.4.3.
Interface density of defects and the fixed charge density of layers deposited both on (100)
and (111) substrates are shown in Figure 3.21. As it can be observed, Qs increases on
layers deposited on (111) oriented wafers no matter the deposition conditions used. On
the contrary, Dy increases in layers deposited at high pressure (n0 and nl), whereas it
decreases in low-pressure deposited one (n215). These results indicate that Dy is the
main limiting factor in Voc, as both parameters follow the same tendency. This way, the
assumption of a varying distribution of defects on differently oriented wafers depending on
process conditions of a-Si:H layers is reinforced.
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Figure 3.21. Concentration of Gaussian distributed defects (D; DB) and effective fixed
charge density (Q) at the interface, extracted from lifetime data of various layers
deposited on (100) and (111) oriented c-Si wafers. Implied Voc is shown for comparison.

3.5. Integration of (n)a-Si:H single layers at the BSF of HJ devices

For a-Si:H layers applied to BSF of HJ devices, passivation and electrical conduction
becomes critical. The use of a-Si:H on thin-film solar cells requires low dark conductivity
values as an indication of the absence of electronically active impurities. Moreover,
photoconductivity is expected to reach high values indicating reasonably low
recombination of the photogenerated carriers [137, 147]. Contrary to this, a-Si:H applied
to the rear side of HJ devices should have an enhanced o4 no matter the o,,, since there
is no light-activated conduction at the back side of the solar cell. Besides, low defect state
density is also required to enhance passivation properties. Then, since dark conductivity
of good quality (low defective) intrinsic layers is very low, the only way to reduce series
resistance is by doping them, which thus also introduces defects.

Therefore, to accomplish the passivation requirements needed at the back surface field,
an optimal gas phase doping concentration has to be found, in which the Fermi energy in
the rear (n)a-Si:H layers is close enough to the conduction band and the defect state
density remains sufficiently low. If the a-Si:H/c-Si interface is not properly passivated, the
open-circuit voltage of the HJ solar cell will be limited to values far below from those
defined by the front band bending [152].

In order to understand the role of the (n) layer BSF as well as to evaluate its impact on
complete devices, silicon heterojunction solar cells with a single amorphous layer BSF
were fabricated according to the process described in section 1.5. The (n) doping level of
the rear a-Si:H was varied from 0 up to 215 sccm of PHs;, and pge, and d. were kept at
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1.5T and 35 mm, respectively. An extensive characterisation of these layers has been
presented in section 3.4.3, and will be of capital importance to understand results herein
presented. The front side of each device was kept identical, and consisted of an optimised
()/(p)a-Si:H stack followed by ITO deposition and a silver screen printed grid. The solar
cells characteristics as a function of the doping content of the 12 nm-thick rear a-Si:H
layer are presented in Figure 3.22.
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Figure 3.22. Output characteristics of HJ solar cells as a function of BSF (n)a-Si:H doping.
Each data point represents the average value of three cells.

As it can be observed, differences in Jsc have been obtained. Experimentally it has been
found that reflectivity of textured wafers, absorption of front side deposited layers, as well
as the front metal grid shadowing in our solar cells remarkably influences the attainable
short-circuit current density (see Figure 3.23). In this thesis, for a given series of samples,
c-Si substrates issued from the same texture batch have been used to fabricate the
devices. Therefore, it can be assumed that similar reflectivities between wafers are
obtained. Moreover, identical layers have been used at the solar cell's emitter. Then,
neither the layers’ thickness nor their absorption is found to substantially fluctuate. Based
on this little variability on Jsc results will be induced by the above mentioned parameters.
However, electrode screen-printing process certainly induces changes on the front side
shadow, and consequently the Jsc of samples may vary. As presented in Figure 3.23(b),
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an increase of 1% in shadowing results in a decrease of ~0.53 mA/cm? in Jsc. The
shadowing measured in the studied solar cells ranges from 6 to 7%, which may certainly
be the reason of the obtained AJsc.
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Figure 3.23. Influence on the Jsc of HJ solar cells induced by (a) the effective reflectivity of
textured c-Si substrates, (b) the front metal grid shadowing of devices, and (c) and (d) the
extinction coefficient of front side (p)a-Si:H and ITO layers, respectively.

Supported by results presented in Figure 3.13 it can be seen that the V¢ trend is well
correlated with E, results presented in section 3.4.3. In the sample with the intrinsic single
BSF (n0), the lower Voc is obtained coinciding with the higher E,, whereas the n50
sample exhibits the higher Voc and the lower E,. In agreement with the increase of the
activation energy above 50 sccm of PH; (Figure 3.13), the Voc of n130 and n215 samples
diminishes.

The increased Dy in the 215 sccm n-doped layer (Figure 3.12(b)) does not have a
detrimental effect in FF results. The large quantity of fixed charges induces the right field
effect and compensates recombination mechanisms at the BSF. As expected, undoped or
lightly doped layers used at the rear side of the solar cells do not introduce enough doping
content in order to create a sufficient band bending, hindering in this way the charge
transport towards the rear side of the cell.
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The software AFORS-HET has been used to simulate the band energy diagram of
devices with 0 sccm-, and 215 sccm-doped BSF. Results are presented in Figure 3.24(a).
Indeed, the high E, in the n0 sample creates a band bending in the wrong sense,
establishing a barrier for electrons. Accordingly, the experimental J(V) curve of nO device
shows a typical S-shape (see Figure 3.24(b)), which besides exhibiting a severe Rs due to
low nO layer conductivity, also indicates the insufficient rear band bending created in the
solar cell. When activation energy is small enough (as in n215 sample), the band line-up
at the n/n* junction leads to the right bending and consequently good values of Vo and
FF can be obtained. In the BSF with the 215 sccm-doped layer, additional tunnelling-
mediated transport paths through the conduction band offset are also activated, which
might be the reason of the highest FF obtained.
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Figure 3.24. (a) Simulatated band energy diagram of the n/n” junction BSF doped with

0 sccm (n0), and 215 sccm (n215). (b) Experimental J(V) characteristics of HJ solar cells
using the nO and n215 single layer a-Si:H BSF.

Then, when using a single (n)a-Si:H layer on the rear side of HJ, a highly doped BSF with
sufficiently small E, is necessary to create the appropriate band bending to be able to
collect the charges. Even with an optimised emitter, it has been found that if there is not
enough electrical field and therefore band bending induced at the rear side, lower Vocs
and FFs will be obtained on final devices. As it has been demonstrated, when using a
single layer BSF, the field effect induced by higher doping content prevails over optimised
defect density at the n/n” heterointerface.
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3.6. Integration of (n)a-Si:H double-layer stacks at the BSF of HJ
devices

In order to achieve high efficiency HJ silicon solar cells, a very low defect state density at
the heterointerface together with a strong electrical field to collect carriers and provoke
enough band bending is required on both sides of the device [67]. As shown before,
combining these two different passivation mechanisms in a single layer is extremely
difficult because of the very low conduction properties of low defective intrinsic a-Si:H
layers. Besides, when enhancing conductivity by increasing the doping on a-Si:H layers,
defect density is also increased (being still more critical on boron-doped layers) [101,
102]. Therefore, it seems necessary to introduce a double-layer stack or a gradient layer
to combine both mechanisms [56, 89] and assure high Voc combined with high FF.

Besides, it has to be taken into account that depositing a double layer at the back side of
the HJ solar cell allows a more flexible deposition process where different parameters can
be used in order to find the better conditions leading to a low thin-film deposition's
damage. In this respect, as reported in section 3.4.1, best passivation results at low PH;
flow rates have been obtained at higher pressures, whereas low pressure is found to be
more performing at increased doping rates. Therefore, an a-Si:H stack combining a
lightly-doped (low defective) high-pressure-deposited layer followed by a highly-doped
low-pressure-deposited one will be used. From here on, when referring to this double-
layered back side configuration, it has to be taken into account that process pressure
used for the first and second layer deposition are 1.5 T and 0.8 T, respectively.

In Figure 3.25, the experimental lifetime data measured by QSSPC of two different
optimised double-layer a-Si:H stacks are depicted. Corresponding lifetime curves of single
layers used to create the stack are also presented. As it can be seen, effective surface
recombination velocity of n215 layer is boosted when a thin lightly doped layer is
previously deposited on c-Si.
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Figure 3.25. Effective lifetime measurements from QSSPC on two different stacks using
(a) intrinsic, and (b) 1 sccm PH; doped a-Si:H buffer layer (nO and n1, respectively). The
upper limit of the effective surface recombination velocity (Sex) of (n) layers has been
calculated; circles show the effective recombination velocity measured at 1 sun.

By fitting lifetime measurements with the recombination model for a-Si:H/c-Si
heterostructures [150], the interface density of defects and the fixed charge density have
been determined (the same model parameters as in section 3.4.3 have been used).
Indeed, as presented in Figure 3.26 both density of defects and fixed charge in n215 layer
are maximum. By contrast, the D and Q; of nO and nl1 samples are rather smaller. When
these layers are used to create the stack, Dy is remarkably reduced compared to that of
n215 sample and Qs is still high to ensure enough field effect passivation. Double-layer
stacks take advantage of both passivation mechanisms (low D; and high field effect), and
implied Vocs of 712 mV (in the nOn215 stack) and 715 mV (in the n1n215 stack) can be
achieved compared to the 696 mV of the n215 single layer.
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Figure 3.26. Concentration of Gaussian distributed defects (D; DB) and effective fixed
charge density (Qy) at the interface, extracted from lifetime data of different single and
stacked (n) layers. The left part of the figure corresponds to the double-layer stack made
with an intrinsic buffer layer (n0), whereas at the right part results using a lightly-doped
buffer layer (n1) are presented. Implied Vqc is also shown.

The addition of a thin undoped or lightly doped layer between the ¢-Si and the heavily n-
doped layer not only enhances defect state density of the film with the higher doping level,
but also maintains the electrical field passivation. Nevertheless, it is obvious that the
effectiveness of stack in the BSF of devices will be subject to characteristics of single
layers used.

In the following paragraphs the influence of varying properties of the intermediate layer
(from now on referred to as buffer layer), as well as the heavily n-doped layer (from now
on referred to as (n") layer) used at the BSF of HJ devices have been evaluated on the
solar cell. Thus, the doping of a-Si:H films, their thickness and the hydrogen dilution ratio
used during their deposition process have been analysed.

Device modelling will be used when necessary in order to give more insight on the
observed tendencies in studied samples. Because of the presence of two distinct layers at
the amorphous BSF, if otherwise indicated the modelling approach used herein lies on a
home-developed simulation code, using a 2D finite element commercial tool [125].
Besides classical drift-diffusion resolution, it allows complete solar cell simulation in
operating conditions (1 sun illumination), and accounts for the amphoteric nature of
amorphous silicon defects and single-state midgap interface traps at heterojunctions.
More details on this approach can be found elsewhere [153].
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3.6.1. Buffer layer doping influence

The PH; content of the buffer layer grown on the back side of c-Si surface has been
varied from O (intrinsic layer) to 20 sccm. An (n*) layer, consisting of 215 sccm-doped
a-Si:H deposited at pgp = 0.8 T has been used to complete the double-layer stack
BSF. Table 3.2 summarises some of the relevant properties of layers under study.
Besides, simulation analysis of these (n) layers has been performed in order to
accurately describe a-Si:H properties that will contribute to model HJ devices.
Corresponding details and results can be found in appendix A.

Table 3.2. Optical gap, dark conductivity at 300 K and activation energy of (n)a-Si:H
layers.

doping  deposition pressure E (o E

[scom] T] V] [S-cm?] V]
0 15 1.738 2.26x10™° 0.69

1 15 1.733 2.51x10™ 0.24

5 15 1.732 1.51x10° 0.20
20 15 1.731 5.60x10° 0.15
215 0.8 1.648 1.52x1072 0.13

The impact of a-Si:H doping level on a-Si:H/c-Si interface quality has been investigated
by means of QSSPC measurements together with proper modelling. In Figure 3.27
effective lifetime results obtained on 10nm-thick single layer precursors to be used on
solar cells are depicted.

10° ¢ - —— - ———]
' ~ n0O(L5T) ]
° nl(@A5T) |
o n5(1L5T)
o n20 (1.5T) 1
n215 (0.8 T)

effective lifetime [us]
=
<

101015 I I I — Ii(‘)lﬁ

excess carrier density [cm]



a-Si:H/c-Si heterojunction solar cells: back side assessment and improvement 85

Figure 3.27. Effective lifetime as a function of excess carrier density in the bulk c-Si of
double-sided (n) a-Si:H/c-Si samples with different a-Si:H doping levels. Curves are
obtained using both QSS and transient results.

Good passivation properties on a-Si:H layers have been obtained, even for the highly-
defective n215 layer deposited at low pressure. The changes of the curves with the
doping in a-Si:H can be well understood in the light of the two main passivation
mechanisms (field effect and interface defect passivation) as described in [151]. At high
excess carrier density the effective lifetime decreases (as indicated by the arrow in Figure
3.27) when increasing layers doping, which is due to an increase in interface defect
density. Interestingly, this is well correlated with the a-Si:H bulk defect concentration in our
layers (see Table A.1 in appendix A), which is in agreement with the idea developed by
T.F. Schulze et al. suggesting that the interface defects map with the bulk defect density in
a-Si:H [154].

From Figure 3.27 the change in the shape of the curve between the nO sample and other
samples at lower excess carrier density can also be observed, which is characteristic of
an improved field-effect passivation with doped layers. Thus, the effective surface
recombination velocity Sgx comes out from both field effect passivation and interface
quality (described by surface recombination velocities Sy, and Syy).

In order to disentangle these two phenomena, a QSSPC model based on a self-
consistent resolution of Poisson, continuity and Boltzmann equations (i.e. drift-diffusion
model) has been used. This model accounts for Shockley-Read-Hall (SRH) bulk
recombination in c-Si and at the interface through a single level at midgap (interface
defect density Dy), and Auger recombination in ¢-Si [116]. For each double-sided a-Si:H/c-
Si precursor, infinite lifetime in FZ c-Si has been assumed. For modelling’s simplicity, only
single and monovalent defect states have been considered at midgap, which can
reasonably account for the more widely accepted Gaussian distributed dangling bond
defects if the capture cross sections are chosen equal to that of the charged dangling
bonds. Thus, capture cross sections 0,=0, have been set at 10'°cm® [151].
Corresponding values of Sy and Sy, are also indicated. Finally, field effect passivation
has been accounted for thanks to the a-Si:H layers description obtained from conductivity
measurements, and Dy has been extracted from the comparison between calculated and
experimental QSSPC curves. Figure 3.28 shows two examples of such QSSPC lifetime
curves exhibiting an excellent agreement between modelling and experimental results.
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Figure 3.28. Effective lifetime of (a) undoped (n0), and (b) 215 sccm-doped (n215) a-Si:H
samples. Solid lines represent QSSPC simulation results with appropriate n0 and n215
interface parameters. Dashed line illustrates passivation properties of a virtual highly-
doped a-Si:H layer with low Dy, in which the overall T is Auger-limited.

It can be observed that for the undoped a-Si:H layer the effective lifetime is limited by
recombination via Dy at low injection level, whereas Auger recombination dominates at
high injection conditions. For doped layers, the recombination via interface defects is still
influencing the lifetime even at high excess carrier densities. The compromise between
field effect passivation and interface defect density is also clearly revealed in the n215
layer. Simulations have been performed considering passivation layers with low activation
energy (i.e. high field effect, n215 case), together with a very low D; (nO/c-Si interface
case). Theoretical advantage of highly doped passivation layer is clearly demonstrated: in
this case, minority carriers are pushed away from the interface and lifetime can be
drastically increased. Unfortunately, highly-doped a-Si:H layers lead to defective
interfaces, overlapping this theoretical benefit. Interface parameters extracted from
modelling are summarised in Table 3.3.

Table 3.3. Interface defect densities (Dy) and surface recombination velocities (Syo, Spo)
extracted from QSSPC measurements on different (n)a-Si:H samples.

doping deposition pressure D Sho Spo
[sccm] [T] [cm?] [cm-s™] [cm-s™]
0 15 2.0x10% 21.6 26
1 15 2.4x10% 259.2 312
5 1.5 1.6x10" 172.8 208
20 1.5 1.6x10% 1728 2080

215 0.8 9.6x10% 10368 12480
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3.6.1.1. Solar cells results

Using the same front side (p)a-Si:H emitter structure, HJ solar cells with some of the
studied (n) layers were fabricated on (n)c-Si. Five different back heterostructures were
proposed as indicated in Figure 3.29. A comparison of the obtained performances is
shown in Figure 3.30.

(a) (b) (c) (d) (e)
(@) ™ m ) N ™ ™ ™
™ m Identical FS Identical FS Identical FS Identical FS
Identical FS
c-Si c-Si c-Si c-Si
c-Si
Osccm PH, 4nm 1sccm PH. 4nm S5sccm PH, 4nm 20sccm PH, 4nm
215scem PH; ¢20"m 215sccm PH;  ¢20nm  215sccm PH; I?-Onm 215sccm PH; 4 20nm  215scom PH, I?-Onrn

B+N215 nO+MN215 n1+N215 n5+MN215 n20+N215

Figure 3.29. lllustration of the 5 studied configurations: (a) 20 nm of single heavily (n)a-
Si:H layer; (b) 4 nm of intrinsic layer followed by a 20 nm thick (n)a-Si:H layer; (c) 4 nm-
thick lightly-doped layer (1 sccm PHs) plus 20 nm of (n)a-Si:H layer; (d) 4 nm of a 5 sccm
doped (n) layer followed by a 20 nm thick (n)a-Si:H layer and (e) 4 nm thick 20 sccm
doped layer plus 20 nm of (n)a-Si:H layer.

The short-circuit current density obtained by the different structures is notably the
same, as the front side of each device has not been modified; small differences can be
observed due to subsequent technological steps such as the spreading area of grid
electrode, which may cause some optical losses. However, it is worth mentioning that a
further increase of the a-Si:H layer doping level used at the BSF could result in a
decrease of Jsc that is slightly affected by recombination.

It can also be seen that the BSF with a single highly doped layer (d+N215) exhibits the
lowest open circuit voltage as the defect density in the layer is considerably high. By
contrast, the presence of an intermediate undoped or lightly doped a-Si:H layer leads
to lower interface defect density which is reflected in the enhanced V.. results. A
maximum value of Voc is obtained with the intrinsic BSF (n0+N215). Adding some
doping to the intermediate layer lowers the Voc since Dy increases, and so does
recombination at this interface. As it can be clearly seen in Figure 3.30, the Vo trend
governs efficiency results.
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Figure 3.30. Solar cell characteristics as a function of a-Si:H layers used at the BSF. (a)
Short-circuit current density; (b) open-circuit voltage; (c) fill factor and pseudo-FF; and (d)
efficiency. Each data point represents the average value of three cells.

Taking into account the results obtained on electrical properties of (n) type a-Si:H
layers, an increase in FF is expected when increasing (n) a-Si:H doping level and thus
conductivity (decrease in series resistance, Rs). However, the opposite behaviour is
observed in Figure 3.30: FF slightly decreases although the conductivity measured of
the single a-Si:H films used as intermediate layers on the BSF stacks increases. Series
resistance of devices calculated according to [155] is shown in Figure 3.31.
Conductivity measurements performed on (n) single layers used at the BSF are also
shown for comparison. From Figure 3.30(c) and Figure 3.31 it can be seen that
decreasing FF is well correlated with increasing Rs.

Having the same grid electrode resistance (line resistance) and identical layers except
for the intermediate a-Si:H layer at the BSF, the changes measured in devices’ series
resistance (as depicted in Figure 3.31) can only be attributed to the electrical behaviour
of the rear buffer layer, that is: (i) the layer conductivity or (ii) the interfaces surrounding
this buffer layer (the a-Si:H/c-Si heterointerface or the interface created between the
lightly-doped/heavily-doped layers of the a-Si:H stack).

Analysing single layer conductivity results, the opposite tendency is observed with
global series resistance. Thus, it could be said that bulk conductivity measured on (n)a-
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Si:H thick layers deposited on glass may not be representative of the real conductivity
of the thin (4 nm) intermediate layer used on the BSF of HJ solar cells. Thus, interfaces
are playing the main role on the electrical behaviour of the BSF. Moreover, it has to be
considered that the highest FF is obtained with the lowest Rs and it corresponds to the
single layer BSF (@+N215), where only the a-Si:H/c-Si interface has to be considered.
In this back side configuration, the c-Si is passivated through a heavily-doped, highly-
defective a-Si:H layer.

In order to elucidate which is the critical interface in our devices, we have performed
complementary Suns-Voc measurements that will give some insight on the BSF
behaviour of our heterojunction solar cells. Comparing the FF and the pseudo FF (pFF)
taken from the Suns-Voc measurements (see Figure 3.30(c)) it can be observed that
the highest pFF corresponds to the back heterostructure with the intrinsic intermediate
layer (n0+N215). In that case, the density of states, as previous measurements and
simulation have demonstrated, is the lowest one. Regarding the @+N215 back side
configuration, the higher FF is obtained, although it has a lower pFF comparable to that
of the n1+N215. As expected, these results evidence two different phenomena driving
the FF: interface defects and series resistance. It is worth mentioning that the
fabricated cells have very high shunt resistances, so differences in pFF are mainly
attributed to recombination aspects [146].
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Figure 3.31. Series resistance of HJ solar cells and conductivity of intermediate layer used
at the back side of devices. Conductivity measurements have been performed on (n)
doped 100 nm-thick single layers deposited on glass at a PH; flow rate equal to the
doping used in the stack’s buffer layer (0, 1, 5 and 20 sccm). Conductivity of @+N215
makes reference to the layer doped at 215 sccm of PHs.
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From Figure 3.30(c) and Figure 3.31 it can be stated that interface defects are more
important on pFF behaviour when the use of the intermediate a-Si:H layer is
introduced, compared to the single BSF. For that reason, limiting factors of the FF are
mainly occurring at the interface between the two amorphous layers of the stack.
Taking into account the fabrication process of our HJ solar cells it might be suggested
that an accumulation of O, impurities on the surface of the intermediate amorphous
layer can come out, due to the short-time air exposure of this layer prior to the N215
deposition. This fact could explain the opposite trend between FF and conductivity that
has been obtained in this work.

Unlike these results, in the analysis of the doping influence of a single layer BSF
presented in section 3.5, the FF of the different n-doped 12 nm-thick layers follows the
layers’ conductivity trend. Thus, when the conductivity is too low and the series
resistance is too high, there is not enough field effect to promote carriers collection and
consequently, FF is degraded. By contrast, when the (n) doping content on the single
layer is sufficiently high, conductivity is enhanced and Rs does not interfere on FF
results. In the case of using a single layer BSF, the conductivity of (n) films (and their
E,) seems to be an important mechanism to consider on the overall device
performance. The cause of this can be the fact that it does not exist the additional
defect-rich interface created when using a double amorphous layer BSF. Then, when
using stacks at the back side of HJ solar cells, thorough care will have to be taken
when depositing the a-Si:H layers.

As already mentioned, for device optimization not only the conductivity and the
passivation of the layers is important, but some unexpected tendencies may arise as a
result of the interaction between the different materials used to form the HJ. To date, there
is not too much work done on this subject. Therefore, simulation analysis will be used to
try to shed new light that contributes to increase the comprehension of the BSF
conduction mechanisms in HJ solar cells.

3.6.1.2. Solar cells modelling

Complete solar cell simulations in operating conditions have been performed, based on
the a-Si:H layers and interfaces description previously obtained from single layer
measurements. Given the number of additional experiments which have been required
for a complete analysis of (n) layer properties, comparable accuracy in solar cell
description is not expected since there are many other parameters influencing device
performances, such as (p)a-Si:H, TCO properties, process induced damage, metal grid
shadow variability...

For the sake of objectivity, the modelling approach used in this work is not able to
reproduce quantitatively solar cell parameters (Jsc, Voc and FF) as a function of back
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side n-doped amorphous layers. Besides (n)a-Si:H analysis performed in this work,
standard literature parameters have been considered for front/back side TCO, c-Si
substrate and front (i)/(p)a-Si:H layers [156]. Output simulation results allow to
determine band diagram and potential profiles, together with electron/hole
recombination rates profiles. Herein, simulations have focused on N215, n0O+N215,
n1+N215 and n20+N215 cases. Figure 3.32 represents conduction band bending at
the back side interface for each configuration.
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Figure 3.32. Conduction band energy variation of (a) N215, (b) n0+N215, (c) n1+N215
and (d) n20+N215. Simulations have been performed in dark conditions at zero-bias (i.e.
equilibrium conditions, no Fermi level splitting).

As expected, an important a-Si:H potential barrier limits electron conduction from a-
Si:H layers to back side TCO. a-Si:H and ZnO work functions mismatch explains the
presence of a potential drop in the less conductive layer (®asin=Ea+ Yasin
~0.13+3.93 eV vs. ¥z 0 =4.55¢€V). In our simulation procedure, direct tunnelling
transport is accounted within Wentzel Kramers Brillouin (WKB) model [157] in order to
keep computational burden into reasonable limits. However, it is worth mentioning that
trap-assisted tunnelling is the most probable transport mechanism. Thus, electrostatic
optimization of this interface (work functions mismatch, a-Si:H/TCO properties, a-Si:H
trap-assisted transport) needs further investigation in order to reduce this potential
barrier and reach higher FF values.
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Figure 3.33 represents the band bending at the back interface (total bend bending on
both sides of the BSF HJ (n)c-Si+(n)a-Si:H and band bending in (n)c-Si alone),
according to the different a-Si:H intermediate layer configurations. Thanks to the proper
modelling of interface lifetime and D;, extraction, our simulation results show tendencies
in line with Voc experimental data and the total band bending appears directly
correlated to interface quality. In particular, n0O+N215 configuration exhibits excellent
passivation properties (S = 21.6 cm/s) leading to a Voc value higher than 720 mV.
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Figure 3.33. Band bending in c-Si and sum of the band bending in both c-Si and a-Si:H (c-
Si+a-Si:H) at the BSF (n) a-Si:H/ (n) c-Si heterojunction for the @+N215, n0+N215,
n1+N215 and n20+N215 configurations. Surface recombination velocity is also shown for
comparison purposes.

For each case, buffer layer conductivity is a determining factor of voltage drop asymmetry
in ¢-Si and a-Si:H. Increasing the doping level of the buffer layer induces a lower band
bending in a-Si:H, and accordingly, higher field effect in c-Si. However, this last point is not
consistent with measurements and experimental FF values showed in Figure 3.31. Lower
a-Si:H stack resistance was to be hoped when increasing buffer layer doping level; this
would have induced both better film conductivity and a lower a-Si:H potential barrier seen
by electrons coming from c-Si substrate (see for instance c-Si potential drop compared
with AEc in Figure 3.33). Measurements performed in this study show an important
increase of cell resistivity when increasing buffer layer doping, which is inconsistent with
our assumptions. Further analysis of (n)a-Si:H interfaces are expected to help explaining
this phenomenon.
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3.6.2. Buffer layer thickness influence

Based on results obtained in the preceding section, where the undoped a-Si:H layer
exhibited enhanced performances amongst other buffer doping tested, here the influence
of the thickness of this intrinsic buffer layer is analysed. Thus, 1 nm-, 4 nm-, and 10 nm-
thick (i)a-Si:H (pgep = 1.5 T) films have been grown on textured c-Si substrates, followed
by 20 nm of (n*) layer deposition consisting of 215 sccm-doped a-Si:H deposited at
Paep = 0.8 T. Devices with no intrinsic layer (i.e. 0 nm) have also been fabricated in order
to compare single layer and double-layer stack BSF. Front side emitter and other rear-
side layers are identical in all devices.

Figure 3.34 shows the obtained solar cell parameters. The insertion of the high-quality
(la-Si:H layer reduces surface recombination velocity at the rear a-Si:H/c-Si
heterointerface, thus improving the junction properties. Voc is notably improved with
increasing (i) layer thickness. Nevertheless, samples with the thickest (i) layer show a
large decrease in FF, being mainly attributed to an increase in series resistance, as can
be seen in the inset of Figure 3.34(c).
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Figure 3.34. Solar cell characteristics as a function of (i)a-Si:H thickness used at the BSF.
(a) Short-circuit current; (b) open-circuit voltage; (c) fill factor and Rs; and (d) efficiency.
Each data point represents the average value of three cells.
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In the case of using the (n)a-Si:H layer directly in contact with the c-Si (buffer layer
thickness equal to 0), the FF is maximised due to the higher conductivity of the 215 sccm-
doped (n*) layer (reduced overall Rs in the device). However, this BSF configuration
results in degraded efficiencies due to poor defect passivation. When (i)a-Si:H layer is
used, overall cell efficiency is maximised for layers being thick enough to properly
passivate c-Si. Here, an optimum (i) layer thickness of 4 nm on textured wafers has been
found.

Regarding cells’ current, when the thickness of the (i) layer emitter is varied, a decrease in
Jsc is expected to occur due to increased short-wavelength absorption (see Figure 3.23)
and low conductivity of (i)a-Si:H. On the contrary, at the rear side negligible absorption in
the a-Si:H layers can be assumed. Here, the observed changes in Jsc mainly stand for the
fact that wafers used for the fabrication of devices with no buffer layer (thickness equals to
0) have not been textured on the same wet bench as the one used for the other
substrates. Then, a different effective reflectivity is obtained. Besides, shadowing
variability has been detected between devices.

Fitting QSSPC experimental measurements performed on solar cells after a-Si:H growth
and before TCO depositions has allowed determining interface defect density Dy, using
the model introduced in section 3.6.1. Good agreement between experimental and fitted
data is obtained. As can be seen in Figure 3.35(a) effective lifetime at mid injection level is
limited by recombination via Dy, whereas Auger recombination dominates at high injection
conditions. In Figure 3.35(b) interface defect density of devices extracted from QSSPC
data modelling are presented. As expected, Dy increases with decreasing thickness of (i)
layer, which is in good agreement with Vo results presented in Figure 3.34.
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Figure 3.35. (a) Effective lifetime for solar cell samples with varying rear (i)a-Si:H
thickness (symbols) and simulated lifetime curves fitted to experimental data (lines). (b)
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Interface defect density of samples. The Dy corresponding to sample with no intrinsic layer
(thickness equal to 0) is also given.

Solar cell simulations have allowed the determination of the band diagram and band
bending (¢) at the back side of devices. Results are presented in Figure 3.36. The higher
FFs obtained with thinner samples are good correlated with band bending at the a-Si:H/c-
Si interface. The minority-carrier transport is enhanced on thinner (i) layers due to lower
film resistivity, and also because of easiest thermionic and tunnelling transport, since o..
si> AEc. By contrast, in the case of thicker BSF configurations (where s < AEc)
thermionic and tunnelling transport mechanisms are hampered. Therefore, a degradation
of the FF is observed.
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Figure 3.36. (a) Conduction band energy at the rear side of solar cells when different
buffer layer thicknesses are used (simulations have been performed in dark conditions at
zero-bias). (b) Band bending in c-Si and a-Si:H at the (n)a-Si:H/(n)c-Si heterointerface.

3.6.3. N'doping influence

As presented in section 3.4.1, an optimum of deposition pressure at 0.8 T leading to
enhanced passivation properties of (n)a-Si:H layers with high PH; flow rates has been
found. However, few differences on V¢ results are observed above 130 sccm of PH; (see
Figure 3.5). With the aim of determining an optimal (n*) doping to be used at the BSF, HJ
solar cells have been fabricated using 4 nm of (i) buffer layer followed by 20 nm of
130 sccm-, 215 scem- or 300 sccm-doped (n)a-Si:H layers. Front side emitter and other
rear-side layers have been kept identical in all devices.

In Figure 3.37(a), the dark conductivity at 300 K and the activation energy of (n) single
layers being used as a double-layer stack BSF are presented. Better conduction
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properties are obtained with the (n) layer doped at 215 sccm. Accordingly, E; is smaller,
indicating that the Fermi level lies closer to the conduction band compared to the other
layers. From modelling calculations introduced in appendix A, the acceptor defect density
Nger @and donor doping level Np have been determined (see Figure 3.37(b)).

For each case, Ng has been calculated from equation (A.1) (considering two Gaussian
distributions of localised states and constant band tails) and Np has been set in
accordance with experimental E,. When increasing the PH; flow rate from 130 to
300 sccm, higher Ny is observed, which is consistent with doping-induced defect
creation. In parallel, active doping increases with (n*) PH; addition in a non-linear way; at
high doping level, active phosphorous concentration tends to saturate. For this reason,
the best defect density/doping level compromise is obtained with the layer doped at
215 sccm, which thus exhibits the smallest E,.
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Figure 3.37. (a) Dark conductivity at 300 K and activation energy, and (b) defect density
and donor doping concentration for highly doped (n)a-Si:H layers.

The output solar cell characteristics obtained with the different BSF configurations tested
are given in Figure 3.38. Small differences in V¢ are observed in devices with 130 sccm-
and 215 sccm-doped (n*) layers. However, a remarkable decrease is obtained in the case
of (n)a-Si:H at 300 sccm (AVoc = -25 mV). Due to the higher defect density of this n300
layer (Figure 3.37(b)), a certain fall in Voc was expected, although such a substantial
decrease can not only be owed to Ngef.

The same tendency is obtained in FF results, where the value at 300 sccm sharply drops
about 5% compared to the 215 sccm-sample. Accordingly, as can be seen in the inset of
Figure 3.38(c), the overall series resistance rather increases in the 300 sccm-doped layer,
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which can partly explain the FF degradation. Nevertheless, such different results obtained
in the case of the most heavily-doped double-layer BSF constitute an unexpected trend
that must be carefully considered.
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Figure 3.38. Solar cell characteristics as a function of the (n)a-Si:H layer PH; flow rate
used at the BSF. (a) Short-circuit current; (b) open-circuit voltage; (c) fill factor and series
resistance; and (d) efficiency. Each data point represents the average value of three cells.

Fitting QSSPC experimental measurements performed on solar cells prior to TCO
deposition and metallisation has allowed determining interface defect density using the
model introduced in section 3.6.1. Results presented in Figure 3.39(a), show a very slight
increase in Dy as a function of (n)a-Si:H doping, that can not entirely explain the
degradation in solar cell output characteristics (a drop around 25 mV is observed on Voc
results of solar cells with the (n*) layer at 300 sccm). Conduction band diagram at the rear
a-Si:H/c-Si interface (Figure 3.39(b)) has been also determined performing solar cell
simulations. The small differences observed in FF between the use of (n*) layers at 130 or
215sccm are in good agreement with the obtained band bending. However,
characterisation and modelling performed so far are not able to provide a clear
explanation for that drop in Voc, FF and n at 300 sccm-doped (n) layer.
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Figure 3.39. (a) Interface defect density determined from modelling of QSSPC
experimental data for various (n) layer dopings, measurements have been performed on
solar cells prior to TCO deposition and metallisation.(b) Conduction band energy at the
rear side of solar cells when different (n) layer dopings are used (simulations have been
performed in dark conditions at zero-bias).

In order to identify eventual problems occurred during solar cell fabrication, SIMS
analyses have been performed on each differently doped reference sample (the same for
SE measurements). Depth profiles for phosphorous, hydrogen and oxygen concentrations
(IP], [H] and [O], respectively) are presented in Figure 3.40. In accordance with the PH3
flow rate introduced into the PECVD chamber during (n) layers depositions, the [P] slightly
increases. As the hydrogen content has not been varied, the [H] remains almost
unchanged in any of the samples, although a small signal increase near the (i)/(n)a-Si:H
interface is detected. By contrast, a pronounced [O] peak is found in all samples at the
(i)/(n) interface (considered its magnitude, here the [H] peak can be neglected). Curiously,
the better solar cell efficiency is obtained with the (n") BSF layer exhibiting less
pronounced oxygen peak (doped at 215 sccm), whereas the layer with the higher [O] at
the (i)/(n") interface (doped at 300 sccm) coincides with the one resulting in poorer device
performance. Then, a problem that occurred between buffer layer and (n*) layer
deposition is evidenced, being the most probable reason of detrimental results on 300
sccm BSF-doped devices. Indeed, during the fabrication of this solar cell batch the (n")
layer deposition was unexpectedly delayed due to some PECVD technical problems, and
samples were subject to atmosphere exposure.
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Figure 3.40. SIMS analysis depth profiles for P, H and O of 130 sccm-, 215 sccm-, and
300 sccm-doped (n) layers used at the BSF of HJ.

The increased [O] peak found in the 300 sccm-doped sample is considered to act as a
high recombining layer, thus hindering the transport of carriers. In order to study the
impact of this event on the energy band diagram, simulations have been performed
introducing a virtually highly-defective thin layer at the interface between the buffer and
the 300 sccm (n) layer. Obtained results should only be considered as a qualitative
tendency of what might be happening at the n/n* junction under the influence of this [O]
peak, and not as a physical fact. As represented in Figure 3.41, the band diagram at the
junction is distorted. So much so that band bending is modified in a way in which charge
carriers face a kind of barrier that renders difficult their transport compared to the ideal
case without any additional defective layer. Based on this event, the significant drop in FF
and Vo results of 300 sccm (n*) layer can be reasoned out.
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Figure 3.41. Energy band diagram of the (n)c-Si/(i)/(n300)a-Si:H sample, where a virtually
high-defective layer of 1 nm has been introduced at the (i)/(n") interface in order to
simulate the influence of [O] peak (represented by dashed lines).

3.6.4. Buffer layer and N* layer hydrogen dilution

Considering the importance of the hydrogen content on the layers’ properties, the impact
of varying hydrogen dilution on the BSF buffer layer has been studied. For that purpose,
HJ solar cells with the same front side schema have been fabricated, and the H,/SiH,
ratio during the growth of 4 nm intrinsic layer has been adjusted to 4, 8.6, and 21.5.
Subsequently, 20 nm of (n)a-Si:H with 215 sccm of PH; has been deposited. Output solar
cell results are shown in Figure 3.42.
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Figure 3.42. Solar cell characteristics as a function of the H,/SiH, ratio used during
intrinsic buffer layer growth used at the BSF. (a) Short-circuit current; (b) open-circuit
voltage; (c) fill factor; and (d) efficiency. Each data point represents the average value of
three cells.

In section 3.4.4, the passivation trend obtained on heterojunction precursors (see Figure
3.15) tended to decrease at higher hydrogen dilutions. Particularly, the implied Voc
obtained on 10 nm-thick 1 sccm-doped layers remarkably diminished about 30 mV when
increasing H,/SiH, ratio from 8.6 to 21.5. Assuming a similar behaviour on intrinsic layer,
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in Figure 3.42(a) it can be seen that when using these layers on HJ solar cells, the impact
of hydrogen dilution on the open-circuit voltage of devices is not so evident. Only slight
differences can be appreciated, though the average value at R = 8.6 is still higher. With
regard to Figure 3.42(b) it can also be seen that small variations are obtained: the
difference between highest and lowest average values does not exceed 1.2% in FF and
0.2% in n. Surprisingly, solar cells with the buffer layer at R = 21.5 are somewhat the best
performing ones. This result suggests that passivation properties of 10 nm-thick layers
differ from that on 4 nm-thick ones, since the incorporation of excess hydrogen is done
otherwise in thinner layers.

Similarly, the influence of hydrogen dilution on the BSF (n*) layer has been studied.
Heterojunction solar cells have been fabricated with 4 nm of buffer layer followed by
20 nm of (n)a-Si:H doped at 215 sccm with hydrogen dilution equal to 4, 8.6 and 21.5.
Emitter and other rear side layers have been unchanged. Again, only slight differences on
Voc, FF and n are observed in Figure 3.43, although in this case results are better
correlated with single layer passivation trend presented in Figure 3.15. Solar cell
conversion efficiency and FF decrease about 0.5% and 0.8% as the H,/SiH, ratio is
increased.
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Figure 3.43. Solar cell characteristics as a function of the H,/SiH, ratio used during
intrinsic buffer layer growth used at the BSF. (a) Short-circuit current; (b) open-circuit
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voltage; (c) fill factor; and (d) efficiency. Each data point represents the average value of
three cells.

Series resistance of devices presented in Figure 3.42 and Figure 3.43 has been
calculated and no significant differences have been obtained between different layers
tested, which is in good agreement with FF values. Results obtained on both buffer layer
and (n") layer with varying hydrogen dilution clearly indicate that changes introduced on a-
Si:H layers used at the rear side of the solar cells are far from having a pronounced
influence in the overall device performance. Moreover, expected tendencies as per
characterisations performed on single layer precursors may vary, since thicknesses used
on solar cells differ from the ones used for characterisation purposes, and the interaction
with adjoining layers may also determine performance results.

3.6.5. N layer thickness

The thickness of the (n*) layer (doped at 215 sccm) has been varied in order to identify
possible trends on solar cell conversion efficiency. Thus, 10 nm, 20 nm and 30 nm have
been tested, keeping unchanged other layers. As can be seen in Table 3.4, V¢ results
range from 710 to 713 mV when increasing the thickness; FF values are around 77.6%
(AFFmaxmin = 0.2%); and conversion efficiency stays at 19.6% at any thickness. For the
studied samples no differences have been identified, contrary to what has been presented
in section 3.6.2 for intrinsic buffer layer thickness. Based on these results, it has been
evidenced that (n*) layer thickness is a parameter of second order, which has a little
influence on the overall device performance.

Table 3.4. Solar cell parameters of devices with various (n") layer thicknesses.

n* thickness Jsc Voc FF n
[nm] [mA/cm?’] [mV] [%] [%]
10 35.3 710 77.6 19.5
20 354 713 77.6 19.6
30 355 712 77.4 19.6

In a future approach, thinner (n*) samples or even thicker ones (although the latter will be
less interesting from an industrialisation point of view) should be tested in order to verify if
this parameter can really have an impact on solar cell output characteristics. Besides, it
will also be interesting to investigate the influence of the (n") layer thickness when
different TCO layers are used at the rear back contact. The band bending at the interface
with the amorphous layer and the TCO may vary, and in this case the effects of using
different n* layer thickness can be different than that obtained here.
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4. Back contact of heterojunction solar cells

In this chapter, a discussion on the back contact of HJ solar cells is presented. Different
alternative schemas exist and resulting efficiencies have been already demonstrated by
different groups. Low temperature back contact in HJ solar cells can be ensured by a
metal (usually, Ag or Al) layer directly deposited on c-Si [158]. However, since no back
surface field is created in these structures, attainable Voc is rather low. If amorphous
layers are used, recombination losses at the rear side of devices are minimised. Then, in
this case, the back electrode is deposited on top of the rear side a-Si:H [103, 104].
However, the insertion of a TCO layer is also commonly used in cells with full rear
metallisation [72]. Indeed, better efficiencies have been demonstrated with this back
TCO/metal contact structure. As in the front TCO, sputtered indium tin oxide is also the
most extended choice at the rear contact. However, in this thesis a new back TCO
approach based on boron-doped zinc oxide (ZnO:B) layers has been studied. The use of
ZnO:B will not be extended to the front side since, as it will be presented later on, some
stability constraints have been evidenced.

Here, the structural, electrical and optical properties of ZnO layers deposited by low
pressure chemical vapour deposition (LPCVD) are described. Different deposition
parameters have been studied with the aim of developing ZnO:B layers with similar or
even better optoelectronic properties as compared to the reference ITO. Besides, different
post-deposition treatments have been also investigated.

Research has focused on film properties relevant for their application as rear side TCO
material in HJ solar cells. Thus, such layers have been tested on the back contact of
heterojunction devices and the impact on the conversion efficiency has been studied.

During the course of this thesis, a number of adjustments on the deposition system have
been made resulting in changes in film properties under the same deposition conditions.
Therefore, the following results are presented in a way where variability linked to
deposition settings is excluded. Deposition conditions between samples of the same
series have been kept.

4.1. Transparent conductive oxides in HJ solar cells: Why ZnO:B?

Transparent conductive oxides (TCO) layers constitute a major aspect of heterojunction
solar cells, being used either as a front electrode or as a part of the back-side reflector.
Due to the low conductivity of the a-Si:H layer, a conducting and transparent film is
needed for efficient charge carrier collection, since the metal grid alone is not sufficient for
that purpose. Besides, TCO is also of prime importance for light trapping and reduced
reflectance losses, especially when used on the front side.
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This peculiar combination of physical properties is only achievable if material has a
sufficiently large energy band gap (typically > 3.3 eV) so that absorption due to band-to-
band transitions is limited to the UV [159], as well as a relatively high concentration of free
carriers in its conduction band. Nevertheless, the accomplishment of both requirements is
not evident, since high carrier concentration (N) causes absorption in the infrared spectra.
Thus, a careful balance between electrical conductivity and optical transmittance is
required [160].

When the TCO is used at the rear side of heterojunction solar cells with full rear
metallisation some of these constraints disappear, although optical and contacting
properties still remain important (see section 1.5).

Nowadays, the choice of TCO materials is vast and varied. The majority of known TCOs
are n-type semiconductors where charge carriers at the conduction band arise either from
defects in the material or from extrinsic dopants. However, p-type materials have also
been reported [161, 162], although these TCO layers have relatively lower conductivities
and lower transmittance. Then, n-type TCO materials are widely extended on PV
applications. Indium tin oxide is the most commonly used for silicon heterojunction solar
cells, owing to the excellent compromise on its optoelectronic properties. Low resistivity
values can be achieved thanks to its relatively high free carrier concentration
(N > 2x10%° cm™®), although parasitic absorption in the IR range is still a limiting factor for
high short-circuit current devices [56].

As a consequence of the relative scarcity of indium as well as the widespread use of ITO
in most thin-film transparent electrode applications, its cost has risen [163]. Therefore, in
the last few years zinc oxide (ZnO) has gained increasing attention as a promising low-
cost alternative. Although the electrical and optical properties of the ZnO are widely known
[164], it should be mentioned that to date little research has been done on the
implementation of ZnO films as the back-side TCO of a-Si:H/c-Si HJ solar cells.

Undoped ZnO is an n-type transparent material, the conductivity of which results from
oxygen vacancies or interstitial zinc atoms [165]. Nonetheless, in order to enable the use
of ZnO layers as a TCO with enhanced electrical properties, higher conductivities can be
obtained by doping them with donor elements such as aluminium (ZnO:Al) or boron
(ZnO:B), amongst others [105, 166-168]. Boron- or aluminium-doped zinc oxides are
favoured materials due to their performance advantages, in that they can provide a low
sheet resistance, high transparency extending out to the infrared or the possibility to
produce material with a roughness that will provide light scattering over the range of the
solar spectrum [105].

However, ZnO properties may drastically vary depending on the deposition technique
used. Magnetron sputtering yields to flat ZnO:Al films [166, 169-171] that can be
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subsequently textured through an etching process to further enhance optical properties.
However, this post-etching step could result in a drawback when up-scaling to
industrialization. On the other hand, low pressure MOCVD (i.e. LPCVD) leads to as-grown
rough ZnO:B surfaces when the appropriate deposition conditions are chosen [168, 172,
173]. Besides, LPCVD technique allows lower temperature processing compared to high-
pressure regime depositions (atmospheric pressure CVD, APCVD), and it also provides
excellent conformal coverage of textured substrates [174], which is entirely beneficial to
HJ technology.

The cost-effective large scale production of ZnO:B films on the one hand and the
development of such films with improved properties on the other hand are the main
reasons that have aimed the inclusion of such film as an alternative TCO material in HJ
solar cells. Therefore, a deposition parameter survey has been done in order to find
optimised ZnO:B layers, suitable for the rear contact of our devices.

4.2. Fabrication of ZnO:B layers by low pressure CVD

After having introduced in the previous sections the interests in using ZnO:B layers at the
back contact of heterojunction solar cells, here the experimental details for the fabrication
of this material are given. Low pressure CVD zinc oxide has particular features that
determine their characteristics. In order to provide the background necessary to
comprehend the discussion in the following chapters, fundamental physical properties of
ZnO layers are summarised. Finally, a deposition parameter survey is presented, where
the influence of the various conditions studied on the ZnO properties is discussed. In
addition, heterojunction solar cells with different ZnO layers are analysed and the effects
of varying ZnO properties is assessed.

4.2.1. Relevant properties of ZnO films

Zinc oxide crystallizes in the hexagonal wurzite structure. APCVD and sputtered ZnO
layers are highly oriented with the c-axis perpendicular to the substrate, resulting in this
case, in polycrystalline films with smooth surfaces. Contrary to this, for thick LPCVD

layers a strong preferentially oriented growth is observed within the plane (1120), parallel

to the substrate [175]. Columnar grains are formed and extended up to the surface of ZnO
films, resulting in crystallite facets forming a pyramidal-like rough surface. Because of
such pyramidal structure, ZnO layers exhibit an as-grown surface texture, which in some
cases can scatter the light that enters into the solar cells. However, as it will be explained
below, the structure of relatively thin ZnO films is composed of small grains, generally with
no clear preferential orientation.
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The characteristic polycrystalline structure leads to a vast amount of grain boundaries that
constitute crystallographically disturbed regions leading to electronic defects at the band
gap of semiconductors. In these regions, as depicted in Figure 4.1, energetic barriers of
height ®, are created, whose periodicity is given by the mean grain size. The maximum
value of @, is given by equation (4.1), when the trap density (N;) at the grain boundaries is
considered to be lower than the carrier concentration within a grain of length L (N, < NL;
reasonable assumption in heavily n-doped TCO) [176].

N2

b = 8eg N

(4.1)

where q is the elementary charge, N is the charge carrier trap density, N is the carrier
concentration in the bulk of the grain, € is the dielectric permittivity of the material and ¢,
the vacuum dielectric permittivity.
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Figure 4.1. Schematic band energy diagram of polycrystalline TCO with grains of length L
and energetic barriers of height ®, at the grain boundaries. Transport mechanisms across
the barrier are indicated. Adapted from [177].

The transport paths for electrons across the grain barriers are based on both thermionic
emission over the barrier, and tunnelling of the barriers when high carrier concentrations
in the grains narrow the width of @, [108]. However, electron transport within the TCO is
governed by various scattering mechanisms [160]. According to Matthiesen's rule each of
them separately contributes to the overall mobility following the relation:
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1 N
—= — (4.2)
L= ]_Mi

where y; is the mobility due to each scattering mechanism.

Mobility is diminished as scattering phenomena become more important. Scattering
caused by the discontinuity presented by grain boundaries hinders the carrier transport
through the space charge region at the potential barrier, and therefore it contributes to
mobility degradation. Likewise, ionised or neutral impurities within the crystallites can also
result in an increase in carrier scattering. The presence of extrinsic dopant atoms or
defects such as interstitial zinc atoms and vacancies interacts with free carriers, causing
the deflection of electrons. Besides, phonon scattering events can also contribute to
mobility degradation at the crystallites due to the interaction of electrons with an electric
field induced by lattice vibrations of bonds [178].

Then, in a polycrystalline material such as LPCVD ZnO films, the contribution of grain
boundaries (uy,), dislocations (ug) and crystallites themselves () should be considered
for the overall mobility calculation:

Mo =B =pg +pp + g (4.3)

The resistivity (p) of ZnO films is related to the charge carrier density N and the carrier
mobility u by the relation:

1

P Nuq (4.4)
In practice, the resistivity of TCOs cannot be decreased by simultaneously increasing the
carrier density and the mobility. Usually, mobility is observed to saturate and even start to
reduce as the carrier density is increased indicating dominant scattering by ionised
impurities. Besides, at high carrier concentrations transmission in the near infrared (NIR)
region reduces due to absorption by free carriers (FCA). Then resistivity may be
decreased without increasing NIR absorption by rather increasing p.

4.2.2. Low-pressure chemical vapour deposition system

As already been mentioned, chemical vapour deposition (CVD) is a particularly interesting
technology not only because it gives rise to high-quality films but also because it is
applicable to large-scale production. Generally, chemical reactions take place at
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temperatures higher than that advisable in HJ devices [167, 179]. However, this drawback
can be overcome if both low pressure and metal-organic precursors are used during
deposition, leading to the technique called low-pressure metal-organic chemical vapour
deposition (LP-MOCVD, from now on LPCVD or MOCVD will be used indistinctively). In
this case, deposition temperatures can be reduced well below 250°C and parasitic pre-
reactions in the gas phase are minimised [175].

In the LPCVD method ZnO deposition occurs as a result of chemical reactions of vapour-
phase precursors on the substrate, which are delivered into the growth zone by the carrier
gas. The reactions take place in a reactor where a necessary temperature profile is
created in the gas flow direction. In the particular case of the LPCVD ZnO:B films used in
this thesis, diethylzinc ((C,Hs).Zn or DEZ) and water (H,O) are used as precursor gases in
combination with a separate source of argon as a carrier gas; diborane (B,Hs) is used as
the doping gas.

The hydrolysis reaction that leads to the formation of ZnO from DEZ and water vapour is
described as follows:

(C,H;),Zn+H,0 - ZnO + 2C,H, (4.5)

However, chemical kinetics taking place in the reactor is notably more complex; many
intermediate reactions occur and they strongly depend on the deposition conditions and
also on the reactor configuration [180].

When diborane is incorporated into the process, it is decomposed and the ion B* is
incorporated in the ZnO crystal. Nonetheless, due to the low deposition temperatures
used (<200°C), the hydrogen inclusion during the film growth cannot be avoided. Hence,
not only boron ions are incorporated, but also boron compounds [181]. In Figure 4.2 a
schematic view of the vertical injection LPCVD system used at INES is shown.
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Samples
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Figure 4.2. Schematic illustration of the LPCVD system used at INES.

Mass-flow controllers fix the flow of reactants introduced into the vacuum chamber. In
order to prevent condensation throughout the gas lines, temperature is kept at 50°C and
gases are only evaporated once inside the reactor. The gas inlet into the chamber is done
through a shower where the different precursors come into contact. To avoid any
premature reaction in the showerhead a temperature profile is also assured. Finally,
process pressure is limited by the total amount of gases used during the reaction and the
aperture of a butterfly valve (deposition pressure is usually fixed at 0.4 T). The reactor
design makes also possible to vary the distance between the samples tray and the gas
inlet.

The MOCVD system is part of the five-chamber deposition cluster, where samples can be
processed on a tray of 60x60 cm?® The deposition area inside the chamber is heated
through a hot plate (heater) where temperature can be set from the ambient to
temperatures exceeding 250°C. However, the real temperature during the ZnO:B cannot
be controlled in-situ. Therefore it might be possible that deposition temperature differs
from the one set. Because of the fact that temperature plays an important role during the
CVD process, eight thermocouples have been used to measure the real temperature on
the sample tray under two different pressure conditions: (a) primary vacuum, no gas has
been introduced inside the reactor, and (b) argon is introduced till reaching a pressure of
1T. Figure 4.3 shows the temperature uniformity deduced from eight measured points.
Unfortunately, the disruptive functioning of a ninth thermocouple did not allow the
collection of an extra temperature point.
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Figure 4.3. Thermal distribution on the ZnO:B tray under two different pressures inside the
MOCVD reactor and three fixed temperatures of the hot plate.

The temperature non-uniformity in all six conditions does not exceed 2.1% and a mean
deviation of 4°C is found in most cases. Moreover it has been found that an increase in
the process pressure leads to a better thermal contact, thus reducing the difference
between fixed and real temperatures. As observed in Figure 4.3, when the heater
temperature is fixed at 200°C, the real mean temperature of the tray differs from almost
100°C at extremely low pressure, compared to 30°C at 1 T. Then, in the latter case the
amount of gas and the pressure fixed inside the chamber contribute to thermal transfer,
since it has to be considered as well that the MOCVD chamber walls are also heated at
80°C for uniformity reasons.

As presented in Figure 4.4 the substrate tray temperature strongly depends on the system
pressure. Between 0.1 and 1T, the difference between the fixed temperature at the
heater and the effective temperature measured in the substrate tray may exceed 40°C.
However, in this case reactor walls are not heated. Hence, results herein presented are
only indicative, though it can be expected that if an external heating to the chamber is
applied (in this case, 80°C) thermal stabilisation will be reached at lower pressures. Then,
even if the temperature variation in the range of MOCVD studied pressures will be smaller
than that in Figure 4.4, it will be difficult to foresee the real temperature held during the
deposition process.
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Figure 4.4. Mean temperatures measured on the sample tray as a function of the fixed
pressure in a CVD reactor with a configuration similar to the one that is used in the
MOCVD system. Three different heater temperatures have been tested (200°C, 225°C
and 250°C).

4.2.3. Influence of deposition parameters

As inferred from the above-mentioned details regarding the MOCVD system, different
deposition parameters can be independently controlled, thus leading to ZnO:B layers with
diverse material properties. Within the scope of this work, the following parameters have
been studied: diborane to DEZ gas flow ratio, water vapour to DEZ gas flow ratio,
deposition time and heater temperature. The distance between the substrate and the gas
inlet has also been varied between three different positions (large, small and short) and no
significant changes have been obtained. Thus, the influence of this deposition parameter
will not be further discussed.

ZnO:B films have been deposited on glass substrates (Corning Eagle XG) and n-type c-Si
for characterising morphological, optical and electrical properties of the material. Process
pressure in all sample series has been fixed at 0.4 T and the heater temperature has
been set at 180°C, if otherwise not specified. Layer thickness has been determined by
spectroscopic ellipsometry measurements. The optical transmittance, both total and
diffuse (TT and DT, respectively), and reflectance (R) of the films have been measured
using a spectrophotometer with an integrating sphere, in the visible and NIR wavelength
range. The haze factor, which quantifies the light scattering capacity of the ZnO layers,
has been defined as the DT/TT ratio measured at 1000 nm. Electrical resistivity, carrier
concentration and mobility have been estimated at room temperature by Hall effect
measurements and sheet resistance has been evaluated by using a four point probe. X-
ray diffraction (XRD) measurements and transmission electron microscopy (TEM) cross-
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sections have been performed to characterize the crystallographic orientation and the
microstructure of the ZnO layers. Finally, morphology of ZnO samples has been observed
by scanning electron microscopy (SEM).

4.2.3.1. Diborane to DEZ gas flow ratio

In order to observe the effect of boron incorporation into the zinc oxide layers, a doping
series has been deposited at 180°C. The doping level has been controlled increasing the
diborane to DEZ gas flow ratio. The sample thickness has been fixed around 250 nm and
other deposition parameters have been kept constant. In this case, the growth rate has
not varied significantly with the introduction of B,He.

Figure 4.5 shows the electrical properties of boron-doped ZnO layers as a function of the
doping level B,H¢/DEZ. As expected, the introduction of active boron atoms increases the
free carrier density in the layers. The enhancement of the carrier concentration with B,Hs
results from the extrinsic donors due to boron substitution at the Zn site and/or the boron
interstitial in the ZnO lattice [168]. Accordingly, Hall mobility increases reaching a
maximum at a doping level of 0.1. However, a degradation in u is observed at higher
ratios.
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Figure 4.5. Electrical properties of ZnO:B layers deposited at different doping levels. Hall
mobility, carrier concentration and resistivity are shown for a sample series deposited at
04T.

SEM micrographs of undoped and doped ZnO layers presented in Figure 4.6, show that
the surface grain size of ZnO:B films is reduced when the doping ratio is increased,
augmenting in this way the density of grain boundaries in the material. Therefore, mobility
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degradation observed in Figure 4.5 can be attributed to increased grain boundary
scattering events.

(a) 180nm ZnO (b) 180nm ZnO:B

1 [ S B | (|
300nm

LI O B B
300nm

Figure 4.6. SEM surface micrographs of 180 nm-thick ZnO:B layers deposited at (a)
B,Hs/DEZ = 0 (undoped) and (b) B,Hs/DEZ = 0.2.

However, the decrease in the average mobility can not only be influenced by the
individual contribution at the grain boundaries, but also at the crystallites. Too much boron
doping can increase the presence of ionised or neutral impurities within the ZnO, raising
the deflection of electrons in grains. Despite this, it has been seen that carrier
concentration of samples steadily increases in the studied B,Hs/DEZ ratio range. Other
works [35, 37] have reported a stabilisation of N values at higher diborane ratios, being
attributed to the saturation of the active boron doping concentration into the layer. The
additional introduction of boron atoms does not yield to a higher electronically active
doping, but provokes a high level of defects that can degrade the doping efficiency.

For the doping range herein studied, this effect is not yet seen, which may suggest that
mobility related to impurity scattering is not remarkably influencing overall mobility
degradation. The increase in p for very low doping levels (B,H¢/DEZ < 0.1) as well as the
boron-induced morphological changes in samples indicate that in this case, electron
scattering by grain boundaries is the main limiting mechanism in p. Thus, fine tuning of
the dopant content within the layer is able to reduce the potential barrier height when
impurities remain under a certain critical threshold [180].

In Figure 4.5(b) it can be seen that with the increase of the doping level, the resistivity is
lowered by two orders of magnitude achieving a value around 1.5x10° Qcm, which is low
enough to enable ZnO:B to act as a TCO layer in HJ solar cells. This result indicates that
boron ions have been successfully incorporated in ZnO films, which contributes to the
decrease of the samples resistivity. However, a further increase of the doping does not
yield a further decrease of the resistivity; beyond B,Hs/DEZ = 0.1, p remains constant
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since variations in N and p are compensated. Doping levels exceeding 0.2 have not been
explored. Nonetheless, it should be expected that for higher doping contents resistivity

increases again as a consequence of an impurity excess.

Total and diffuse transmittance measurements have been performed on this sample
series and no significant change has been observed with increasing B,Hs flow rate. In
Figure 4.7, no DT exists at the studied sample thickness, and a small drop of TT in the
NIR wavelength range (A > 1000 nm) is visible. Usually, this reduction of transmittance

can be attributed to free carrier absorption, which becomes higher when the free carrier

concentration increases due to raised doping ratio [160, 182]. Total transmittance in all

samples stays over 80%.
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Figure 4.7. Total and diffuse transmittance for samples deposited on glass with different
doping ratios.
For this series of samples, best electrical properties are found at a diborane to DEZ gas

flow ratio equal to 0.1, where mobility is maximised, carrier concentration is enhanced and
resistivity is lowered to the order of 10 Qcm, which agrees with the state-of-the-art values

for LPCVD films deposited at low temperatures.

4.2.3.2. Water vapour to DEZ gas flow ratio

The water introduced into the reaction enables the hydrolysis of DEZ. As reported in [175]
the water to DEZ gas flow ratio influences the absorption of ZnO films. Moreover, it has
been specified that the H,O/DEZ ratio has to be kept higher than 1 to obtain layers with

sufficient optical transparency.
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Therefore, keeping the B,Hs and DEZ gas flows constant, H,O flow rate has been
increased. Thus, the H,O/DEZ ratio has been varied from 0.125 to 1.5, to study their
influence on film’s properties. The doping ratio (B,Hs/DEZ) has been set at 0.1, the
optimised condition found in the preceding section. To minimize the influence of thickness
variation on the properties of the ZnO:B films, the deposition time for all samples has been
duly adjusted to obtain similar thicknesses around 250 nm. Deposition rate is found to
decrease when increasing the quantity of water vapour introduced in the reactor, as
observed in Figure 4.8.
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Figure 4.8. Growth rate in dependence of H,O/DEZ gas flow ratio for LPCVD ZnO:B films
deposited at 180°C and 0.4 T. All samples have a thickness around 250 nm.

The electrical properties of the ZnO:B films of this series are represented in Figure 4.9.
Hall mobility and carrier concentration slightly decrease as the H,O/DEZ ratio becomes
higher. Consequently resistivity p increases. This behaviour might suggest that further
increasing the quantity of H,O do not improve the incorporation of effective doping within
the ZnO:B layer, and therefore a little decrease in N is observed between
H,O/DEZ = 0.125 and 1. The raising quantity of hydrogen introduced within the layer
could probably inhibit the doping effect of boron atoms. Besides, it might be also possible
that higher H,O/DEZ ratios lead to a modification of the zinc oxide morphology (i.e. grain
size), thus reducing the carriers’ mobility. Similar results have been obtained in [175] for
H,O/DEZ ratios higher than 1. However, no explanations about water-induced electrical
changes are provided.
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Figure 4.9 Variation of electrical properties as a function of H,O/DEZ gas flow ratio: (a)
Hall mobility and carrier density; (b) resistivity. In all samples, thickness and other
deposition parameters have been kept constant.

For this sample series, best electrical properties are found at the lowest H,O/DEZ ratio
equal to 0.125. Nonetheless, it will be interesting to explore the properties of samples
deposited at even lower ratios.

Total and diffuse transmittance measurements have been performed and no change has
been observed with increasing H,O flow, at the studied sample thickness. Contrary to
[175], enhanced ZnO:B layers have been deposited here using an excess of DEZ
compared to H,O, which in our case has lead to TCO layers with sufficient optical quality
to be used in HJ solar cells. Therefore, in the light of the better results obtained at lower
ratios (Figure 4.9), it would be interesting to explore the properties of samples deposited
at even lower ratios in order to verify if such degradation of the optical transparency is
found under the deposition parameters herein used. Moreover, further experiments
should be done in order to find other high-quality ZnO:B deposition conditions with less
consumption of DEZ, which would be beneficial from an industrialisation point of view.

4.2.3.3. Increasing thickness

Optimised boron-doped zinc oxide layers have been grown, increasing the deposition
time (tsep). Consequently, the thickness of the samples has been modified according to
Figure 4.10. The film growth is almost linearly dependent on tg,, although somewhere
below 600 nm a slight exponential increase of the thickness is observed. In agreement
with [175, 180] an incubation phase during the growth of the first hundreds of nanometres
takes place. At this stage nuclei are formed on the substrate, giving rise to an initial layer
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with small crystallites that will later continue its growth forming columnar grains that will
extend up to the surface of the ZnO:B film.
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Figure 4.10. Thickness variation of ZnO:B layers as a function of LPCVD deposition time.
Other deposition parameters have been set constant.

SEM micrographs of the cross-section of some of the ZnO:B samples having different
thicknesses, as well as their respective XRD patterns are shown in Figure 4.11. The
upper ends of the columnar grains appear at the zinc oxide surface as pyramids. For the
studied thickness range, SEM images show that the grain size slightly increases with the
film thickness, hence the as-deposited rough ZnO surface grown by LPCVD, which may
efficiently scatter the light that enters into the solar cell. However, as will be seen
hereinafter, thicker layers (> 1um) are needed to profit from this light-scattering capacity.
In [175] 2 um-thick ZnO films result in pyramids with a basis size of almost 400 nm.
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Figure 4.11. SEM micrographs of a cross-section of various ZnO:B layers with different
thicknesses. X-Ray diffraction of the same layers is also shown.

The zinc oxide layers at 360 nm and 680 nm of thickness are mainly oriented along three
directions perpendicular to the (1010), (0002) and (1011) crystallographic planes. In
these cases, polycrystalline ZnO:B structure has no preferential growth orientation.
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However, at a thickness of 1.2 ym, the grains start to be preferentially oriented along a
single crystallographic direction, which is perpendicular to the (1150) planes. This

suggests that the growth of zinc oxide is done with the c-axis, parallel to the substrate,
and a pyramidal texture growth surface can be formed. This preferential orientation is
typical for rough ZnO:B films growth by LPCVD [172, 183].

The TT and DT of the samples are presented in Figure 4.12(a). As it can be observed, the
total transmittance stays over 80% in the range of 400-1200 nm for samples with a layer
thickness below 1.2 um. Besides, diffuse transmittance is slightly enhanced as the
thickness is increased. Only thin layers with thicknesses below 680 nm posses a DT
almost equal to 0, indicating that no scattering of the light is possible. This is also reflected
by the haze factor presented in Figure 4.12(b), which increases for the thicker layers
mainly in the visible range of the spectra, since beyond 700 nm DT is almost unvaried.
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Figure 4.12. (a) Total and diffuse transmittance of ZnO:B in function of the film thickness.
(b) Haze factor values in function of the thickness of ZnO:B deposited under the same
conditions.

Higher light-scattering capacity is due to rougher ZnO surfaces as a consequence of an
increase in the pyramidal grain size of the material with the thickness of the layer.
Compared to [173] the studied samples are not thick enough to effectively diffuse the light.
Furthermore, light-scattering ZnO:B layers (th > 1.5 um) will hardly be considered a
feasible option to be implemented in our HJ solar cells due to economic and production
time constraints.

With regards to the variation in the electrical properties with the film thickness, Figure 4.13
shows the Hall measurement of the obtained films. Both mobility and carrier
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concentration, increase with film thickness. However, Hall mobility begins to decrease
after reaching a maximum of 22 cm?V's™ with a relatively high carrier concentration of
3.8x10%° cm™. The increase in mobility can be attributed to the larger grain size, which
reduces the contribution of electron scattering induced by grain boundaries. The decrease
in mobility at higher carrier concentrations highlights the role of impurity scattering. The
net effect is a decrease of the film resistivity, determined both by N and p.
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Figure 4.13. (a) Mobility y, and carrier concentration N, and (b) resistivity p for boron-
doped ZnO layers in dependence on their thickness.

The influence of the ZnO:B layer thickness has been tested on solar cells. Then, complete
HJ devices have been fabricated, where only the deposition time during ZnO:B
processing has been varied. Output solar cell parameters obtained for thicknesses
ranging from 40 nm to 1.5 ym are shown in Figure 4.14.

The short-circuit current density and FF tend to lower as the TCO thickness is increased.
However, no clear correlation with overall device Rg has been found. Indeed, a decrease
of the film resistivity is obtained for thicker layers as it has been shown in Figure 4.13.
Analysing Suns-Voc measurements, constant pFF values have been obtained (Figure
4.14(c)). Therefore, Jsc and FF decreasing trend might be attributed to an increase in
charge carrier recombination in thicker layers.

As presented in Figure 4.13, both mobility and carrier concentration increase with film
thickness. However, mobility begins to decrease in ZnO:B layers with relatively high
carrier concentration. Interestingly, a similar trend is obtained in Voc results. Regarding
conversion efficiency, a maximum value has been determined at 340 nm of ZnO:B layer,
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indicating that a good compromise between films resistance and device recombination
mechanisms is obtained.
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Figure 4.14. Solar cell characteristics with varying ZnO:B layer thickness. Open symbols
in figure (c) correspond to pseudo-FF values determined from Suns-Voc measurements.
Each data point represents the average value of three cells.

4.2.3.4. Heater temperature variation

Temperature is one of the most sensitive parameters in ZnO:B grown by LPCVD. It has
been reported that higher temperatures improve the overall crystal structure enhancing
the electron mobility [172, 183]. However, considering the use of these ZnO layers into HJ
devices, high temperatures are restricted, since a-Si:H layers are detrimentally affected.

Then, in this section the properties of ZnO:B films deposited at heater temperatures
ranging from 120°C to 200°C are studied. Other deposition parameters have been kept
constant and deposition time has been duly adjusted in order to obtain layer thicknesses
around 250 nm.

It has been found that the films growth rate is strongly influenced by the temperature used
during the deposition. At higher temperatures more thermal energy is available, and
therefore chemical reactions taking place at the growth surface are boosted [172]. In
Figure 4.15, it is shown how the deposition rate increases with the temperature.



122 4. Back contact of heterojunction solar cells

08 T T T T T T T
[ ]
[ ]
%)
£ 06k |
g
(O]
<
[
2 04} :
g °
()
o
02} |
120 150 180 200

heater temperature [°C]

Figure 4.15. Deposition rate of ZnO:B as a function of the heater temperature.

As mentioned before, the crystalline structure of the film also depends on the deposition
temperature. Thus, the surface roughness and the electrical properties are affected when
changing the temperature. Total transmittance measurements have not shown any
significant temperature dependence. Being the thickness of deposited samples not thick
enough to see any light-scattering effect, the analysis of the diffuse transmittance has
been dismissed in this study.

The electrical properties of boron-doped ZnO layers as a function of substrate
temperature are shown in Figure 4.16. It is clear that mobility and carrier concentration are
strongly dependent on the heater temperature. An increase in both parameters is
observed, especially up to 180°C. Accordingly, resistivity is rapidly decreased from
3.96x10™ to 7.51x10° Qcm when the heater temperature is raised from 120°C to 150°C.
Afterwards, resistivity tends to be constant at higher temperatures.



a-Si:H/c-Si heterojunction solar cells: back side assessment and improvement 123

(a)l T T ) /‘ (b)l T T T jr'”'p T
120 . A 1244107 0401 PY i
Ve |
; 0.38} .
— 42.0x10”
) & —_
< 6r o e &
IS L G 036 .
2 = =
, 1 1.6x10% T T
777.777 r .
op & A& - 0.01} 1
A ~/\+ N I o
1 \ 1 \ 1 \ 1 12X1020 0.00 1 \ 1 . e
120 150 180 200 120 150 180 200
heater temperature [°C] heater temperature [°C]

Figure 4.16. Electrical properties of boron-doped ZnO as a function of substrate
temperature. Mobility, carrier concentration and resistivity are given.

This behaviour might be related to the change of the crystal orientation or grain structure.
Thus, the microstructure and morphological characteristics of the studied films have been
evaluated. SEM micrographs of films are shown in Figure 4.17, together with their
corresponding XRD spectra. As observed, the average grain size tends to become larger
with increasing substrate temperature (there is a clear transition between 120°C and
150°C). At 120°C the surface morphology of the film is characterised by granular
crystallites. This sample has pronounced preferential orientation along the (0002)

direction, suggesting that the grains have a c-axis perpendicular to the substrate surface.
Increasing the temperature to 150°C, the film shows a textured morphology. Here, the

(1010) and (1120) reflection peaks are dominant, as it has been observed with quite
thicker ZnO:B layers deposited at higher pressures [183]. This is in contradiction with what
is shown in [172], where only a single XRD peak corresponding to the (1150)

crystallographic planes significantly appears. These observed discrepancies could be
attributed to the different thickness of the studied layers and also to the fact that in this
work there are not the adapted means to measure the real temperature at the substrate
tray during deposition. Therefore, the temperature uncertainty makes difficult the results
comparison. Further increasing the temperature does not show clear differences in the

main growth directions, although a (1051) peak appears with slight intensity in the

samples at 180°C and 200°C. Here, the surface morphology remains stable.
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Figure 4.17. Surface morphology of the ZnO:B fiims deposited with various heater
temperature: (a) 120°C, (b) 150°C, (c) 180°C and (d) 200°C. Corresponding XRD patterns
are also shown.

The root mean square values of the roughness (S;ns) of the ZnO:B layers surface as
determined by AFM images are shown in Figure 4.18. S, increases with the
temperature, reinforcing what has already been observed through the SEM images: with
increasing temperature, the crystallites gradually become a bit larger and the height of
pyramids emerging out of the surface are slightly higher.
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Figure 4.18. Surface roughness of ZnO:B layers in function of the heater temperature
used during their deposition.

The same temperature study has been performed on samples with equal thicknesses
deposited at a lower distance to the gas-inlet. Again, a complete electrical, structural and
morphological analysis has been conducted. The same tendencies as detailed above
have been obtained. However, at this shorter distance, the 200°C deposition has lead to a
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non-uniform sample with Rg, ranging from 50 to 160 Q/sq on the same sample. This
suggests that chemical reactions have not taken place under suitable conditions.

4.3. Post-H-plasma treatment

Post-hydrogen-plasma treatments are found to be beneficial for the enhancement of the
electrical and optical properties of ZnO films. Some works [184-187] have reported on this
effect, showing that both carrier concentration and mobility are increased after hydrogen
plasma treatment, and therefore, resistivity of films is decreased.

Here, the influence of a post-H-plasma treatment has been analysed on ZnO samples
with different thicknesses (80 nm and 250 nm) and doping levels (undoped and
B,Hs/DEZ = 0.1). The reason for testing the post-H-plasma treatment on undoped
samples accounts for an attempt to enhance the insufficient electrical conductivity on such
highly transparent ZnO films where no doping has been introduced. Likewise, the H-
plasma has been applied to thinner samples in order to improve the electrical properties
on these cost-effective layers deposited through a more rapid process where less material
consumption takes place.

To this end, the following process parameters have been explored: (i) pressure (from
05T to 17T), (ii) RF power (between 250 W and 500 W), (iii) distance between samples
and gas inlet, and (iv) plasma duration. However, for most of the conditions tested no
significant differences, except for the duration series, have been found. Therefore, in the
following only the results on plasma duration will be presented.

During the plasma treatment time evaluation, the pressure and RF power were keptat 1 T
and 300 W, respectively, and the heater temperature was maintained at 180°C. A H, flow
rate of 2000 sccm was introduced into the chamber immediately after the ZnO film
deposition. The treatment time was varied up to 180 seconds in order to assess the effect
of the hydrogenation process duration on samples. Sheet resistance measurements
before and after the H-plasma exposure are shown in Figure 4.19.
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Figure 4.19. Variation in the sheet resistance (Rs;) as a function of post-H-plasma
exposure time on undoped and boron-doped samples deposited at (a) 245 nm and (b)
80 nm of thickness. Non-treated samples results are given at a plasma exposure time
equals to zero.

As clearly seen, the H-plasma exposure has a more pronounced effect in the more
resistive samples, i.e. the undoped ZnO layers, where the R, is further reduced as the
treatment duration increases. Thus, in the 80nm-thick samples, the Ry, of undoped ZnO
layers is reduced by 190 Q/sq when 180 seconds plasma is applied, whereas ZnO:B Rq,
decreases by 80 Q/sq under the same plasma conditions. The same behaviour is
observed on thicker samples. However, in this case the Ry, of boron-doped samples
remains unchanged irrespective of the exposure time, since the as-deposited resistivity of
films is quite low to be further enhanced by a post-H-plasma exposure. On thinner
samples, the sheet resistance of undoped layers is reduced below values corresponding
to non-treated boron-doped films.

According to [188], this surface treatment allows the incorporation of hydrogen into the
layer, which not only passivates most of the defects in the material, but also introduces
interstitial hydrogen. For this reason electrical properties are enhanced, since as being
proposed recently [189], hydrogen itself also plays the role of a shallow donor, increasing
the carrier concentration and being the origin of the n-type conductivity of undoped ZnO.
Therefore, the effect of hydrogen plasma is more evident and pronounced on the non-
doped layers, than on boron-doped ones.

Based on these results, a post-hydrogen-plasma will be applied by default immediately
after each ZnO deposition, since in any case this post-treatment will have a more or less
pronounced positive effect. Depending on the ZnO layer to be deposited, the plasma
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exposure time will be duly adjusted to maximise its benefits on the electrical properties of
the film. Thus, for the optimised process conditions of 250 nm-thick boron-doped ZnO
layers, which have been obtained at a doping ratio of 0.1, 60 seconds of H-plasma will be
enough to ensure enhanced film resistivity.

4.4. Stability analysis under atmosphere exposure

Polycrystalline ZnO layers are known to have unstable electrical properties in the long
term, due to increased potential barriers induced by oxygen chemisorption at the grain
boundaries [174]. Several research groups have discussed on humidity-induced
degradation of zinc oxide electrical properties [190-192] for various deposition methods.
For this reason stability behaviour of our LPCVD ZnO:B layers under atmosphere
exposure at room temperature has been analysed [193], as these can strongly affect the
performance of HJ solar cells.

Polycrystalline ZnO layers are known to have unstable electrical properties in the long
term, regardless of the deposition method [174]. Several research groups have discussed
on this effect, which is magnified when ZnO is exposed to damp heat atmospheres [190-
192]. The absorption of water vapour at the grain boundaries (oxygen and hydrogen
chemisorption) points to the most probable reason of the electrical properties degradation,
since an increase of potential barriers is induced. The direct consequence of this
phenomenon is that, for use in PV modules, specially designed encapsulation must be
provided to protect the ZnO films in solar modules.

Aware of the strong impact that the degradation of ZnO can have in HJ solar cells
performance, the stability behaviour of our LPCVD ZnO:B layers under atmosphere
exposure and at room temperature has been analysed [193]. Indeed, a degradation of the
electrical properties has been revealed even at no harsh conditions. Figure 4.20 shows
the evolution of the relative variation of sheet resistance for various thicknesses of boron-
doped and undoped ZnO layers depending on the elapsed time. As it can be seen, an
increase in Rgy for all films tested has been found, although an abrupt deterioration
especially on both thinner samples and undoped samples is evidenced.
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Figure 4.20. Relative variation in Rg, within time under ambient air exposure. Three
different ZnO:B thicknesses and undoped ZnO samples are shown. The gas phase
doping ratio ([BoHs/DEZ]) used during the ZnO deposition is equal to 0.1, except for
undoped sample.

The sample without B,Hg is more sensitive to degradation, whereas doped layers show a
smaller increase of the relative variation in Rsq within time. Similar observations have been
published for thicker layers of ZnO:Al [194] and ZnO:H [195] stored in ambient air
conditions and in a humid air atmosphere, respectively. In [190] the resistivity as a
function of damp heat exposure for 2 ym ZnO:B shows that increasing the doping level in
LPCVD films strongly enhances the stability against humid environment.

With regard to stability behaviour at different layer thickness, the 30 nm sample is
extremely affected during the first three days increasing its resistivity by a factor up to
1000. Contrary to this, the electrical properties become more stable as thicker ZnO:B films
are deposited, being even unchanged on 1000 nm-thick samples (consequently, results
are not shown in Figure 4.20).

Ellipsometry measurements performed on samples show that all films are optically stable
and no increase in roughness or oxide on the surface has been detected during this time.
Additionally, X-ray photoelectron spectroscopy (XPS) analysis on 200 nm-thick ZnO:B
prepared with the same conditions used for the samples shown in Figure 4.20 have been
performed over eleven weeks. Zn/O signal ratio has been evaluated and no significant
variation in composition has been found. Therefore, these results discard any surface
oxidation, which might also be the reason of conductivity degradation due to a decreased
number of oxygen vacancies on the surface of the material. On the contrary, these results
strengthen the assumption that degradation phenomena take place at the grain
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boundaries of LPCVD ZnO:B, and arise from the fact that H atoms naturally present in the
ZnO lattice (water vapour is used during LPCVD) diffuse towards grain boundaries,
modifying this way the potential barriers.

Then, stability differences between samples with and without boron-doping can be
attributed to an increase in trap states at the grain boundaries due to the interaction with
in-diffused hydrogen. However, as doping is introduced on ZnO grains, this effect is
restrained since the width and height of grain boundary potential barriers diminish [190,
195]. Thus, transport tunnelling mechanisms through potential barriers are boosted,
resulting in more stable films. On the other hand, the stability enhancement observed on
thicker films can be ascribed to a subsequent increase in grain size and thus, a reduction
on grain boundaries as well (see section 4.2.3.3). Hence, the effect of grain boundary
scattering is decreased and the capture of free carriers is lessened. For this reason,
stability of electrical properties over time are more favourable on thicker ZnO:B layers.

To date, such unstable behaviour of relatively thin ZnO films at ambient conditions has not
been reported. Although ZnO has been extensively developed for thin film silicon
photovoltaics, its use applied to HJ solar cells is still innovative and not very well known. In
order to comprehensively study the effects of electrical degradation of ZnO:B on a-Si:H/c-
Si solar cells, 5x5 cm? devices with various front and back side configurations have been
fabricated on double-side polished FZ n-type c-Si ((100), 1-5 Qcm). Metal grid electrodes
on both sides of solar cells have been used when necessary to allow the contact of TCOs
with the atmosphere. Details of the six different proposed heterostructures are given in
Table 4.1.

Table 4.1. HJ solar cell configurations used in the analysis of ZnO:B stability over time on
final device.

sample FSTCO th'?r‘:rrr‘sss BS TCO th'?rfr?gss elegrso e
ITO-ITO/grid ITO 85 ITO 85 Ag grid
ITO-ZnO/grid ITO 85 ZnO:B 300 Ag grid
Zn0O-ZnO/grid ZnO:B 1000 ZnO:B 300 Ag grid
ITO-ZnO/Al ITO 85 ZnO:B 300 Al
ITO-ZnO/Ag ITO 85 ZnO:B 300 Ag

ITO-ZnO/ITO/grid ITO 85 ZnO:B+ITO 300+ 50 Ag grid

In Figure 4.21, the evolution of solar cells parameters within time can be seen for three
devices with screen-printed grid electrodes on both sides. As it can be noticed, ZnO:B
plays a clear role on solar cell degradation. Devices with ZnO:B on the back side present
a gradual decrease of their conversion efficiency, down to 90% of the relative value after
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one month. Besides, the device with ZnO:B on both sides shows a higher drop on FF of
up to 6%. On the contrary, the cell with ITO at the back side (HJ-ITO) is almost constant
on its photovoltaic parameters and no significant change with respect to the uncertainty
range of solar cell efficiency measurement is shown.

time [days]

13
20
33

ITO-ITO/grid ITO-ZnO/grid ZnO-ZnO/grid

Figure 4.21. Evolution of fill factor (a) and efficiency (b) within time for various HJ solar cell
configurations. Both front and back side TCOs are in contact with air.

It is important to remark that Voc and Jsc were stable in any of the tested devices. Thus,
changes on conversion efficiency are directly governed by FF variation. As it is well
known, the FF is mainly limited by parallel (Rp) and series (Rs) resistance. Having all
devices very high Rp values, variations in FF can be mainly attributed to Rs. Figure 4.22
shows the good correlation between calculated series resistance values as per [155] and
experimental FF results. Consequently, it can be stated that electrical degradation of the
ZnO:B directly damages the cells’ series resistance and consequently fill factor and
efficiency too.
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Figure 4.22. Correlation between series resistance and fill factor of solar cells under study
measured within time.

A comparison analysis to further explore the ZnO:B induced degradation on solar cells
has been conducted. Here, the ZnO:B used as a rear TCO has been shielded using
500nm full sheet aluminium or silver layer deposited by DC-magnetron sputtering and e-
beam evaporation, respectively. Besides, a third configuration with 50 nm-thick ITO
capping on ZnO:B layers has been tested. Results presented in Figure 4.23 show that all
samples are found to be stable in time, contrary to what has been observed in Figure
4.20, where Rg, of ZnO:B layers degraded within time.

time [days]
0

ITO-ZnO/Al ITO-ZnO/Ag ITO-ZnO/ITO/grid
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Figure 4.23. Evolution of fill factor (a) and efficiency (b) within time for various HJ solar cell
configurations. Back side ZnO:B layers are capped and protected from atmosphere
exposure.

To deeply understand ZnO:B conduction and degradation mechanisms on cell
performance, a full sheet aluminium layer was deposited on the back side of designated
“ITO-ZnOl/grid” device after 4 weeks under air exposure. Surprisingly, device FF was
found to recover up to its initial value, which suggests that vertical conduction is not
affected by the degradation of the ZnO:B layer. Then, mechanisms inducing the
degradation of ZnO films mainly affect the lateral conduction, which is consistent with the
increase of the potential barrier and grain boundary scattering events on the ZnO
polycrystalline structure due to intrinsic hydrogen in-diffusion. When the rear side ZnO:B is
covered by a full size metal electrode, only vertical conduction on the charge collection is
needed. In this case, performance of solar cells is kept stable within time.

In the light of these results, it can be concluded that our zinc oxide layers are suited to be
applied at the back side of the solar cells only when a full sheet metallisation layer is
afterwards deposited. By doing so, the lateral conduction on ZnO layers will not be
required and only the vertical conduction on the material will be favoured. By contrast,
ZnO layers will not be able to be used on a bifacial configuration or at the front side of the
solar cell, since in this case a device performance degradation due to the intrinsic
instability of the ZnO takes place.

4.5. Laser annealed ZnO: a novel approach for high-efficiency cost-
effective HJ solar cells

Throughout preceding sections, boron-doped ZnO films have been developed, and
enhanced electrical and optical properties comparable to that of ITO thin films have been
obtained [171, 193, 196-198]. However, a problem of non-electrical stability of ZnO films
has been revealed, resulting in the inadequacy to use these layers on a bifacial
configuration or simply on the heterojunction font side TCO. Therefore, there is still
significant room to improve on ZnO optoelectronic performance and stability from as-
deposited material state in order to further enhance the solar cell efficiency and extend the
use of zinc oxide on the heterojunction device even without being protected with a full
sheet metallisation layer.

Among approaches to improve the TCOs performance and stability, thermal annealing
treatments by laser processing appear to be advantageous when locally re-crystallising
the TCO and thus enhancing the electrical and optical film properties [199]. For this
reason attention has been put at investigating the effect of pulsed XeCl excimer laser
annealing (ELA) at 308nm (t =150 ns) on our LPCVD ZnO thin films. ZnO deposition
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conditions have been adjusted to prepare samples with various thicknesses (80 nm and
180 nm) and boron doping levels (B,Hs/DEZ = 0 and 0.1), since from a cost-effective point
of view, thinner samples appear to be more advisable for an industrialisation process and
undoped layers are also advantageous from an optical approach as they exhibit higher
transparency than doped material.

Zinc oxide layers have been grown on c¢-Si and subsequent laser treatment has been
applied to them. Samples have been annealed varying the laser fluence from 0 to 2 J/cm?
in order to identify different effects of the laser annealing depending on the as-deposited
conditions of the ZnO films. Special attention has been paid to study the ZnO stability
under ambient exposure after laser treatment.

Four point probe measurements have been used to characterise the material before and
after the laser processing, as well as spectroscopic ellipsometry measurements.
Spectrophotometer measurements have not been performed due to ZnO adherence
problems on Corning glass arisen after laser annealing. The evaluation of the optical
properties will be done analysing the changes induced on the refractive index (n) and the
extinction coefficient (k) determined from ellipsometry measurements. The haze factor
has not been evaluated since results obtained in section 4.2.3.3 indicate that no
significant changes will be seen considering the thicknesses of the studied ZnO layers.

Results presented in Figure 4.24 show the variation of spectroscopic ellipsometry
parameters and sheet resistivity (Rs;) of 180 nm-thick boron-doped ZnO layers irradiated
at different laser energy densities. The point at 0 mJ/cm? corresponds to the reference
ZnO without any thermal annealing. As can be observed in the graph, no variation on the
sheet resistance occurs after the laser annealing. Only beyond 1000 mJ/cm? a detrimental
effect on the film properties is observed, where the layer R, is increased. Besides, as
clearly seen on the g, plot, the microstructure of the material is modified depending on the
energy density applied to the film.
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Figure 4.24. Spectroscopic ellipsometry parameters and sheet resistivity of 180 nm-thick
boron-doped ZnO layers as a function of the energy density applied during laser
annealing.

However, a different behaviour is observed when no boron doping is introduced into the
180nm-thick layer, as shown in Figure 4.25. Here, the laser treatment seems to have a
more beneficial effect on samples. In the fluence range from 500 to 1200 mJ/cm?, sheet
resistivity sharply decreases from 500 to 100 Q/sq. In the same interval, the quantity of
ZnO present on the surface roughness layer used in the Tauc-Lorentz model increases
around 850 mJ/cm?, which indicates that the laser annealing has created a more compact
surface layer. Film thickness remains constant on the optimised range of energy
densities.
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Figure 4.25. Spectroscopic ellipsometry parameters and sheet resistivity of 180 nm-thick
undoped ZnO layers as a function of the energy density applied during laser annealing.
The point at 0 mJ/cm? corresponds to the reference ZnO without any thermal annealing.

The same study has been performed on thinner layers (80 nm) in order to verify if the
same behaviour as observed in the preceding thicker samples is also obtained. Moreover,
focus has been put on the feasibility of obtaining better properties on thinner ZnO films,
thanks to the laser annealing, which would be beneficial for more cost-effective HJ.

In the case of ZnO:B deposited at a thickness around 80nm, as can be seen in Figure
4.26(a), sheet resistances comparable to that of thicker ZnO:B samples (see Figure 4.24)
are obtained when energy densities between 600 and 1000mJ/cm? are used. Similarly, as
shown in Figure 4.26(b), the Rsy obtained on thinner undoped samples with laser fluences
ranging from 500 to 1300 mJ/cm? are in the same level as those obtained in 180nm-thick
layers (see Figure 4.25).
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Figure 4.26. Sheet resistance of (a) boron-doped and (b) undoped 80 nm-thick ZnO films
after undergoing laser annealing at varying fluences.

In all samples, a laser fluence interval, where the electrical properties are enhanced, has
been identified. In general, energy densities between 500 and 1000 mJ/cm? lead to
enhanced electrical properties with much lower resistivity than that of the reference.
Surprisingly, similar Rsq values around 100 Q/sq have been obtained after laser
processing in all samples irrespective of thickness or doping on ZnO layers. This
behaviour might be attributed to the fact that laser recrystallisation only takes place on the
layer surface without altering bulk material properties. Thus, carriers’ conduction is done
through the layer surface without involving transport mechanisms at the grain boundaries.

After analysing the behaviour of the ZnO exposed at various laser fluences and
considering that these layers are deposited onto (n)a-Si:H material in our HJ devices,
ZnO/(n)a-Si:H/c-Si precursors have been fabricated to study the impact of the laser
treatment on the passivation quality. The measured implied Voc values for 4 selected
energy densities are represented in Figure 4.27.
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Figure 4.27. Variation of implied-Voc values measured by the QSSPC technique on solar
cells precursors as described in the inset for different laser fluences. A degradation of the
passivation is observed for energies higher than 400 mJ/cmz.

As it can be seen, no degradation of the passivation is detected when ZnO is irradiated at
values lower than 400 mJ/cm? Above this threshold, amorphous silicon and the interface
between the a-Si:H/c-Si are modified and an important loss of about 20 to 50 mV on
implied Voc values is occurred. This reduction of the passivation quality at 600 mJ/cm?
becomes more pronounced for the thinner ZnO layers, suggesting that the TCO thickness
is not enough to completely absorb the laser energy density and therefore, a-Si:H layers
are degraded due to overheating. It is worth mentioning that energy fluences having no
impact on ¢-Si passivation quality are not the ones with enhanced sheet resistances, but
with similar electrical properties as the non laser-exposed samples. In general, it can be
said that laser fluences leading to enhanced electrical properties (500 to 100 mJ/cm?) will
also result on degraded passivation structures.

To better understand the laser treatment effects on layer properties and passivation
quality of ZnO/(n)a-Si:H/c-Si precursors, the morphological changes on ZnO films after
laser annealing have been analysed. Two representative laser fluences belonging to each
passivation regime found in Figure 4.27 have been chosen (300 and 600 mJ/cm?).
Corresponding SEM images of ZnO films’ surface after undergoing the laser annealing
are presented in Figure 4.28. As can be noted from Figure 4.28(a) and (c) there are no
evident differences in films when both boron-doped and undoped layers have been
irradiated at a fluence of 300 mJ/cm?. The differences on grain size are mainly attributed
to the use of boron doping, as it has been explained in section 4.2.3.1. However, when
the laser energy density is further increased (600 mJ/cm?) some cracks along the surface
can be identified in the case of ZnO:B film (Figure 4.28(b)). This effect is magnified when
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no boron has been introduced into the layer. As shown in Figure 4.28(d), a dramatic
change in the surface morphology is observed, where different domains separated by
cracks are formed and a significant smoothing of the surface is evidenced. It should be
noted that despite the surface damage associated with this fluence regime, the sample
sheet resistance is not degraded (see Figure 4.25).

(a) 300mJ/cm? ZnO:B (b) 600mdfcm” ZnO:B
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Figure 4.28. SEM images of surface of 180 nm-thick boron-doped and undoped ZnO films
after undergoing laser annealing.

This can be attributed to a different interaction of the laser within the material when boron
is introduced. Refractive index and extinction coefficient of both samples are shown in
Figure 4.29, highlighting the higher absorption coefficient for the undoped ZnO at the
applied laser wavelength. Therefore, in this case, the energy density is strongly absorbed
in the material and the impact of the laser treatment is more powerful than in boron-doped
samples.
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Figure 4.29. Refractive index and extinction coefficient modelled from spectroscopic
ellipsometry measurements for undoped and boron-doped ZnO samples.

The same characterisation has been performed on the undoped and boron-doped 80 nm-
thick samples and no morphological differences have been found between 300 and
600 mJ/cm? of laser energy density. Moreover, as presented in Figure 4.30, exposure at
laser fluences of 600 mJ/cm? do not yield to cracked or smoothed layers, as it has been
found in the thicker samples. For both boron-doped and undoped films, the surface
remains stable after laser annealing, suggesting that a thickness of 80 nm is not enough
to absorb the laser energy, and consequently the underlying n-doped a-Si:H film is
affected by the laser. This assumption is in accordance with results shown in Figure 4.27,
where a strong degradation of the c-Si passivation is found in the case of thinner samples,
irrespective of doping content of the ZnO layer irradiated at 600 mJ/cm?.

(a) 600mJ/cm? ZnO ' (b) 600mJ/cm? ZnO'B
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Figure 4.30. SEM images of surface of 80 nm-thick undoped and boron-doped ZnO films
after undergoing laser annealing at 600 mJ/cm?.
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XRD measurements have been also performed on studied layers to see if any laser
induced change occurs on the crystalline orientation of films. As presented in Figure 4.31,
no differences have been found for the various ZnO thicknesses, doping levels and
fluences analysed. Laser annealing does not modify ZnO bulk properties and no
preferential crystallographic orientation is highlighted; the (10i0), (1051) and (1150)

reflection peaks coexist in all samples.
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Figure 4.31. XRD patterns of 180 nm and 80 nm-thick undoped and boron-doped ZnO
exposed to laser fluences of 300 and 600 mJ/cm?.

In order to evaluate the laser annealing effect on the ZnO electrical properties
degradation, a stability analysis under atmosphere exposure as a function of time has
been carried out on laser annealed samples. Results presented in Figure 4.32 evidence
that samples are also affected by degradation despite the laser post-treatment. Since
annealing does not modify the ZnO bulk properties, grain boundaries in the material
remain unchanged. Hence, the same degradation mechanisms reviewed in section 4.4
take place, which is supported by the fact that the same sheet resistance degradation
trend is obtained for both laser-annealed and as-deposited samples. Similar results have
been obtained on undoped material.
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Figure 4.32. Relative variation in Rsq with time at ambient conditions for boron-doped
laser-annealed samples with (a) 180 nm and (b) 80 nm of thickness. The evolution of non-
treated samples deposited under the same conditions is also given for comparison.

Excimer laser annealing of ZnO samples with different thicknesses and boron doping
concentrations leads to improved electrical properties under specific energy densities.
Surface morphology of samples remains unchanged except for thicker samples exposed
to high-fluence regime. Besides, crystalline orientation of films is the same in any of
studied conditions. However, taking into account that laser annealed ZnO will be part of
the back contact in heterojunction solar cells, in the fluence regime where electrical
properties are enhanced, passivation quality of ZnO/a-Si:H/c-Si precursors is degraded. A
threshold laser fluence of 400 mJ/cm? has been found from which passivation quality is
lowered. However, laser annealing is found not to avoid electrical degradation of ZnO
under this energy density. Therefore, ambient exposure ZnO stability still constitutes a
problem for heterojunction solar cells, thus being inadvisable for their use in bifacial
structures.

Based on these results, complete HJ devices on textured substrates have been fabricated
and the ZnO surface has been irradiated with adapted laser fluences prior to deposition of
the full rear side metal contact. In this case, 80 nm and 180 nm-thick boron-doped ZnO
layers have been tested to verify the effect of laser treatment on solar cells.
Corresponding performance results are presented in Table 4.2 (average values over 3
solar cells are given for each condition).

As it can be seen, current density and open-circuit voltage decreases with increasing
exposure fluence. This effect is clearly observed when thinner zinc oxide layers are used,
since as explained before passivation quality of (n)a-Si:H layers is affected by the laser
annealing even at low fluences when ZnO:B layers are insufficiently thick. Focusing on
results obtained on 180 nm-thick ZnO films, it can be noticed that there are no significant
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changes on performance parameters at low fluences compared to reference results
without any laser processing. However, further increasing the laser fluence leads to
device degradation, in accordance with results presented in Figure 4.27.

Table 4.2. Solar cell parameters for devices deposited with different ZnO:B thicknesses
and irradiated at energy densities of 300 and 600 mJ/cm?.

ZnO:B before laser annealing energy after laser annealing

thickness|  Jqc Voc  FF n density Jsc Voc FF n
[nm]  |[mAcm? [mV] [%] [%] |[mIcm?|[mAcm? [mV]  [%]  [%]
300 35.9 688 776 19.2
600 315 577 795 145
300 35.7 705 776 195
600 32.2 584 795 149

80 35.4 707 775 194

180 35.3 709 772 194

The series resistance is found to be unchanged at 0.5 Qcm? in all devices, regardless of
laser annealing. Interestingly, 600 mJ/cm? annealed devices exhibit higher fill factors at
any of the ZnO:B thicknesses tested. Figure 4.33 compares FF and pFF of studied
samples. Since very high shunt resistances are obtained, and series resistances are
found to be equal between devices, changes in FF and pFF can mainly be attributed to
recombination issues. Indeed, samples irradiated at 600 mJ/cm? exhibit lower pFF/FF
ratio, which also supports the assumption that carriers’ conduction at the rear side is
enhanced (lesser recombination), and consequently FF is improved. Furthermore, these
results are also in agreement with the enhanced R, values found for single ZnO layers
irradiated at the laser fluence regime between 500 and 1000 mJ/cm?.
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Figure 4.33. Fill factor and pseudo fill factor of HJ solar cells with different ZnO:B
thicknesses and irradiated at energy densities of 300 and 600 mJ/cm?.
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Light J(V) characteristics illustrated in Figure 4.34 correspond to the thicker ZnO:B

samples irradiated at 300 and 600 mJ/cm?. A clear drop in Jsc and V¢ is observed and

remarkably different dark J(V) curves are obtained. Higher laser fluences result in a
modification of the first diode mainly impacting the Voc parameter. As it can be seen in

Figure 4.34(b), the voltage range where the impact of the Rs is visible lays away from the
obtained Voc value in the 600 mJ/cm? sample (584 mV). Therefore, a higher FF is

obtained despite the low Voc. The saturation current density of the second diode as well

as Rp and Rs remains unchanged between different energy densities.
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Figure 4.34. (a) Light and (b) dark J(V) characteristics of heterojunction solar cells with
300 and 600 mJ/cm? irradiated ZnO:B layers used as the back side TCO.
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5. Solar cell and module integration

The work developed within this thesis, is part of a complex process where multiple steps
take place in order to finish a complete HJ device. This chapter deals with diverse
technological issues related to the fabrication of HJ solar cells. The importance of
precisely controlling the technical aspects of the deposition process is discussed. Besides,
record-efficiency HJ devices fabricated during this work are presented. Finally, the main
aspects of HJ solar cell module integration are discussed, with the focus on different
approaches concerning the back side.

5.1. Back-contact comparison

As it has been stated at the beginning of section 4, different choices at the back contact of
HJ solar cells can be adopted. Within this work, the interest in using a-Si:H and ZnO:B
layers prior to the deposition of the metal electrode has already been discussed. In order
to demonstrate the potential of this configuration over other alternatives, HJ solar cells
with different TCOs have been fabricated. Thus, the use of a back side ZnO layer is
compared to the ITO option. Besides, samples with no TCO inclusion, in which the metal
electrode is directly deposited on top of (n)a-Si:H layers have also been fabricated. The
front side of devices has been unchanged, as well as the other rear components ((n)a-
Si:H layers and aluminium contact).

Solar cell measurements are shown in Figure 5.1. If no TCO is used (‘@' sample) solar
cell characteristics are worse compared to that of ZnO:B or ITO samples. The V¢ notably
diminishes, which suggests that recombination losses are greater since the contact
between the metal and the amorphous layer is not optimum in this kind of structures.
Moreover, as it can be seen in the inset of Figure 5.1(a), a higher series resistance is
found in samples without a rear TCO, which also supports the idea of a low-quality back-
contact. Accordingly, the FF decreases whereas the pseudo-FF remains unchanged.
Consequently, conversion efficiency drops by almost 3%.
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Figure 5.1. Solar cell characteristics with varying back side TCO. The use of a 230 nm-
thick ZnO:B layer or 90 nm-thick ITO layer is compared with devices without rear TCO.
Each data point represents the average value of three cells.

When a TCO layer is introduced both series resistance and back side recombination
losses are minimised, hence the better Jsc, Voc and FF values. Comparing ‘ZnO:B’ and
‘ITO’ devices it can be seen that almost equivalent results are found, although a slight
enhancement specially in Voc and FF is obtained when the ZnO is used. This fact can be
attributed to a more favourable work function in ZnO:B films (®z.0=4.4€V vs.
®diro = 4.8 eV), as determined from capacitance-voltage measurements. The lower ®4,0,
which is more adapted to the rear n/n” junction, enables a better charge carrier collection.
As presented in Figure 5.2, the conduction band mismatch at the amorphous/ZnO
interface can be reduced, thus diminishing the barrier for electrons. Tunnelling-mediated
transports are therefore more probable, and a better solar cell performance can be
obtained.
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Figure 5.2. Band diagram at the back contact of HJ solar cells.

In order to reach high conversion efficiencies, the use of a back-contact without a TCO
layer is inadvisable. By contrast, high-performing devices can be obtained using a rear
TCO layer. Furthermore, the capability of our standard HJ solar cell design with a rear
ZnO:B layer is proved in front of the wide-spread use of ITO layers at the back side of
devices, which makes possible a cost-effective alternative to the scarce ITO.

5.2. Diverse technological issues

As it has been previously investigated in section 4.2.3, the B,Hs/DEZ and H,O/DEZ gas
flow ratios play an important role on the properties of ZnO layers. At the beginning of this
thesis the adjustment of the DEZ flow rate was provided by a pressure control unit (PCU).
However, it periodically blocked, limiting the operation of our LPCVD system. To avoid
this disruptive behaviour, a metering valve was used instead. With up to 10 stem turns to
reach the maximum flow capacity, the aperture of the valve should be accurately adjusted
in order to obtain the right flow rate of DEZ inside the chamber.

In the following paragraphs two different cases which exemplify the importance of
precisely controlling the flow of DEZ will be presented. In Table 5.1 the properties of
ZnO:B layers deposited at the right aperture of the metering valve (sample named
‘ZnO:B_ok’) are compared with the ones obtained when the valve is not sufficiently
opened (sample named ‘ZnO:B_ko’). As it can be observed, the characteristics of both
layers are different even if equal deposition process conditions have been used. The
‘Zn0O:B_ko’ sample is thicker than the ‘ZnO:B_ok’. A ZnO of less quality is obtained; the
sheet resistance is twice higher, and n index are smaller.
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Table 5.1. Thickness, refractive index and extinction coefficient as per SE measurements,
and sheet resistance measured by four point probe.

sample thickness 633nm 1000nm Rsq
[nm] n k n k [Q/sq]

ZnO_ok 216 2.096 0.004 2.049 0.007 53

Zn0O_ko 285 1.880 0.003 1.849 0.003 127

When the valve is not sufficiently opened, the fixed DEZ flow rate inside the chamber can
not be attained, thus modifying kinetics of chemical reactions taking place during the
growth of ZnO:B films. Indeed, SIMS analyses of samples presented in Figure 5.3 show
that both boron and hydrogen atom concentrations incorporated into the layers
remarkably differ. The ‘ZnO_ko’ sample exhibits quite lower boron concentration, which
can explain degraded sheet resistance results, even if the layer is thicker than the
‘ZnO_ok’ one. Besides, a higher hydrogen concentration is obtained, which also supports
the idea that film’s stoichiometry is modified due to the use of less DEZ flow rate in
chemical reactions.
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Figure 5.3. SIMS analysis depth profiles for B and H atoms of two ZnO:B samples
deposited with the right aperture (‘ZnO:B_ok’), and an insufficiently aperture (‘ZnO:B_ko")
of the DEZ metering valve.

The use of these detrimental layers at the back contact of heterojunction solar cells has a
dramatic impact on the output characteristics of the device. As presented in Table 5.2, HJ
device with degraded ZnO:B at the back contact undergo a tremendous decrease on its
output characteristics. While ‘HJ_ZnO:B_ok’ sample show good conversion efficiency
results, the output characteristics of ‘HJ_ZnO:B_ko’ sample are strongly degraded. A fill
factor of 11% has been obtained, resulting in efficiencies of less than 1%.
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Table 5.2. Solar cell parameters for devices fabricated with a ZnO:B layer deposited with
the right aperture (‘HJ_ZnO:B_ok’), and with an insufficiently aperture (‘HJ_ZnO:B_ko’) of
the DEZ metering valve (average values over 3 solar cells are given for each sample).

sample Jsc Voc FF n
[mA/cm?’] [MV] [%] [%]
HJ_ZnO:B_ok 36.3 715.5 77.8 20.2
HJ_ZnO:B_ko 75 676.7 11.4 0.58

It is astonishing that the properties of ZnO layers presented in Table 5.1 could affect in
such notorious way the solar cells results. In order to clarify this event, transmission
electron microscopy (TEM) observations have been performed on both samples.
Comparing Figure 5.4(a) and (b) it can be seen that at the a-Si:H/ZnO interface of
‘HJ_ZnO_ko’ sample a 4nm-thick layer is created, which can be assimilated as an oxide
barrier. This fact is in good agreement with the idea that chemical reactions during the
ZnO growth are modified when the opening of the metering valve is not accurately
regulated. Not only the stoichiometry and macroscopic properties of ZnO layers change,
but also it induces damage on the amorphous/TCO interface, creating a barrier for
electrons that detrimentally affects the overall solar cell performance (as it has already
been seen in Figure 3.41). In Figure 5.4(c) and (d) cross-sectional micrographs are
presented where the incident electron energy has been varied in order to modify the
image contrast and make clearer the presence of this oxide layer in ‘HJ_ZnO_ko’ sample.

(@) ‘HJ_ZnO ko’

20 nm
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Figure 5.4. TEM micrographs of the back side of solar cells fabricated with a ZnO:B layer
deposited with the right aperture (‘HJ_ZnO:B_ok’), and with an insufficiently aperture
(‘HJ_ZnO:B_ko’) of the DEZ metering valve.

Figure 5.5(a) to (d) present TEM cross-sectional micrographs of both studied samples.
Here, the texture of the c-Si substrate, the amorphous film and the columnar growth of
ZnO:B layer can be observed. Moreover, in Figure 5.5(b) and (d) the microstructure of the
metal contact can be clearly seen. The aluminium deposition is done by DC-magnetron
sputtering on a dynamic way, so that the carrier speed of the substrate holder and the
number of passes through the chamber determine the desired thickness of the layer. In
these images, the measuring scale used do not evidence any damage at the a-Si:H/ZnO
interface.

(@) ‘HJ-ZnO_ ko’
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‘ (d) ‘HJ_ZnO_oK’

Figure 5.5. TEM micrographs of the back side of solar cells where the microstructure of
each back side component can be identified; (a), (c) corresponds to the sample
‘HJ_ZnO_ko’, and (b), (d) to ‘HJ_ZnO_ok'.

5.3. Record efficiency solar cells

HJ solar cells developed during the course of this work involve several fields of expertise.
The back side of devices has been improved, but also an extensive work to optimise the
front side of solar cells has been conducted in order to further enhance conversion
efficiencies. Thus, high-quality buffer layers have been used, and the absorption of (p)a-
Si:H layers has been reduced adding CH, to the SiH4/H,/B,Hs gas mixture. Besides, the
optical properties of front ITO films have been improved through a better adaptation of the
refractive index.

To decrease the shadowing at the front side electrode, the standard silver-paste screen
printing has been replaced by a copper metallisation scheme done by electroplating
deposition (ECD), which has the potential to reduce the manufacturing cost while
improving device performance [76, 200]. With this novel approach fingers of less than
50 ym can be deposited (see Figure 5.6(a)) with a room-temperature process suitable for
HET technology.

All these improvements have been integrated in our HJ solar cells and impressive results
over 22% of conversion efficiency have been obtained. As it can be seen in Table 5.3,
both Jsc and FF values are notably enhanced compared to attainable results in our
standard silver-paste screen-printed solar cells. The line width has been reduced from
90 ym to 40 pym, thus minimising the shadowing losses at the front side. The line
resistance of the grid is decreased from 0.38 to 0.24 Q/cm since the resistivity of pure
ECD-copper is much lower compared to that of low-temperature silver paste.
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Furthermore, the contact resistance between the TCO layer and the electrode is also
enhanced. Figure 5.6(b) shows the J(V) curves of the best HJ devices fabricated with
silver screen printing metallization and copper electroplating metallization.

Table 5.3. Solar cell parameters for devices fabricated using enhanced a-Si:H and TCO
layers and copper electroplating metallisation. Standard results for silver screen printed
HJ devices are also given for comparison.

Jsc Voc FF n surface
sample mAT? [mV] (%] (%] [om?]
Cu electroplated 38.0 733 79.4 22.1 103
Ag screen-printed 36.9 730 78.0 21.0 103

- —<— Cu electroplated
— - — Ag screen-printed
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Figure 5.6. (&) SEM micrographs of a 40 ym Cu finger on an HJ solar cell. (b) J(V)
characteristics of the best HJ cells with silver screen printing metallization and copper
electroplating metallization.

5.4. Industrial module integration

Outdoor operation of HJ devices is subject to reliable integration in solar modules. The
array of cells must be properly protected from the harsh external environment in which
they are used by encapsulating them. Thereby, corrosion of electrical contacts and
interconnects induced by water or moisture ingress into the PV module, as well as
mechanical damage to the solar cells will be prevented.

In standard homojunction modules, solar cells are interconnected by soldering flat wires
called tabs. This process is done at temperatures exceeding 250°C, which will have a
detrimental effect on the HJ solar cell performance, since temperatures higher than 220°C
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can not be withstood. Furthermore, amorphous and TCO layers used in HJ devices are
known to be sensitive to humidity. For these reasons, an adapted module design is
needed, in which issues like low stress interconnect, moisture blocking and optical
optimization of HJ modules should be addressed.

To this end, as shown in Figure 5.7 series interconnection of cells is done incorporating a
conductive glue to adhere tabs on bus bars. Once stringing is finished, cells are
sandwiched between two layers of thermoplastic encapsulant material (Tectosil®), which
can be easily laminated to provide good adhesion between the solar cells, the front- and
back-sheets. The standard module structure used at INES is sketched in Figure 5.8.

Figure 5.7. HJ solar cells interconnection with tabs adhered by conductive adhesive.

At the front surface of the PV module, a glass is used as a superstrate. This front-sheet
layer should minimise light absorption and reflection, enable high transmission in the
wavelengths usable by the solar cells, and grant mechanical rigidity. At the same time, the
encapsulant should be stable at elevated temperatures and high UV exposure, and it has
to be transparent as well. In addition, both front side constituents should be impervious to
water and possess low thermal resistivity.

glass pane

encapsulant

cell matrix

encapsulant

. back-sheet

Figure 5.8. Stack of materials that composes the PV module
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At the back side of the module a low thermal-resistivity moisture-blocking back-sheet,
consisting of ‘TPT’ stacked layers (Tedlar/Polyethylene terephthalate/Tedlar) is used. This
opaque rear substrate can either be used in black or white content. Depending on the HJ
solar cell to be encapsulated (monofacial or bifacial devices) the back-sheet will be
adapted to improve the output characteristics on each design.

In order to investigate the performance of modules, standard monofacial HJ solar cells
with a silver full sheet deposited on top of the rear ZnO:B layer have been fabricated. In
addition, bifacial solar cells have been also integrated into PV modules. In the latter case,
due to the ZnO electrical stability limitations highlighted throughout this work, bifacial
devices made of a thin ITO rear layer, instead of ZnO:B. Both types of heterojunction
devices have been integrated into modules using either a black or a white back-sheet.

The electrical performance of cells and modules have been compared analysing the J(V)
characteristics, and taking into account considerations summarised in Table 5.4.
Corresponding results are shown in Figure 5.9 (the output characteristics of the PV
modules have been determined by a flash-test).

Table 5.4. Results comparison between HJ solar cells and corresponding four cell
modules (2x2).

module results solar cells results
measured Jgc minimum of cell's Jsc (‘JSC‘mm)
measured Voc sum of cell's Voc (ZVoc )
measured FF average of cell's FF (ﬁ:)
n — ‘]SCVOC /4 T] _ ‘]SC|mmEVOC /4

FF FF

From Figure 5.9 it can be seen that regardless of the back-sheet used or the type of HJ
devices, a drop in the output solar cells’ characteristics exists after their encapsulation. In
modules issued from monofacial HJ devices, fill factor and efficiency losses are higher
compared to that obtained when bifacial solar cells are used. When a black back-sheet is
used the difference in n is even slightly larger. The use of a white back-sheet enables
multiple sunlight reflections, which increases the probability of electron-hole pairs’
generation. Moreover, if bifacial HJ devices are used the back side of devices will also
take advantage of scattered light, therefore resulting in enhanced efficiencies (the
smallest difference between cell and module efficiency is obtained).
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Figure 5.9. Fill factor and efficiency results of modules made of monofacial or bifacial HJ
devices, with varying back-sheet layers.

As stated above, white back-sheets benefit from light scattering at the rear surface of the
modules. In this respect, the packing density (referred to the area of the module that is
covered with solar cells compared to that which is blank) is a key aspect on the module
design. Depending on the spacing between cells, the output power of the module can
somehow be maximised thanks to light reflection at the white back-sheet towards the
active regions of the module. Indeed, as presented in Figure 5.10, the increase of the
spacing within a PV module with a white back-sheet reduces losses either in short-circuit
current density and conversion efficiency. However, fill factor slightly decreases. Then, the
module packing density should be chosen to have the best FF/n compromise.



156 5. Solar cell and module integration

= 2 T T '
.é. -@- A‘]sc
2 --m- AFF @
QO | --A- A o - i
g oy
o o
g -2r |
@
<
[&]
g _A

AL R --- T
g = Bns  CORE ]
5
S
@
g6 4 '
g

0 25 5

spacing between cells [mm]

Figure 5.10. Relative loss in output characteristics of modules fabricated from 2x2 bifacial
solar cells using a white back-sheet with varying packing density. Relative values are
referenced to initial solar cells results.

The reliability of all these PV modules has been determined by exposing them to climate
chamber tests (damp-heat and thermal cycling) according to the IEC 61215 standard. In
all studied samples, modules withstood more than 1000 hours of damp heat, and over
200 thermal cycles with less than 4% reduction in power output. The suitable design used
for device encapsulation provides a guaranteed integration into modules, which makes
outdoor operation of HJ devices an attainable reality, as illustrated in Figure 5.11.

Figure 5.11. PV modules issued from HJ solar cells to be tested at the laboratory and for
outdoor operation.
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Conclusions and outlook

The object of the present work was to provide a better understanding of the back surface
field role on n-type heterojunction solar cells. Then, key aspects of the back side of a-
Si:H/c-Si heterojunctions have been examined. The properties of undoped amorphous
silicon buffer layers, (n) doped layers and ZnO:B films have been studied and the
feasibility to fabricate high-efficiency large-scale HJ devices with an industrially-
compatible process has been demonstrated.

It has been evidenced that properties of a-Si:H layers as well as resulting passivation
quality are extremely sensitive to deposition conditions. Thin amorphous silicon films have
been deposited by PECVD and an extensive characterisation has been performed; their
morphological and structural properties have been determined, as well as the conductivity,
activation energy and passivation quality of these layers.

The influence of deposition parameters on layer properties has been discussed, and
optimised process conditions leading to enhanced performing BSF layers have been
identified. It has been shown that the higher the deposition pressure, the better the
passivation quality of the (n)a-Si:H layers at lower PH; flow rates. Similarly, a larger
distance between the parallel electrodes in the PECVD chamber results in better implied
Vocs for lower doping rates. Based on these investigations a pressure of 1.5 T and an
inter-electrode distance of 35 mm have been set for the deposition of undoped or lightly
doped (n)a-Si:H layers, whereas a pressure of 0.8 T and 23 mm of spacing have been set
for films with higher doping flow rates. Decreasing process pressure beyond 0.8 T has
been found to result in an unintentional epitaxial growth which adversely affects the
passivation properties of (n) layers with low Vocs. Besides, it has also been shown that
the amorphous content of such epitaxial silicon structures is dependent on their doping
level.

HJ solar cells are dominated by the properties of their component layers and
corresponding interfaces. Then, various BSF configurations have been investigated, and
the solar cell output characteristics have been correlated with their individual layer
properties in order to understand the main mechanisms involved in the high performance
of HJ devices.

Amorphous/crystalline silicon solar cells with single layer BSF have been fabricated and
conversion efficiencies over 19% have been obtained. The use of different (n)a-Si:H
doping contents has shown that a highly doped BSF is necessary to create the
appropriate band bending to be able to collect charge carriers, even if the density of
defects is not optimised at the heterointerface.
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To further enhance conversion efficiencies, the minimization of recombination losses at
the a-Si:H/c-Si interface is shown to be of key importance. Thus, a very low defect state
density at the back (n) junction together with a strong electrical field is also required. To
overcome this constraint the use of a double-layer stack BSF consisting of an undoped or
lightly doped layer followed by a highly doped one has been introduced. Different double-
layered stack BSFs have been studied as a way to enhance c-Si surface passivation by
saturation of dangling bonds and to create an appropriate band bending at the back side
of devices.

The influence of the doping content on the intermediate buffer layer has been analysed. It
has been demonstrated that the insertion of the high-quality (i)a-Si:H improves the
properties at the back junction and enables higher Voc and good FF. Theoretical analysis
of single layers and complete cells has clearly demonstrated the key-role of the low-
defective lightly-doped a-Si:H layer in terms of passivation quality. However, results
obtained in the analysis of lightly doped intermediate layers suggests that further
augmentation of phosphorous content in the thin a-Si:H film slightly degrades the cell fill
factor, even though the conductivity of the (n) layer itself increases. A maximum value of
20.5% of conversion efficiency has been obtained with the use of an undoped buffer layer.

The effect of varying the thickness on (i)a-Si:H layer has been assessed. Whereas
changes in the thickness of the emitter (i) layer usually lead to a decrease in Jsc due to
higher short-wavelength absorption and low (i)a-Si:H conductivity, at the BSF mainly FF
and Voc are found to be affected, since the band bending at the rear side changes. An
optimum of FF/Voc compromise has been found at a thickness of 4 nm, thus leading to
improved efficiencies. Again, it has been highlighted that the increase in Vqc is attributed
to a better defect passivation at the heterointerface using (i)a-Si:H instead of doped (n)a-
Si:H layer directly in contact with c-Si.

Concerning (n*) layer doping, an optimum at 215 sccm of PH; has been found in
accordance with enhanced conductivity and lower activation energy values obtained on
single layers. At higher doping flow rates, the creation of defects within the a-Si:H is
increased, and consequently output solar cell characteristics are degraded.

In a second part of this thesis, the back contact of heterojunction solar cells has been
investigated. A new approach based on ZnO:B deposited by LPCVD has been proposed
as an alternative to the widely-used ITO films. Research has been focused on the
optimisation of deposition conditions, the study of the relevant film properties for their
application as a rear side TCO material, and the assessment of their impact on HJ solar
cells performance.

Properties of ZnO:B films are found to be strongly dependent on their polycrystalline
structure. It has been demonstrated that the grain size can be increased either by
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depositing thicker ZnO films or by decreasing the doping level. Deposition temperature is
revealed as one of the most sensitive parameters in ZnO:B, and the limiting one for its
applicability on HJ cells. Structural properties of films are found to be remarkably modified
at higher temperatures, resulting in enhanced electrical features. Varying the parameters
of ZnO:B deposition, no evident surface-roughness changes have been induced at the
studied thickness range. Process conditions have been optimised and improved ZnO:B
layers at pgep = 0.4 T, Bo,H¢/DEZ = 0.1, H,O/DEZ = 0.125, and T = 180°C have been found.
Investigations herein presented have shown that higher values of electron mobility have
been obtained on layers with larger grain sizes. An enhancement of mobility at the grain
boundaries has been identified as the main contribution to the overall mobility of ZnO:B
films with larger crystals, since electron scattering phenomena are reduced.

The application of ZnO:B layers on a-Si:H/c-Si heterojunction solar cells has been
studied. The use of this TCO film at the BSF has been demonstrated to be advantageous
compared to the use of a single metal contact directly deposited onto amorphous layers.
Besides, promising results have been obtained compared to the reference ITO, which
have certainly demonstrated the high potential of this material.

However, unstable electrical properties on ZnO films have been evidenced. It has been
shown that a degradation of the film’s lateral conduction under air exposure occurs, which
adversely affects the solar cells characteristics. To avoid device degradation it has been
demonstrated that the use of ZnO films is restricted to monofacial heterojunction
configuration, since the rear side of the device is completely covered with a metal
electrode, and only vertical conduction is promoted through ZnO layers.

In this work, a novel approach based on excimer laser annealing of ZnO films has been
investigated as a way to further enhance TCO performance and stability. Laser fluences
ranging from 500 to 1000 mJ/cm® have led to an improvement of film's electrical
properties, although stability analyses of irradiated ZnO films have shown that electrical
properties are also affected by degradation despite the laser post-treatment. Thus, it has
been highlighted that the use of ZnO layers is still consigned to monofacial HJ
applications. The impact of the laser treatment on the passivation quality of (n)a-Si:H
layers has been studied, and a degradation of the implied Voc of ZnO/(n)a-Si:H/c-Si
precursors has been detected beyond 400mJ/cm?. Indeed, solar cells with ZnO layers
irradiated at high energy densities have resulted in lowered open-circuit voltages, and
efficiencies have decreased around 5%.

During the course of this work, the importance of considering the properties of BSF layers
as well as corresponding interfaces has been emphasised in order to fully understand the
many aspects leading energy conversion in high efficiency HJ solar cells. It has been
evidenced that the back side of heterojunction solar cells plays an important role on the
achievement of high efficiencies. Indeed, a number of requirements must be fulfilled in
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order to create a high-quality BSF. However, in this work it has been highlighted that once
the suitable BSF has been attained, introduced changes based on the increase of Voc
properties of rear amorphous layers usually have a weak impact on the overall device
performance. Back side optimisation is always dependent on phenomena taking place at
the front side of devices. Thereby, the enhancement of the overall device performance
due to the back side is difficult to quantify compared to changes induced by the emitter
part of the solar cell.

The use of the optimised back side layers developed during the course of this work,
together with improved front side layers and a novel metallisation approach have allowed
to obtain a record conversion efficiency over 22%. All HJ solar cells developed during this
thesis have been fabricated with an industrial-compatible process. This ‘LabFab’
approach has led to the creation of a pilot production line (35 MW/year) of our standard
HJ solar cells with a target efficiency of 20% on 256 cm?® devices. Besides, reliable
module integration is guaranteed, which makes outdoor operation of our HJ devices an
attainable reality. The development of amorphous layers carried out in this work has been
also used in Interdigitated Back Contact HJ (IBC-HJ) devices developed at INES. In this
case, deposition conditions have been adapted to IBC-HJ requirements and
performances exceeding 19% have been obtained with an optimized damage-free a-Si:H
layer patterning.

Despite all this encouraging results, there still room to upgrade the back side of HJ
devices. Further optimisation of (i)a-Si:H layers could be targeted. In this sense, pc-Si:H
layers could be advantageous to improve the back contact in HJ solar cells. Similarly,
high-quality wide-gap amorphous silicon compounds such as a-SiO,H could be
investigated as a way to enhance back junction properties. The influence of post-
hydrogen plasma treatments on a-Si:H layers could also be advantageous to increase the
effective lifetime by defect reduction of the film. Further work could also be conducted to
extend the deposition parameter survey for ZnO:B layers in order to find an optimum work
recipe more adapted to the industrialisation transfer (a cost-effective process with less
precursor-gas consumption and reduced deposition time). Besides, research on low-cost
high-quality alternative TCO materials would be of great interest. In depth work on the
properties of the (n)a-Si:H/TCO back contact, and its influence on the solar cell
performance could also be addressed.
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A. (n)a-Si:H layers modelling

An accurate description of n-doped layers used on the BSF of HJ is of prime
importance since their characteristics are expected to influence solar cell performance.
As previously discussed, activation energy of (n)a-Si:H layers is a key-parameter, as it
sets both layer conductivity and field effect in the back side silicon substrate. Besides,
the Fermi level position in a-Si:H layers results from the competition between active
doping concentration and dangling bonds (defects) density [137, 141].

With the aim of determining both doping level and defect density in a-Si:H layers,
simulation of temperature dependent dark conductivity measurements has been
performed in order to reduce as much as possible the number of assumptions and
fitting parameters in solar cell modelling.

The a-Si:H optical band gap has been extracted from SE measurements (see Table
3.2). The DOS in the a-Si:H band gap has been described by two exponential band
tails related to the conduction and valence band edges, respectively, and two Gaussian
distributions (donor-type states located in the upper part of the gap and acceptor-type
states located in the lower part of the gap) [137]. The band tails parameters have been
set equal to values reported in [101, 156] and have been kept independent of doping.
Regarding the deep defects, it is well known from the general frame of the defect-pool
model that the lower Gaussian increases when the Fermi level gets closer to the
conduction band, while the upper Gaussian becomes negligible. This is why the peak
value of the upper Gaussian has been fixed at a negligible value of 2x10" cm?eVv™.
The distribution of acceptor states has been set at 0.6 eV from the valence band
(except for nO acceptor-like states, where it has been fixed at 0.55 eV), with a constant
width of 0.15eV [101]. Finally, the concentration of acceptor defects Nges
(corresponding to the integral of the acceptor Gaussian distribution) induced by doping
has been deduced from [101]:

[F’HglJ AD)

Neer =Npo +Np; ([SiHﬂ
with Np; = 2.90x10"" cm™®, p = 0.5 and the [PH5)/[SiH,] ratio expressed in ppm. Defect
density Npo of the nO layer has been set equal to 2.5x10'® cm™®eV™*, according to MPC-
HF measurement (see section 3.4.3). Since calculations have been done using an
empirical formula, it is worth mentioning that defect density deduced from this equation
may vary from reality. However, possible discrepancies in defect density definition can
be assumed by pointing out that activation energy (and thus the ratio doping
level/defects density) is the only parameter determining the total band bending in c-Si
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and a-Si:H layers. Considering an appropriate defect-dependent doping level is
expected to make up this difference. Band bending asymmetry in a-Si:H and c-Si is
mainly determined by the exponential conduction band tail in a-Si:H. At this point, it is
important to remind that within our assumption of constant band tail parameters with
varying layer doping, the potential drop asymmetry evolution will be mainly determined
by a-Si:H activation energy.

Then, for each layer, the dependence of activation energy on donor doping level,
Ea(Np), has been simulated using a constant Ng in order to extract the doping value
corresponding to both layer defect density and activation energy (see Table A.1).
Figure A.1 shows two examples of doping level extraction on 10 nm-thick a-Si:H layers
without any doping (n0) and 215 sccm of PH; (N215).
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Figure A.1. Simulated activation energy as a function of donor doping level, for layers nO
and N215, deposited at 1.5T and 0.8 T of pressure, respectively. Note that the abrupt
transition occurs when Np = Nger.

Table A.1. Defect density and donor doping levels in different n-doped a-Si:H layers.

doping deposition pressure Acceptor defects density, Nger  Donor doping level, Np

[sccm] [T] [cm?] [cm™]
0 1.5 6.65x10% 6.46x10"°
1 1.5 9.18x10% 9.38x10*
5 1.5 2.05x10%° 2.17x10"°
20 1.5 4.10x10"° 4.88x10"°
215 0.8 1.23x10% 1.39x10%
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n
Pa-si:Hy Pe-si
A

n

ut

Vih

Od

Gn, Gp

0o
TAug

To

Teff

Tno Tpo
Trad

TSRH

Absorption coefficient

Electron affinity

Conduction band offset

Valence band offset

Excess carrier concentration (electrons, holes)
Dielectric permittivity

Vacuum dielectric permittivity

Imaginary part of pseudo-dielectric function

Work function

Potential barrier height (at ZnO grain boundaries)
Incident photon flux

Solar cell conversion efficiency

a-Si:H, c-Si band bending in equilibrium

Wavelength

Carrier mobility

Mobility-lifetime product

Thermal velocity of charge carriers

Resistivity

Dark conductivity

Capture cross sections of electrons and holes
Photoconductivity

Prefactor in a-Si:H dark conductivity

Minority carrier lifetime due to Auger recombination
Minority carrier lifetime due to general bulk recombination
Effective lifetime

Capture time constants for electrons and holes
Minority carrier lifetime due to radiative recombination
Minority carrier lifetime due to Shockley-Read-Hall recombination
Electrode distance in coplanar contacts

Radiative recombination constant

Auger coefficients for electrons and holes
Layer thickness

Depletion region width

Inter-electrode distance in PECVD system
Interface defect density
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D° DY, D’ Neutral, positively and negatively charged dangling bond state

DB Dangling bond

Ea Dark conductivity activation energy

Ec Conduction band energy

Eq Band gap

Er Fermi energy

E; Intrinsic Fermi energy

E,. Mobility band gap

E: Energy level of localized/trap state

Etr Energy of conducting electrons in a-Si:H

Ev Valence band energy

FF Fill factor of solar cell illuminated J(V) curve

G Generation rate

J Current density

Jmp Current density at maximum power point

N Photo-generated current density

Jsc Short-circuit current density

Jo General saturation current density

Jo1 Saturation current density of high-forward bias diode

Jo2 Saturation current density of low-forward bias diode

k Extinction coefficient

ks Boltzmann'’s constant

l Electrode length

Lgits Effective diffusion length of minority carriers

Ln Lp Diffusion length of minority carriers (electrons and holes)

n Refractive index

n, p Concentration of electrons and holes

Ng General diode ideality factor

N Intrinsic carrier concentration

Ns, Ps Concentration of electrons and holes at recombination-active surface

No, Po Equilibrium concentrations of electrons and holes

Ny, P1 Statistical factors for electron and hole concentrations in Shockley-
Read-Hall recombination

N4, Ny Two-diode model ideality factors at high and low forward bias

N Free carrier concentration (in Hall effect measurement)

Na, Np Density of acceptors or donors

Nc, Ny Conduction and valence band effective density of states

Ng Bulk defect density (c-Si doping concentration)

Nq Density of localised/trap state

pdep

Chamber pressure in PECVD system
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pFF
Ps
Qs
R
Rp
Rs
Req
S
Shacks Stront
Seit
T

U

(Ya-Si:H
(nN)/(p)a-Si:H
(n)/(p)c-Si
Ag

Al

a-Si
a-Si:H
a-SiC,:H
a-SiN,:H
a-SiO:H
AlL,O3
AFM
AFORS-HET
AM1.5
APCVD
BSF

B2Hs

c-Si

CB

CVvD

cz

DB

DC

Pseudo fill factor

Incident illumination power density

Fixed charge density

Reflectance, reflectivity

Parallel resistance in solar cell equivalent circuit
Series resistance in solar cell equivalent circuit
Sheet resistance

Surface recombination velocity

Back- and front-side surface recombination velocity
Effective recombination velocity

Temperature

Recombination rate

Surface recombination rate

Applied voltage

Voltage at maximum power point

Open-circuit voltage

Wafer thickness

Undoped (so-called intrinsic) hydrogenated amorphous silicon

n-/p-doped hydrogenated amorphous silicon
n-/p-doped crystalline silicon

Silver

Aluminium

Amorphous silicon

Hydrogenated amorphous silicon
Hydrogenated amorphous silicon carbide
Hydrogenated amorphous silicon nitride
Hydrogenated amorphous silicon oxide
Aluminium oxide

Atomic force microscopy

'Automat for the simulation of heterostructures’ (software)
Air mass 1.5 (solar spectrum)

Atmospheric Pressure chemical vapour deposition
Back surface field

Diborane

Crystalline Silicon

Conduction band

Chemical vapour deposition

Czochralski

Dangling bond

Direct current
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DEZ Diethylzinc

DOS Density of states

FTIR Fourier-transform infrared spectroscopy

Fz Float zone

H Hydrogen

HF Hydrofluoric acid

HIT Heterojunction with intrinsic thin layer (Sanyo)
HJ Heterojunction

HWCVD Hot-wire chemical vapour deposition

H,O Water

IQE Internal quantum efficiency

IR Infrared

ITO Indium tin oxide

LPCVD Low-pressure chemical vapour deposition
MOCVD Metal-oragnic chemical vapour deposition
NIR Near infrared

PCD Photoconductance decay

PECVD Plasma-enhanced chemical vapour deposition
PH; Phosphine

QSSPC Quasy-steady-state photoconductance

RF Radio frequency

sccm cubic centimetre per minute at STP

SE Spectroscopic ellipsometry

SEM Scanning electron microscopy

SiH,4 Silane

SIMS Secondary-ion mass spectroscopy

SRH Shockley-Read-Hall

TEM Transmission electron microscopy

TCO Transparent conductive oxide

TT,TD Total and diffuse transmittance

uv Ultraviolet

VB Valence band

VHF Very high frequency

XPS X-ray excitation photoelectron spectroscopy
XRD X-ray diffraction

Zn0O, ZnO:B (B-doped) Zinc oxide
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