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Abstract

Due to the increase of energy demand and the growth of atmospheric pollution, in the last few years renewable
energy sources had a large growth. Among these, photovoltaic solar cells played a central role, thanks to the
reduction of their cost partially due to the wide research developed on them. Currently, silicon crystalline solar
cells’ state of the art is based on heterojunction structures that combines crystalline silicon with a wider band
gap semiconductor material like hydrogenate amorphous silicon (a-Si:H). This technology detains current
efficiency record of 26.7 %.

However, this structure has still certain aspects that can be improved such as the high light absorption of the
amorphous silicon layers (a-Si:H), which limits the overall energy that can be converted into current, and their
low thermal stability, which does not allow to overcome their deposition temperature (typically 200°C) in the
following fabrication steps, limiting and making more difficult and costly their fabrication. Furthermore,
during the amorphous silicon layers’ deposition, some highly hazardous and toxic gases are used and it would
be desired to find an alternative.

In this work are studied two new materials that can help to overcome the aforementioned drawbacks of
amorphous silicon layers. The first material is hydrogenated amorphous Silicon sub-Oxide (a-SiOx:H) which
during this work was demonstrated to be more transparent and more thermally stable than a-Si:H, preserving
the passivation properties of amorphous silicon layers. Different heterojunction solar cells based both on a-
SiOx:H and a-Si:H were made and characterized, confirming the higher transparency and thermal stability of
the former set with respect to the latter group. Furthermore it was proved the compatibility between deposition
process of a-SiOx:H and a-Si:H, confirming this material as a suitable candidate to replace amorphous silicon
layers in industry. Moreover, thanks to the oxygen presence inside the film, the a-SiOx:H layers showed a high
chemically compatibility with metal oxides which, may be suitable to replace a-Si:H layers as selective
contacts in case they have a high work function. Among these metal oxides it was chosen non-stoichiometric
Molybdenum Oxide (MoOx) as a second material to be investigated, since unlike doped a-Si:H layer does not
need the use of hazardous and toxic gases during the deposition process. MoOXx layer was investigated in terms
of material analysis and its characteristics and was developed together with a-SiOx:H layer to obtain high
transparency and stability at industrial level. Hence the MoOx layer was successfully experimented in
combination with a-SiOx:H buffer inside a complete heterojunction solar cell which was described and
characterized, exploiting their high overall transparency allowing the absorption of a wider portion of sunlight
spectrum in comparison to heterojunction solar cells based on a-Si:H layers.
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Introduction

The energy demand increases year by year and the atmospheric pollution and CO; level increase at the same
time. Just last year (2016) the CO, concentration reached 400 ppm, a threshold never reached before. The main
cause of pollution is the fossil fuel combustions which is still the main energy source. In the last few years, to
oppose the effect of pollution on Earth, better known as “greenhouse effect”, renewable energies had a large
increase, starting to compete with non-renewable sources. The huge amount of energy sent by the sun on our
planet makes it the largest energy renewable source available to us, and up to now, the more convenient way
to convert sunlight radiation in electricity is to use photovoltaic cells.

Until humanity will not find another clean and inexhaustible energy source, the solar energy will dominate
more and more the global energy production. For these reasons, | decided to work during my Ph.D on
photovoltaic cells, to give my little contribution to the research on this important field that | hope will change
the world. In order that this change becomes real, the cost per watt produced with photovoltaic cells needs to
decrease more than the cost per watt obtained with non-renewable sources.

Currently the market of photovoltaic cells is dominated by silicon based solar cells, that are the most
competitive way in term of cost per watt in comparison to others photovoltaic technologies. There are two
mainly silicon substrates used to fabricate silicon solar cells: multi-crystalline and mono-crystalline wafers,
the former more cheap but less efficient, the latter more expensive but more efficient. The trend is the reduction
of mono-crystalline wafer cost thanks to its growing market. The silicon crystalline solar cells market is still
dominated by homojunction solar cells but, finally, a new promising technology begins to take place in the
market: the silicon heterojunction solar cell. The current state of art of solar cells (based on mono-crystalline
silicon wafer) is exactly by heterojunction structure that combines crystalline silicon with a wider band gap
semiconductor material, hydrogenate amorphous silicon (a-Si:H) in this case. The currently efficiency record
of 26.7% (May 2017) was obtained by Kaneka combining heterojunction with interdigitated back contacts
technology. However this technology has still some points that can be improved. Indeed the intrinsic and doped
a-Si:H, which are two of the layers deposited on silicon crystalline in order to produce the photovoltaic cell,
are not perfectly transparent and absorbing a certain part of sunlight spectrum which consequently does not
contributes to generate current. Furthermore a-Si:H films are not thermally stable, indeed they do not allow to
overcome their deposition temperature during subsequent fabrication steps, that is typically about of 200°C.
This low temperature limits and makes more difficult the cell metallization and the interconnection between
the cells inside the photovoltaic module which cannot be made by high temperature soldering techniques
typically used for homojunction solar cells. Furthermore during the doped a-Si:H deposition, some highly
hazardous and toxic gases are used as Phosphine, Diborane and Silane; it would be desirable to find an
alternative to avoid their use.

My Ph.D thesis is focused on the study of two different materials that can help to overcome the drawbacks of
a-Si:H layers. In particular the problem is approached in terms of materials’ analysis and characteristics to
obtain high transparency and stability for massive industrial production.

The first material is hydrogenated amorphous Silicon sub-Oxide (a-SiOx:H) which is more thermally stable
and more transparent than intrinsic a-Si:H and furthermore it can be deposited according to the same industrial
deposition process of a-Si:H. Mainly due to its thermal stability, higher than a-Si:H layers, this material can
simplify some manufacturing steps, thus reducing the cost per watt of solar cells produced. Another keypoint
of a-SiOx:H layers is the oxygen’s presence inside its network which makes the a-SiOx:H a good candidate to
experiment new emitter layers made with high work function metal oxides, thanks to their chemical
compatibility. One of these metal oxide is the second material investigated. This highly transparent material is
non-stoichiometric Molybdenum Oxide (MoOXx) which can replace the doped a-Si:H inside heterojunction
solar cells, without the use of hazardous and toxic gases. Combining intrinsic a-SiOx:H and MoOx layers
inside a heterojunction solar cell is possible to enhance the overall sunlight absorption by crystalline silicon in
comparison to a-Si:H based heterojunction.



This Ph.D thesis work starts introducing the concept of solar cells (chapter 1) and focusing on the
heterojunction solar cells with their advantages and drawbacks (chapter 2). The a-SiOx:H is introduced in
chapter 3, where are described the optimization of its deposition parameters and the effects of several treatment
as thermal and UV light soaking treatments as well as a comparison with a-Si:H layer. The heterojunction solar
cells based on a-SiOx:H layers and manufactured during this thesis work are reported in chapter 4.

In chapter 5 is investigated and analyzed the MoOx layer in terms of its characteristics. Afterwards MoOXx is
developed, together a-SiOx:H layer, to obtain a high transparency emitter layer. Finally the performances of
MoOx layer in combination with a-SiOx:H buffer are reported, exploiting their high overall transparency inside
complete heterojunction solar cells which are fabricated and successfully characterized.



1 - Solar cells

Solar cell working principles and operations are presented in the first part of this chapter; a further analysis on
techniques used to obtain high efficiency systems is the topic discussed in the second part. The chapter ends
with a brief explanation on semiconductors junction.

1.1 Solar cells concept

A solar cell is an optoelectronic device that converts light radiation in electric power. The working principle
is very simple: since quantum mechanics theory assumes that electrons can present only a finite numbers of
states, each of them characterized by a certain energy level, if we can give sufficient energy to an electron, this
will change its state “jumping” to a higher energy level or energy band. The idea at the basis of a solar cell is
to use the energy of photons to change the electrons’ energy level and to have specific materials in which this
jump generates a current. To convert the light in electricity thus is needed a material that presents two energy
bands for electrons, valence band and conduction band, separated by a forbidden gap and that the photon gives
sufficient energy to electrons to overcome this energy gap . The most commons materials that have these
properties are the semiconductors.

When an electron moves from valence band to conduction band, leaves a hole in valence band and this hole is
a positive carrier. To obtain an external current from the solar cell, electrons and holes should be collected by
contacts and must not recombine before they reach the contacts, hence the semiconductor materials should be
as less recombinant as possible and it is fundamental that the electrons and holes are separately collected. In
Figure 1.1 a scheme of a solar cell under light condition is shown. The two contacts can be considered selective
contacts if electrons and holes do not recombine at the edges. To selectively extract the electrons the level of
extraction should be near the conduction band of the semiconductor absorber while to selectively extract the
holes the level of extraction should be near the valence band. The Es and Ex, are the quasi-Fermi levels that
correspond to the medium energy associated to electrons and holes respectively in a disequilibrium condition
as induced by light absorption. On absorber edges the surface recombination is depicted. This is a fundamental
problem in heterojunction solar cells and will be largely discussed in the subsequent chapters. Indeed, if the
recombination inside the bulk of absorber can be very low (using for example a high quality semiconductors),
on the edges, due to the interface between two different materials, many surface defect work as recombination
centers. For this reason a buffer layer that reduces as much as possible the surface defects is needed.

Sunlight radiation

Conduction band

electron extraction e o® 000 ®@ 00 @
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Electron collector P " <
atciicelpaid Hole collector
Light absorber

Figure 1.1: Scheme of solar cell concept: red dots represent electrons and blue dots represent holes, Es and Ep are the quasi-Fermi
energy levels on absorber edges. Recombination due to surface defects (red and blue arrows that recombine electron and hole near the
surface) is shown.

Hence, to obtain high efficiency in a solar cell, four fundamental characteristics are needed: firstly is required
a high quality absorber material that presents minimum internal recombination and diffusion length higher
than the absorber thickness. Surfaces must be passivate to minimize the surface recombination and all the



incident photons should be absorbed; finally the photogenerated carriers must be extracted separately by
selectively contacts.

1.2 Solar cells fundamental parameters

1.2.1 Homojunction

In a conventional solar cell the absorber is a semiconductor and the photogenerated carriers are separated by
means of a p-n junction. This cell type is named homojunction because the junction is made between two
doped type of the same material. When n-type and p-type semiconductor form a junction, some electrons go
from n-type to p-type and some holes go toward n-type silicon. This generates a depletion region (or space
charge region) where the free carriers are absent. At thermal equilibrium, this depletion forms an electric field
because in this region fixed ions are present, positive inside n-type silicon (due to the absence of free electrons)
and negative inside p-type region (due to absence of free holes). The Fermi level at thermal equilibrium is the
same for two doped types and the bands are consequently bended to allow their continuity. A built-in potential
(V) is generated at the junction and it depends on the difference between two Fermi levels.The equation (1.1)
describes this potential:

_ k_T NgNp
vy = n (Tz ) (1.1)

1

where k is the Boltzmann constant, q is the electron charge, Na and Np are the acceptor and donor concentration,
n; is the intrinsic carrier concentration and T is the temperature. The basic model that describes the current
inside the p-n junction in the dark condition is the same model that describes the current inside a diode as
represented in equation 1.2:

=1 (efTVT - 1) (1.2)

were Jo is the dark saturation current, V is the applied potential and n is an ideality factor that is near 1 in case
of good junction (it is 1 for an ideal diode) and increases with recombination.

1.2.2 llluminated junction

When a photon hits a semiconductor, if its energy is above the semiconductor’s energy gap, a non-equilibrium
state is established: the depletion region is reduced and the Fermi level is splitted in two quasi-Fermi levels.
The photogenerated carriers are proportional to the number of incident photons and the carriers in excess are
drifted by the electric field inside the depletion region until a new equilibrium is reached. When the cell is in
short circuit the voltage between its two edges is zero and the short circuit current (Isc) flows. When the cell is
in open circuit configuration, the open circuit voltage (V) rises between the two cell contacts and the potential
difference is the difference between the two quasi-Fermi levels. In Figure 1.2 is shown the band diagram in
the two cases described where in Figure 1.2 (a) a short circuit is present and Isc flows, and in Figure 1.2 (b) the
cell is not connected and V. is established between two cell sides.
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Figure 1.2: The band diagram of the illuminated solar cell in short circuit configuration on the left (a), and in open circuit
configuration on the right (b) [1].

In light condition the photogenerated carrier are not totally collected because some of them recombine at the
semiconductor surface or in the bulk. These lost carriers can be modelled as a current that reduces the
photogenerated current. This current, named recombination current, is described by the equation 1.3 and
depends on the illumination intensity or also to quasi-Fermi levels opening (Em — Egp).

Efn—E
Jree =Joexp (<212 ) (13)
1.2.3 Solar cell parameters

To describe the electrical behaviour of a solar cell it is normally used an equivalent electric circuit model. The
easiest circuit that can describe the solar cell is named “one diode model”. The electrical scheme of this model,
shown in figure 1.3, is based on a diode, that represents the junction, in parallel with a current generator, that
represents the photogenerated current Ipn.lg and Vy are the diode’s current and voltage respectively, while Rsh
is the shunt resistance that take in account the recombination loss (and eventual leakage) and R is the series
resistance that simulates the overall resistance of the solar cell. V and | are the voltage and current generated
by the solar cell.

I
vl <k v

O
-

Figure 1.3: Electrical scheme of “one diode model” of solar cell.

The current provided by the solar cell can be written as | = lpn — lg — Ish where Ish = Vg / Rsn While 1g is given
by equation 1.4:

qQVq q (V+IRs)

1d=10<em—1)—>Vd=V+(I*RS)—>Id=IO<e nkT —1) (1.4)

Considering Is as:



V+(IRs
I, = 2R (1.5)

Rsn

The cell current is:

q (V+IRg)
I =Ly — I (einkT - 1) _ R (1.6)
Rsh
In open circuit condition (I = 0), the voltage provided by the cell is:
— kT Tpn
Voo = "2 In ( 2y 1) 1.7)

while when short circuiting the cell (V = 0), the short circuit current flowing through the cell (neglecting the
last term of 1.6) is:

qlscRs
Ise = Loy — Io (e i — 1) (1.8)

The typical current voltage (1-V) characteristic of a solar cell is shown in Figure 1.4 where both characteristics
in dark and light conditions are reported. The point of intersection of the characteristic with the V axes identifies
the open circuit voltage (Voc), While the intersection with the | axes defines the short circuit current (ls).
Knowing the curve’s shape, is possible to identify the point in which the product between current and voltage
is maximum and consequently valuate the cell’s maximum output power. Voltage and current in this case are
called Vip and Inp. It is worth to notice that the shape of the curve in light condition is the same as the dark
curve one, translated of the value of the photocurrent; for this reason the two curves never cross each other.
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Figure 1.4: Typical I-V characteristics of a solar cell under light and in dark condition.

The ratio between the rectangular area limited by Isc and Vo and the rectangular area with sides lmp and Vi is
called Fill Factor:

FF = Jscloc. (1.9)

ImpVmp



Another fundamental solar cell parameter is the efficiency. It represents the ratio between the input light power
and the output electrical power provided by the solar cell. Mathematically the efficiency is represented by
equation 1.10:

ImpVm 1;cVye FF
— p'mp — 1sc¥oc (110)
Plight Plight

where # is the efficiency and Piign: IS the light power that illuminates the solar cell. Typical Piign: value is
1kW/m? (Air Mass 1.5G)

One problem of solar cells is the dependence of Voc0n temperature; open circuit voltage indeed decreases when
temperature increases. This, as described in equation 1.7, is a consequence of the dependence on temperature
of I since :

pn?

l (1.11)

LNp

10=qA

where A is the cell area, D is the diffusivity of minority carriers, L is the minority carrier diffusion length, n;
is the intrinsic carrier concentration and Np is the doping concentration. n; has a strong dependence on
temperature:

3
n? =4 (ZZ’;T) (mim;,)3/% exp (— %) = BT3exp (— %) (1.12)
where m*. and m*, are the efficacy masses for electrons and holes and Eq is the energy gap of the
semiconductor. B is a constant independent from temperature. Equation 1.12 is valid for homojunctions since
the same Eg is present on the two sides of the junction. In case of heterojunctions, where there the junction is
made between two semiconductor with different energy gap, the higher band gap of one material gives a minor
dependence of Ve on temperature. Combining equation 1.12, 1.11 and 1.7 is possible to describe the Voc
dependence on temperature:

1
VOC < T In (m) (113)
As reported in the equation 1.13 the Vo does not linearly decrease as function of temperature while the I
linearly increases due to thermal carrier generation. Hence, as the temperature rises, the Voc decrement is
stronger than the increment of I, thus the cell output power decreases.



2 - Heterojunctions

In this chapter the working principle of a heterojunction solar cell is described, starting from a brief summary
of its evolution during the years and ending with an overview on the actual state of art. Pro and cons of this
device and possible improvements of its performances are highlighted. An overview of manufacturing steps is
also presented.

2.1 Towards amorphous/crystalline silicon heterojunction

Keypoints to make more competitive the photovoltaic as a sustainable energy in comparison with non-
renewable sources are the high performance cells development and the cost per watt reduction. To obtained
high efficiency, high performance materials are needed: mono-crystalline Czochralski (CZ) or Floating Zone
(FZ) silicon wafers are good candidates due to the low defect density within the bulk but their cost is higher
than multi-crystalline silicon wafers. Nevertheless, during last few years, the cost of mono-crystalline silicon
decreased significantly due to a huge production for photovoltaic applications [2]. In this way the production
and commercialization of high efficiency cells is becoming reality. In addition to silicon cost reduction, also
the fabrication steps need to optimize its cost: the high efficiency obtained with classical homojunctions has
high fabrication costs. Indeed the homojunction efficiency record of 24.7% is made with PERL (Passivated
Emitter and Rear Locally diffused) technology [3] which needs high temperature fabrication steps to passivate
the surface with stoichiometric SiO, layer and photolithographic steps to obtain high performance surface
texturing. To reduce the fabrication cost of solar cells a more efficient new technology is needed:
heterojunction solar cells seem to be the right answer.

Heterojunction solar cells are based on amorphous hydrogenate silicon/crystalline silicon (a-Si:H/c-Si)
junction and allow to obtain high efficiency with simple technological steps: the junction is made by deposition
of an amorphous silicon layer, deposited by Plasma Enhanced Chemical Vapour Deposition (PECVD)
technique, on crystalline silicon.

The heterojunction based on a-Si:H/c-Si has been studied and developed for more than thirty years [4]. In 1983
the first stacked solar cell based on amorphous silicon/polycrystalline silicon with 12% efficiency has been
reported [5] and in the following years many studies focused on transport mechanism and band discontinuity
at the hetero-interface [6] [7] [8] [9] [10] [11]. Only in 1992 the efficiency of heterojunction became
comparable with the efficiency of classical homojunction solar cells as a consequence of the introduction of
HIT (Heterojunction with Intrinsic Thin-Layer) cells [12]. Its layers scheme is shown in Figure 2.1.

|A/TCO

p aSi:H
ia-Si:H
nc-Si
na-Si:H
Al

Figure 2.1: Layers of the first HIT solar cell in cross section [12] .

This cell reached an efficiency of 18.1% thanks to intrinsic a-Si:H layer, which passivating the hetero-interface,
strongly reduces carriers recombination. On its back, the base contact is made using n-type a-Si:H layer directly
in contact with the above silicon surface. An aluminium layer ensures the low series resistance. On the front
side, due to the low p a-Si:H conductivity, a transparent TCO layer is used to ensure the contact. The entire
fabrication process uses temperatures lower than 200°C. In 1994 was reported [13] the first HIT solar cell
which overcame 20% of efficiency on 1 cm? area, made by SANYO Itd. This cell was based on n-type
Czochralski textured c-Si wafer, the silicon surface was passivated on both sides with intrinsic amorphous
silicon, the junction was formed with a thin layer of p a-Si:H deposited with PECVD at temperature below
200°C and the back contact was obtained with n a-Si:H layer. In 2009 the efficiency of HIT solar cells reached
23% on a large area of 100 cm? [14] and 22.8% on a wafer thinner of 100 um made by SANYO [15]. Today



with the same structure of HIT solar cell, the efficiency rises up to 25.1% [16] due to high quality silicon
wafers and parameter optimization during fabrication process. The current world record of 26.3% [17] is
currently detained by a HJ-IBC (HeteroJunction with Interdigitated Back Contacts) cell that is still based on
the HIT structure but the electrodes are both on the back of the cell, thus increasing the light exposed area on
the cell’s front side. This structure, together with high quality surface passivation due to the absence of the
front contact, allows to increase the photons absorbed. In this case the temperature deposition of a-Si:H is
lower than 260°C. The low temperature used in the HIT fabrication steps in comparison to the temperature
used in homojunction fabrication steps, is an important factor to reduce thermal budget and then the total solar
cells cost. In Figure 2.2 is shown an example of thermal budget amount and time duration process used during
homojunction and heterojunction fabrication [18]. The state of the art on efficiency (2017) of several types of
cells and modules are reported in [19].
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Figure 2.2: Thermal budget comparison during fabrication steps between HIT and homojunction solar cells [18].

2.2 Advantages and drawbacks of heterojunction solar cells

The key to obtain high efficiency in heterojunction solar cells (HJ) is the high passivation of the silicon
crystalline surface. Another advantage of this technology, in comparison to homojunction, is the absence of
high temperature (> 900°C in case of Phosphorous and >1000°C in case of Boron) dopant diffusion to form
the junction and the consequent absence of thermal stress. Moreover, the silicon wafer is not contaminated and
the lifetime of carriers can be much higher than in homojunction. Furthermore, the high crystalline surface
passivation level contributes to the high Vo of heterojunction solar cell. Finally the absence of high temperature
thermal stress allows the use of thinner wafers.

Notwithstanding the use of amorphous silicon, the heterojunction solar cells have an excellent stability and do
not suffer of the Staebler-Wronski degradation effect typical in thin film amorphous solar cells, since very thin
amorphous films are used and none of them is used to photogenerate carriers [20]. Thanks to the higher energy
gap in amorphous silicon, the heterojunction device has a better response to temperature increment with respect
to a homojunction structure [21]. Indeed as described in the first chapter in the “Solar cell parameters”
paragraph, the higher band gap reduces the dependence between V.. and temperature, being for a HJ solar cell
—1.8 mV/°C instead of —2.5 mV/°C for homojunction. This difference is reflected in a gap up to 13% in the
maximum output power [22] when the temperature of the module is about 85°C as shown in Figure 2.3. An
additional advantage is related to the low cost of HJ cell’s manufacturing in comparison of homojunction’s
one. The three main aspects that contribute to low cost making are the lower thermal budget, the shortest
duration of the manufacturing process, and the possibility to use thin wafers which strongly reduces material
cost [23]. Indeed in homojunction technology, due to the silicon wafers warping that occurs during the high
temperature phases to which is exposed, its thickness do not reduce below 160um [24]. Besides cost reduction,
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the use of thin wafers has a further advantage: the Vo is related to the wafer thickness and the open circuit
voltage can increase reducing wafer’s thickness. Indeed the photogenerated carriers in a thin wafer must diffuse
for a shorter length to be collected, decreasing the recombination inside the bulk. The use of n-type wafer in
HJ technology is an advantage in terms of absence of boron-oxygen complexes and then the absence of light
induced degradation [25].
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Figure 2.3: Power comparison between conventional homojunction and heterojunction module [22].

Despite the presence of many advantages, the heterojunction solar cells present also disadvantages, having
room for improvements in some of them.

Commonly heterojunction cells are based on n-type wafers which have higher cost than p-type being the latter
largely used in electronics. Nevertheless, n-type c-Si wafer price is constantly reducing due to mass production.
N-type wafers present less mobility of minority carriers since they are holes with bigger effective mass, but
this become less relevant on thinner wafers.

The use of p-type wafers in HJ cells is difficult due to the base contact: the holes should cross the barrier
between p ¢-Si and p a-Si:H. Improved hole extraction can be useful to use p-type wafer and decrease cell cost.
Currently, the heterojunction efficiency reached on p-type wafer is lower than the efficiency on n-type wafer
and is not worthwhile to invest in a production line.

The improvement of surface passivation is due to the intrinsic a-Si:H layers, which degrades their passivation
properties when exposed at the high temperature processing step needed to hydrogen effusion. Therefore
subsequent fabrication steps must avoid to overcome this temperature constrain. Also doped a-Si:H layers can
downgrade due to excessive annealing temperature [26]. Another drawback of HJ technology is the low lateral
conductivity of amorphous layers that requires the deposition of TCO (Transparent Conductive Oxide) layer
on top of them to ensure correct lateral carriers collection. Since TCO is a windows layer for the cell, is also
used as anti-reflection coating. Consequently high conductivity and high transparency for TCO layer is
required. Also on the cell rear TCO layer is used to avoid direct metal contact on amorphous silicon that does
not guarantees a good ohmic contact. The typical TCO used is ITO (Indium Tin Oxide), but its drawbacks are
the high cost of indium due to its scarcity, the non-perfect transparency, the not impressive conductivity which
imposes a metal grid deposition on top of it to reduce cell series resistance, the n-type behaviour and the low
electron affinity which ensures ohmic contact with n-type a-Si:H layer but needs high doping p-type a-Si:H
layer to ensure tunneling contact. Despite these drawbacks, currently ITO is the best TOC layer available
nowadays. To make metal contacts on HJ solar cells, a special low temperature sintering silver serigraphic
paste is used; this is more expensive and less conductive than silver bulk [27] (at least one order of magnitude),
and the thermal treatment, lower than hydrogen effusion threshold, represents a difficult and a strong limitation
to ensure metal adhesion and conductivity suitable for efficient solar cell. Furthermore it is difficult to connect
the HJ cells between each other, since soldering procedure occurs at a temperature higher than 270°C which
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exceeds the a-Si:H degradation temperature and therefore cannot be adopted. To overcome this issue,
conductive tapes are used, but they are expensive and less conductive than a conventional soldering [28] [29].
The carriers photogenerated inside amorphous layer recombine quickly decreasing the maximum cell current
and then efficiency [30]. Hence, the light exposed amorphous layers must be more transparent as possible. The
drawback of a-Si:H layers used in current HJ is the high light absorption mostly in blue and UV region of the
sunlight spectrum, as demonstrated since 1992 by Tanaka et al. [12]. The possibility to use alternative materials
that can tolerate temperature higher than a-Si:H layers and more transparent than a-Si:H is an interesting
prospect for future heterojunction. One interesting alternative material is a-SiOx:H which in the following
chapters will be presented. The main advantages of this material rely on its higher transparency with respect
to a-Si:H layers, keeping the high chemical compatibility with crystalline silicon surface and good passivation
layer, and its thermal stability. These reasons make a-SiOx:H a good candidate to substitute a-Si:H film in next
generation heterojunction solar cells.

2.3 Heterojunction working principle

As mentioned in the previous chapter, a solar cell is based on an absorber material and two selective contacts.
When the absorber and selective contacts have different semiconductor properties, we describe the junction as
heterojunction. To ensure selectivity, the external contacts must collect only one kind of photogenerated carrier
avoiding recombination with the opposite photogenerated carrier. To this aim energy barriers (AE. , AEy),
arising from the energy band mismatch between the two semiconductors composing the heterojunction, can
be used.

In Figure 2.4 is depicted the ideal band structure of a heterojunction under light conditions, where —q is the
vacuum level, X is the electron affinity and Ex and Es are the quasi-Fermi levels for electrons and holes
respectively. The red dots represent electrons that are rejected by the AE barriers and the blue dots represent
the holes that are rejected by AE, barriers.

Selective Selective

! contactfor | Absorber | contact for
holes : . electrons

Figure 2.4: Scheme of a heterojunction under light and open circuit conditions, electron (blue dots) are rejected by the AE¢ barrier
while holes (red dots) are rejected by the AEy barrier [31].

Outside the ideality, the barrier is distributed between conductive and valence band and their cumulative value
is the difference between the energy gap of selective contact and silicon’s energy gap. To obtain a barrier in
the conduction band, the electron affinity (ye) of selective contact, which is the difference between vacuum
energy level and conduction band, must be smaller than y. of silicon bulk. Instead, to create a barrier in the
valence band, the two electron affinities should be similar, since in this way energy gap mismatching is located
prevalently in valence band. Hence, in an ideal heterojunction solar cell the injection of minority carrier in
selective contacts can be suppressed.
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In case of a-Si:H/c-Si heterojunctions the energy gaps and the electron affinities are: 1.72eV, 3.9eV; 1.12eV,
4.05eV for a-Si:H and c-Si respectively. When the two semiconductors are in contact, adopting Anderson’s
model [32], AE.= 0.15e¢V and AE, = 0.45eV [33]. In Figure 2.5 the simulated band diagram under light
conditions of p a-Si:H emitter contact on n-type c-Si (on left side) and n a-Si:H emitter contact on p-type c-Si
(on the right) are compared.
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Figure 2.5: Band diagram simulation in light conditions of the emitter heterojunction on n-type c-Si (left side) and p-type c-Si (right
side). Red dots are electron while blue dots are holes.

As it comes evident from figure 2.5, the photogenerated carriers split the Fermi level in two quasi-Fermi levels
for electrons (red line) and one for holes (blue line) respectively. The passivation layer is essential to allow the
carrier’s collection and avoid their recombination at the silicon surface. Due to the band alignment, the emitter
contact on p-type c-Si works better than the emitter contact on n-type c-Si. Indeed, the barrier against
conduction is negligible, enabling the correct transport of electrons, while in valence band the barrier is
sufficiently high to rejects holes. In case of n-type c-Si, the barrier in valence band is not negligible but the
transport of holes is allowed thanks to the electric field at the hetero-interface. Nevertheless the states inside
the energy gap of a-Si:H films enable a multi-step tunneling mechanism that allows the holes to be collected
by the selective p-type a-Si:H emitter. This assumption is confirmed by the exponential dependence of the
current as a function of temperature under low forward bias and dark conditions [34] as reported in Figure 2.6
(left side) and compared with current vs. temperature of homojunction that has a super-exponential dependence
as T 2 (right side). A representation of holes transport through passivation layer (in this case intrinsic a-SiOx:H)
by multi-step tunneling is shown in Figure 2.6 top side [35]. The thickness of intrinsic a-Si:H is a relevant
parameter. The role of intrinsic a-Si:H layer is to assure the surface passivation by subtracting as less generated
electric field (or less built in potential) as possible from the electric field caused by the junction, in order to
allow the correct inversion of the crystalline silicon’s surface.

Indeed if the doped layer is directly grown on silicon, the dopant induces higher number of defects at the
silicon surface than in case of intrinsic film. If the intrinsic a-Si:H thickness is too big, the electric field drops
mainly inside the intrinsic a-Si:H layer reducing the electric field inside the c-Si bulk and then reducing the
inversion layer on c-Si surface and increasing the potential barrier at hetero-interface. The reduction of electric
field near the c-Si surface reduces the probability for the holes to overcome the barrier which is also thicker
due to the thicker layer of intrinsic a-Si:H. Hence a too thick intrinsic a-Si:H layer prevents the correct carriers’
collection. If the thickness is too thin the barrier is reduced and the built-in potential drops mainly in the silicon
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crystalline bulk. Surface passivation is not assured and a high density of states at the hetero-interface causes
high recombination that consequently leads to a reduction of carrier collection.
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Figure 2.6: Top side: representation of holes transport through passivation layer (i a-SiOx:H) by multi-step tunneling [33]. Bottom
side: Current vs. temperature curves of HJ based on n-type c-Si (left side) and homojunction based on p-type c-Si (right side).

If the thickness is too thin, the barrier is reduced and consequently the built-in potential drops mainly in the
silicon crystalline bulk. Surface passivation is not assured and a high density of states at the hetero-interface
cause high recombination and then a reduction of carrier collection. It descends that the thickness of passivation
layer needs to be a compromise between good passivation and good carrier transport. HJ cell demonstrated
that 5nm of a-Si:H is the best compromise for surface passivation and filed losses [36].

A little advantage of p-doped a-Si:H in comparison to n-type a-Si:H is its slightly higher energy gap of 1.72
eV instead of 1.70 eV this allows a bit more transparency and consequently a reduced filtering effect than n-
type a-Si:H emitter.

As it comes evident from the band bending diagrams in figure 2.5, the heterojunction is not a real junction
between two different doped materials because the c-Si forms an inversion layer close to the surface. The real
p-n junction therefore stands inside the crystalline bulk between the inverted c-Si induced by the emitter layer
and the bulk c-Si. Hence, is more correct to refer this device as “heterostructure” instead of heterojunction.
This consideration is key to understand the potentiality of this technology: also in the homojunction the
junction is made inside the crystalline bulk but the over-doping needed to change the type of c-Si strongly
contaminates the crystalline lattice generating several recombination centers that reduce the Fermi level split.
Furthermore, in homojunctions, the quasi-Fermi levels re-join on the crystalline silicon’s surface, where
electrodes are positioned.

These metal contacts, even if the surface is passivated outside them, locally generate defects that act as
recombination centers just where the photogenerated carrier should be extracted.
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Inducing the junction inside the bulk and creating an inversion layer, prevents the contamination of the lattice
of crystalline silicon. Thus the surface can be passivated reducing the defects and consequently the
recombination. Thanks to the absence of metal contacts on the silicon’s surface, the carriers are extracted from
the emitter layer by a TCO layer and the quasi-Fermi levels re-join within the emitter where only majority
carriers are present.

This enables a higher value of V. due to the reduced recombination and the possibility to split the quasi-Fermi
levels up to the energy gap of crystalline silicon. This effect is evident even if the doped emitter layers are very
thin. Indeed the Fermi level, within these emitters, does not move toward midgap due to both the doping and
the defect density. In particular the second one is able to pin the Fermi level close to the relative band of carrier
extraction, when the thickness of emitter layer is lower than 10nm and its conductivity strongly decreases.
Therefore it is possible to argue that doped and defected emitter layers are strongly needed to form an effective
inversion layer within the c-Si bulk, as in case of amorphous silicon doped films. Several p-doped materials,
as for example a-SiOx:H, pc-Si or NiOx, can be successfully used as emitter layer. It is very important that
the material used as emitter and the deposition used to create it does not damage the passivation.

If the inversion of silicon surface is key to make an effective heterojunction solar cell, in principle it is possible
to invert the surface by pinning the Fermi level near the valence band (in case of n-type c-Si) with a metal with
a high work function. In this case the heterostructure with a metal as emitter and intrinsic a-Si:H as passivation
layer on silicon crystalline can be called MIS structure (Metal Insulator Semiconductor) since the passivation
layer is an insulator layer. To understand why a MIS structure in the practice is feasible but does not effectively
work as solar cell, the role of insulator must be carefully considered. Of course the metal is not transparent,
but could be replaced by TCO or placed on the rear side of the cell. Any insulator must be very thin as
previously seen (5nm) to avoid field losses within it. But this thickness is not sufficient to avoid contamination
diffusion toward the c-Si surface when a metal emitter contact is directly deposited on it. This undesired effect
happens even if very soft evaporation is used. Moreover if a very thin insulator is used as stoichiometric high
temperature SiO, layer coming from microelectronic processes, it is very difficult to obtain homogeneous
layers on very large area device (16x16cm) at very low cost. Moreover even if this could be feasible, 5nm
would be thick enough to form a MOS structure in which the collection of photogenerated carriers is impossible
due to the SiO, barrier and 9eV of energy gap. However if the thickness could be thinner than 5nm, an
undesired short circuit between metal and semiconductor would be expected to dominate the structure, thus
leading to a low voltage solar cell. Therefore a doped a-Si:H film as emitter layer, chemically compatible with
the buffer, is the best compromise to form an effective heterostructure. In case of n-type c-Si metals with high
work function should be used. Unfortunately most of them are very expensive as Gold (5.4eV), Platinum
(5.7eV) or Palladium (5.2eV), while others are not friendly from an industrial point of view as for Chromium
(5.0eV). Nickel (5.2eV) could represent alternatives but it has very poor conductivity.

Particular care should be used for the rear side contact or base contact of the heterojunction solar cell. Indeed
the junction between p-type c-Si and p-type a-Si:H should be a selective contact for holes.

In Figure 2.7 on the left, there are two simulations under dark conditions of base contact when the c-Si is p-
type. This simulation take into account energy gap (Eg), electron affinity (y), Density of States (DoS) and the
activation energy (Eax) of crystalline and amorphous silicon. In the simulation an intrinsic a-Si:H layer is
introduced between p c-Si and p a-Si:H to reduce the density of states at hetero-interface.

As shown in figure 2.7 a), the barrier formed in the valence band is higher than the barrier formed in the
conductive band, which is the opposite of what we want. Hence, the holes collection is compromised due to
the barrier’s height and extension. Indeed there is no sufficient electric filed suitable to overcome the barrier.
One possibility to achieve a correct holes’ collection can be the use of a very high p-doped a-Si:H layer on p-
doped a-Si:H as shown in Figure 2.7 b). In this case the band’s bending allows to obtain a thinner barrier that
can be overcome more easily by hopping in the tail states inside the amorphous band gap. In Figure 2.7 on the
right, there is a simulation in light conditions of the |-V characteristics of two cells. One has the base contact
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made with normal p doped a-Si:H (blue line), where the barrier is too thick to be easily overcome, and the
other is made with p* doped a-Si:H (red line), where a good contact is guaranteed. The effect of the barrier is
a non-ohmic contact on the base contact that does not allow correct holes’ collection. Indeed the cell with the
barrier too thick shows an evident s-shape in its |-V characteristics.
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Figure 2.7: Left side: simulation of band diagram in dark conditions of heterojunction between p c-Si and p a-Si:H when a) the dopant
in a-Si:H is not sufficient to thinning the barrier and b) when p+ doped a-Si:H is used [31]. Right side: 1-V characteristic simulation of
entire cell under light conditions with base contact made using p a-Si:H and then the barrier is too thick (blue line) or with p/p* a-Si:H
and then the barrier is sufficiently thin (red line) [18].

Unfortunately high doped p-type a-Si:H is not easy to obtain [37], therefore the base contact on p c-Si should
be carefully considered when amorphous films are used.
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On the other side the base contact between n c-Si and n a-Si:H works better in comparison to the base contact
between p c-Si and p a-Si:H. As represented in figure 2.8 a), in the simulation performed in dark and in short
circuit conditions, the band alignment allows a good selective contact which rejects the holes and has only a
little barrier for electrons that can be easily overcome. Indeed, the high barrier in valence band acts as a shield
for holes, just like a kind of Back Surface Field (BSF). If the high doped n a-Si:H is used, the BSF effect is
improved and the small barrier in conduction band is further decreased. Hence the base contact between n-
type c-Si and n-doped a-Si:H works as a good ohmic contact. This is one of the relevant motivations to the
large use of n-type c-Si in HJ solar cells instead of the cheaper p-type c-Si.

2.4 Heterojunction fabrication steps
2.4.1 Saw damage removal, texturing and cleaning

In heterojunction cells, the junction is made on wafer surface; it is thus evident that the surface quality is
fundamental to obtained high efficiency. The morphological structure and the absence of chemical
contamination on the wafer surface is essential to obtain good electronic interface properties before starting
the manufacturing process. Besides the perfect surface cleaning and contamination removal, in HJ
manufacturing is requested to prepare the surface with a “surface conditioning” that prepares chemically the
surface for the passivation. After being cut, the wafer surface presents the so called “saw damage” that must
be removed and the wafer surface needs to be textured before HJ realization to improve the optical light
absorption and confinement. It is very important remove completely the saw damage to obtain a surface pre-
condition to reduce recombination losses on solar cell hetero-interface. It is possible to remove the saw damage
and after to texture the surface but, to optimize the process, is better to combine these two steps in one. This
unique step is made with a wet anisotropic etching on <100> wafer in KOH/IPA solution at 80°C [38] or by
using an isotropic acidic texturing process [39]. For HJ high efficiency solar cells is typically preferred the
alkaline anisotropic etched substrates with random pyramids. Figure 2.9 a) and b) depict the SEM images of
<100> silicon surface as-saw and the cracks caused by the sawing process, while in c) is shown the surface
after saw damage etching and in d) the textured surface in KOH/IPA solution [40].

Figure 2.9: SEM images of a) saw damage, b) cracks due to sawing process, c) etching of saw damage with KHO solution and c)
textured wafer using KHO/IPA solution [40].

After the saw damage removal and surface texturing, the surface needs a deep cleaning and decontamination
besides a surface conditioning. Laades et al. have recently published the effect of different combination of wet
chemical cleaning and surface conditioning on the minority carrier lifetime and surface states density [40]. The
classical wet cleaning procedure is known as “RCA standard clean” [41] [42] and besides the surface
contamination removal, reduces the interface defect, helps to smooth the silicon surface after saw damage
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removal and texturing [43] and saturates the dangling bonds at the surface by hydrogen termination [44]. In
this way the surface is physically and chemically ready or “conditioned” to be passivated in order to obtain a
low defect density on wafer surface. The RCA cleaning consists in two wet processes with two solutions called
SC1 and SC2 which grow on silicon surface an oxide layer, and the subsequent removal of this layer with
hydrofluoridric acid (HF). A mixture of De-lonized Water (DIW), hydrogen peroxide (H.O,) and ammonium
hydroxide (NH4OH), composes SC1 solution in proportion from 5:1:1 to 7:2:1 parts by volume while SC2
solution are composed by a mixture of DWI, H20: and hydrochloric acid (HCI) in proportion 6:1:1 to 8:2:1
parts by volume. The HF solution used to remove the oxide layer is at 2% in weight. The DWI used have to
be at 18.2 MQcm, the NH4OH is a solution at 27% in weight, the H,0- at 30% and the HCI at 37%. Every
chemical element has to be of electronic grade to not contaminate the silicon surface. The cleaning process is
made dipping the wafer in SC1 solution at 80°C for 20 minutes, rinsing with DIW and dipping in HF solution
to remove the oxide grow during SC1 and rinse again. After that, the process is repeated for SC2 solution. The
SC1 solution is useful to remove from wafer’s surface organics contamination and particles of dirt thanks to
its surfactant activity. Indeed the alkaline properties of NH4OH perform a solvating action of organic
contaminant helped by the oxidizing action of H20.. Furthermore NH,OH removes the metals complex of IB
and 11B periodic group like Au, Ag, Cu, Cd and Zn and other metals like Cr, Ni and Co. SC1 solution removes
the native oxide with very low rate and grow a new oxide layer. The native oxide can be removed before SC1
with HF solution to improve the effect of this cleaning treatment [18]. The SC2, being an acid solution,
dissolves and removes from the wafer surface every alkali residues and hydroxides metals compound like
Al(OH);, Fe(OH)3;, Mg(OH), and Zn(OH): as well as metallic contamination residues. SC2 has no effect on
organic compounds and on removing dirt particles and also in this case a new oxide layer is grown on silicon
surface. The final dipping in HF solution removes the silicon oxide and conditions the surface with hydrogen
termination. This is useful to improve the passivation properties of the a-Si:H deposited in the next fabrication
step, which should be made immediately after HF dipping.

2.4.2 Amorphous layer deposition

The typical substrate used in manufacturing HJ solar cell is n-type CZ or FZ silicon crystalline wafer and the
steps to obtain the heterojunction are very simple. The intrinsic silicon amorphous layer, used for surface
passivation, is well known since many years for its good passivation properties [45] [46] [47]. Amorphous
layers are typically obtained by Plasma Enhanced Chemical VVapour Deposition (PECVD) technique that will
be discussed below. Other techniques reported to give good results are direct-current PECVD [48] and hot-
wire or catalytic CVD [49] [50]. After wafer texture, cleaning, and H termination by HF dipping, the wafers
are put in the PECVD process chamber, where high vacuum is reached (about 107 Torr). The deposition is
made at a substrate temperature lower than 260°C, typically about 180-200 °C [51], and the precursors gases
for intrinsic a-Si:H are silane (SiH4) and hydrogen (Hz). The PECVD process use a RF power, typically at
13.56 MHz [52] [53] [54], although the successful use of very high frequencies, for example 40 MHz [55] [56]
or 70 MHz [48], is reported too. RF power breaks bonds inside gases molecule precursors and generates
radicals that react with the silicon surface growing a new layer of, in this case, a-Si:H. Certain deposition
parameter such as the RF power, the pressure in the chamber during the glow discharge, the gases flux and the
substrate temperature, are crucial to obtain high passivation surfaces. The thickness of intrinsic a-Si:H (about
5-7 nm) is another essential parameter that can make the difference between a high efficiency HJ solar cells
and an expensive coaster, and will be discussed in the following paragraphs. The front side emitter is made
above the intrinsic layer in a different chamber to avoid the dopant contamination of later intrinsic passivation
layers. In this case the emitter is made with p-type a-Si:H layers, adding diborane (B2Hs) in the mixture of
gases inside the chamber during the deposition. The cell rear part is passivated with a-Si:H in the same way of
the emitter and the base contact is made with n-type a-Si:H adding phosphine (PHs) at precursor gases; also in
this case a dedicate PECVD chamber is needed to avoid contamination. A scheme of this stack structure is
depicted in Figure 2.10.
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Figure 2.10: Scheme of HJ cell after amorphous layers deposition to made emitter and base contact.

2.4.3 TCO contact and metallization

After the deposition of the amorphous layers, a TCO layer is deposited on the cell’s front and rear surface. On
the front side the TCO layer acts simultaneously as a lateral transport medium, due to the low conductivity of
amorphous layers, as a window layer and as an anti-reflection coating. Hence, the TCO thickness must be
calculated to minimize the reflection, maximize its conductivity and guarantee high transparency. Typical
value is about 75 nm [51]. In case of bifacial cell, the same considerations have to be done for the rear side.
Anyway, also in non-bifacial cells case, a TCO layer on the rear surface of the cell is useful to help the ohmic
contact between the metal and the n a-Si:H layer, acting like a “contact buffer”. The TCO deposition is
performed typically by sputtering technique and the deposition parameters need to be optimized in order to
avoid damages to the amorphous layer during the deposition process. Indium Tin Oxide (ITO) is typically used
in HJ cells [57] due to the great success in flat panel display and its resistance that can be lower than 20 Q/sq
for thickness of about 80 nm [58]. After ITO deposition, a metallization process is needed to reduce series
resistance and correctly collect the carriers. To minimize losses arising from shadows and reduce the series
resistance at the front on HJ solar cells, the grind metal lines should be long and narrow. The most common
technique used to make metal contact is the screen printing and, as mentioned in the discuss on the drawbacks
of heterojunction, the serigraphic paste used for HJ must work at temperature lower than 250°C to avoid
damage on amorphous layer [26]. In case of bifacial cell, the grind is made on both sides while for normal HJ
cell the rear is fully metallized. In Figure 2.11 are shown two schemes of HJ solar cell complete structure.
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Figure 2.11: Two schemes of HJ solar cell after ITO deposition and screen printed grid, on the left a bifacial HJ solar cell, on the
right mono-facial solar cell.
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2.5 Defect at the interface between c-Si and a-Si:H

Due to the junction on silicon surface, the hetero-interface, namely the interface between crystalline silicon
and amorphous silicon, is the core of HJ solar cell. The photogenerated carriers inside the crystalline silicon
have to pass the interface to reach the metal contact and they can do it only if the recombination probability is
lower than the probability they have to be collected. On the interface at the edge of crystalline silicon, the
discontinuity of lattice generates a defect on density distribution, known as Tamm-Shockley defect
distribution, placed about at one third of the energy gap from the valence band. In Figure 2.12 is shown a band
diagram scheme at p-type c-Si edge: the Fermi level tries to move toward mid-gap but a pinning occurs due to
the Tamm-Shockley defect distribution. Indeed is estimated that the number of states on crystalline silicon
surface is two third of the atomic density within the volume [59] [60].
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Figure 2.12: The band diagram at the edge of p ¢c-Si with Tamm-Shockley density states.

If at the edge of crystalline silicon are present 2/3 of atomic density within the volume, on the amorphous side
the situation is definitely worse, even if the hydrogen introduced during deposition helps to reduce the defect
density amount [61]. The band theory that is based on lattice periodicity and on tight binding model, due to
the huge amount of defects in amorphous silicon that distorts the crystalline lattice, can be approximated in a
short range periodicity and can be used introducing a large Density of States (DoS) in the energy gap as shown
in Figure 2.13. Due to the short range periodicity, the discontinuity inside the amorphous silicon bulk are
similar to the edge of a-Si:H layer and consequently the energy band distribution between bulk and edge are
also similar. In figure 2.14 is sketched the band diagram of the interface between crystalline silicon (p type c-
Si) and amorphous silicon (intrinsic a-Si:H/n a-Si:H) and the defect density at the interface is highlighted; y is
the electronic affinity, AEc and AEv are the differences between conduction band and valence band of the two
materials. The probability that an electron recombines trying to overcome the interface is very high and if a
strategy to reduce the density states at interface is not adopted, the HJ solar cell cannot reach high efficiency.
As will be discussed in the next paragraph, the strategy to overcome the interface defect density is the surface
passivation.
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Figure 2.13: Density of states diagram inside bulk amorphous silicon.
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Figure 2.14: Band diagram scheme of the interface between p type c-Si and i/n a-Si:H. The defect density at the interface is
highlighted.

2.5.1 Theory of defects formation in amorphous silicon hydrogenate

Prior to understand how to decrease the defects in a-Si:H with passivation, is essential to understand the nature
of such defects. Silicon is a tetravalent element and in silicon crystalline the atoms are hybridize sp® and are
disposed in a tetrahedral shape. Inside a perfect crystal, N atoms form 2N bonding orbitals (valence band) and
2N anti-bonding orbitals (conduction band) as shown in figure 2.15 a) where there are no states inside the
energy band gap. This figure shows also in schematic mode the 2 s orbital and the 2 p orbitals hybridized in 4
sp® orbitals that can house 8 electrons when bonds are formed. In agreement with Pauli’s principle, only two
electrons with different spin can stay in an orbital. When the crystal lattice is disordered and there is a large
number of Dangling Bonds (DB), weak bonds and stressed bonds (as in the case of amorphous silicon) appear
at mid-gap a distribution of states that determinates the Fermi level position and acts as recombination center,
as depicted in figure 2.15 c).
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Figure 2.15: a) c-Si bonding and anti-bonding, b) H effect the a-Si network with tail formation, c) DB density states at midgap [62].
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If hydrogen is present inside the amorphous network as in a-Si:H, the dangling bonds are saturated and the
states distribution are missing at mid-gap and only the two tails are present on the edges of energy gap. Indeed,
hydrogen alters the tetrahedral silicon structure and modifies the energy band distributions. For example, if the
silicon atoms form three bonds with other silicon atoms and one bond with hydrogen, the band diagram formed
is shown in Figure 2.15 b). Due to the bonds energy difference between Si-Si (3.4 eV) and Si-H (2.4 eV) there
is a wider separation between bonding and anti-bonding orbitals. The 1s hydrogen bonding orbital is placed in
valence band below sp® Si orbitals due to its low energy and the anti-bonding orbital lies at the bottom of
conduction band. Hence the effect of hydrogen is to reduce the density of states close to band edge and thus to
increase the energy gap of a-Si:H (about 1.72 eV). The most common defects in a-Si network are the dangling
bonds, that by their nature can be neutrally, positively or negatively charged, depending on the orbital
electronic occupation of DB. For these reasons the DB behaviour is considered amphoteric and to describe
their distribution is used the defect pool model [63] [64]. In this model, the density of DB states is referred at
the existence of a pool of defect and a chemical equilibrium process that minimize the free energy determines
the distribution.

Winer [63] defined a suitable framework to describe the defect pool model in which the equilibration process
involves hydrogen diffusion, weak Si-Si bonds breaking and reformation of Si-H bonds. In this picture the
neutral defect formation in intrinsic a-Si:H is described by the reaction:

SiH + SiSi <> D? + SiHSi .1)

where DO is the neutral DB, SiSi are weak bond between two silicon atoms, SiH is the group that provides H
atom for equilibration and SiHSi is the final group that traps the H atoms. The presence of dopant inside the
a-Si:H is taken into account by Winer in the following reactions:

D0+e «<>D- D +h*<>D* 2.2)

Where D ~ is DB concentration that has captured one electron when the dopant is n type and D* is the defects
concentration that has captured a hole when the dopant is p type.
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Figure 2.16: Distribution of defect within energy gap for p-type, intrinsic and n-type a-Si:H [63].

The above equilibrium equation says that the presence of electrons or holes determines a larger defect
concentration in reaction 2.1 and that in n-type films the most likely defect are D ~ states and vice versa in p-
type films the most likely defect are D*. Winer, taking in account the enthalpic balance and the correlation
energy U, finds the density states position within the energy gap for doped and intrinsic a-Si:H as shown in
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Figure 2.16, where for intrinsic a-Si:H calculates that D - lies deeper than D° and that the difference between
defects chemical potential is U = 0.25 eV.

2.5.2 Recombination via defects

As discussed in the last paragraph the main problem in the carrier transport in HJ device is the defect density
distribution at the interface: surface recombination must be considered to evaluate the junction quality. The
principal theory that describes the recombination via defects in the silicon bulk is the well known Shockley-
Hall-Read theory [65] [66] that considers defect as discrete levels, neutral or charged, within the energy gap.
This theory can be extended at non-discrete levels like the continuous defects distribution inside the energy
gap present in amorphous silicon hydrogenate suggested by Simmons et al. [67]. The behaviour of the states
depends on the position respect the band edges and the quasi Fermi level: the states between the two quasi
Fermi levels (mainly at the centre of the gap) act as a recombination centers and their re-emission probability
is very low. Instead, the states between the quasi Fermi levels and the edges of the energy gap, act as trap states
that can re-emitt the carrier toward the band edge. Olibet et al. [68] have demonstrated that the recombination
rate due to the DB defect density within a-Si:H is linearly dependent on density of states at the interface
according to the equation:

nop+pop

Rpp = PRy —Y VenNpp (2.3)
p Pon
noy; nop

Where Rpg is the recombination rate related to DB, n and p are free carriers, o is the capture cross section for
electrons (n) or holes (p) and for neutral (0) or charged (+, —) states, v is the thermal velocity and Npg is the
total density of DB. Is interesting to note that recombination via DB is governed by largest carrier density and
then to reduce it is not sufficient to neutralize the DB though is obviously request. The SHR theory is opposite,
since the recombination in this case is limited by the lowest carrier density as depicted in equation 2.4 [65]
[66]:

Rspr = Lt—pl VenNpp (2.4)
on  Op
As shown in Figure 2.16, in case of doped a-Si:H the majority of dangling bonds are charged with the same
charge of dopant type. The equation 2.3 can be simplified considering only one type of charged DB and can
be reduced to equation 2.4. In HJ device, the recombination is dominated by surface defect density and to
describe the surface recombination rate is possible to use a similar approach used in equation 2.3:

= ———— VenNs (2.5)

where in this case Us is the surface recombination rate, and N is the surface state density of ¢c-Si surface. The
recombination velocity S(0) at the silicon surface is commonly defined by Us; = S(0)An(0) [69].Due to the
presence of the space charge region, a virtual recombination surface must be introduced at distance d from
surface at the edge of charge space region and the recombination velocity at this surface is called effective
surface recombination velocity Ses (d) given by [70] :

US = SeffAns (26)

where Ans is the carrier density at the edge of the space charge region, formed due to the band bending that
neutralizes the built-in potential at the junction.

In Figure 2.17, Olibet et al. [68] measured on lightly doped p-type (130 Qcm) and n-type (60 Qcm) c-Si wafer
the effective surface recombination velocity as a function of charge generation for different intrinsic and doped
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a-Si:H layer on silicon surface that determine different values of Ns, surface charge distribution Qs and capture
cross section. The good passivation of intrinsic a-Si:H is due to the low N; and the symmetrical neutral capture
cross section for both carriers. Furthermore, due to the greater capture cross section of holes (¢%) than electrons
(6%), a-Si:H passivation level is higher on n-type c-Si wafer surface than p-type as shown in Figure 2.17.
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Figure 2.17: Measured (symbols) and calculated (lines) Sert for n-type (on the left) and p-type (on the right) lightly doped c-Si wafer
passivated with different doped a-Si:H layer over an intrinsic a-Si:H layer [68].

The classical expression to calculate effective lifetime (zer) takes in account the bulk lifetime (zou) and the
effective surface recombination velocity (Ser) in accord with [71]:

1 1 S
= +22L (2.7)
Teff  Thulk Werr

where Wet is the thickness between the two recombination surfaces (that typically can be approximate with
wafer thickness). Hence is possible to summarize two main mechanism that can be used to passivate the silicon
surface: the first is the reduction of density of states, in particular on surface, that in HJ device is the greater
contribute. The second mechanism consists in inducing an electric field close the interface that rejects one
carrier type to avoid its recombination, this field effect can be obtained varying the dangling bonds state of
charge. The density of states reduction can be performed by hydrogenation of silicon dangling bonds on c-Si
surface [72]. Intrinsic a-Si:H is a good surface passivating mainly for this reasons. By dipping a silicon wafer
in HF solution is possible to saturate the DB on the surface with H atoms and measure the minority carriers
lifetime to understand the hydrogen passivation proprieties [73]. In Figure 2.18 is shown a picture of the
passivation proprieties of different material layers where Di: is the density of defects and Qs is the net charge
trapped within the film. Chemical passivation is the capability to saturate the DB and then to reduce the density
of states at interface while the “charged-assisted carrier density control” passives the surface by means of
electric field that rejects one type of carriers avoiding the recombination.

Dic 4 Charge-assisted
§ carrier density control
®
> 13
% Ga,0, 10
3 (ALD).
- 12 -
S o W Hro, 1° AT T
§ 1 I R (ALD) (s
sV 1L 7 1 101 (PECVD) /
\ AlD; ,/—\\ .~ =
7/ SiOx Ve >
JALD‘L 0% -¢ _a-Si:H \
(PECVD) (
4, * _(PECVD) 7
< \ - = 1/09 T<_=7 >
1013 1012 -101 +101 41012 +108

Q

Figure 2.18: Density of states and net charge inside different material used to silicon surface passivation [74].
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2.5.3 Passivation with a-Si:H and thermal annealing effect

Clarified the role of hydrogen in a-Si:H passivation, is interesting to understand how a-Si:H grows and the
effects of its thickness on passivation. For this purpose, Fujiwara and Kondo [36] have characterized the
interface structure of a-Si:H deposited on n-type crystalline silicon by applying real-time spectroscopic
ellipsometry (SE) to monitor the thickness during the growth and infrared attenuated total reflection
spectroscopy (ATR) to monitor the hydrogen quantity and the bonding type. As represented in the upper part
of Figure 2.19, they found that the hydrogen content close to the surface, in particular in the first 20 A, is
higher, and that the Si-H, is prevalent in comparison to Si-H. The hydrogen amount decreases up to 5 nm after
which the proportion between Si-H, and Si-H reaches a stable state and their content is almost equal. The
reason can be rooted in the initial islands growth and the subsequent poor network formation.

30
whd
c
3
s 20
S
=28 10t
e
k=]
>
I 0
15
9
e 14 L
>
Q
c
2
2 13 +
S
W
12

0 50 100 150
a-Si:H i-layer thickness (A)
Figure 2.19: Hydrogen content as function of growth thickness (a) and the final efficiency obtained as function of thickness (b) [36].

In the lower part of Figure 2.19 is shown the efficiency trend as function of intrinsic a-Si:H layer thickness.
The maximum efficiency is reached at about 4.5 — 5 nm. Below this thickness the DB is not completely
saturated and the defects amount are too high, while over 5 nm the passivation quality remains good but, due
to the parasitic light absorption of amorphous layer, the efficiency decreases.

Since thermal annealing is an unavoidable thermal step during cell’s manufacturing, it is important to
understand the amorphous layer behaviour after this process step. De wolf et al. [48] have observed that the
thermal annealing, even at low temperature (below 180°C) can strongly reduce the interface recombination
activity due to DB reduction at the interface rather than field effect, similar to the behaviour in SiO2/c-Si
passivation [75]. The experiment that they have conducted to understand the thermal annealing effect consist
in the deposition of 50 nm intrinsic a-Si:H on both mirror polished surface of 300 um thick 3 Qcm n-type
doped <100> FZ wafer and subsequent annealing at different temperature. In Figure 2.20 is reported the
effective lifetime (zerr), a passivation quality monitor, as function of the thermal annealing temperature and
duration, for different deposition temperature. It is very interesting how the as-deposited sample at 130°C start
from a poor lifetime of 12.2 us and after a prolonged thermal annealing (about one week) at 180°C reaches a
lifetime of 4 ms. The minor lifetime improvement after thermal annealing of samples deposited at temperature
upper 130°C is probably due to the initial epitaxial growth, which should be avoided. The disordered system
relaxation towards equilibrium can be described by means of a stretched exponential function fitted on
experimental data [76] [77] given by:

T
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where 77 is the saturation value for 7.7, 8 the dispersion parameters with 0 < £ < 1 and 7 the effective time

constant. Kakalios et al. [78] argue that the stretched exponential relaxation can be due to the hydrogen
diffusion arising from a distribution of energies for trap states and barrier heights.
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Figure 2.20: Effect of thermal annealing temperature and duration on intrinsic a-Si:H passivation proprieties (related to zefr)
deposited at different temperatures [48].

In Figure 2.21 is shown the effective lifetime as a function of injection level (or minority carrier density) for
the sample deposited at 130°C during the thermal annealing time. The red curve is the Auger recombination
limit that becomes relevant for high injection levels [79]. The good agreement between fitting line and
experimental points is obtained using the model express in the equation 2.5 where only Ns varies and the
charged states are kept constant. This assumption means that the charge does not vary during the thermal
annealing exposure leading to the conclusion that the a-Si:H passivation is not promoted by any field effect at
the interface. Hence, the mechanism that better explains the observed lifetime improvement is the hydrogen
passivation of DB at c-Si surface. The relaxation inside a-Si:H bulk instead is governed by the hydrogen release
from trap sites [78].
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Figure 2.21: Effective lifetime as function of injection level for different thermal annealing duration, points are experimental data
and lines are fittings. Red line is the maximum lifetime reachable due to Auger recombination [48].
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Another interesting experiment [52] studies the effect of deposition temperature on epitaxial growth at the
interface. In this experiment, as in the previous one, to passivate 3 Qcm p-type doped <100> FZ silicon wafer,
50 nm of intrinsic a-Si:H are deposited on both sides. To understand the crystallinity phase in the film, the
spectroscopic ellipsometry is applied on samples grown at different temperature to measure the imaginary part
of the pseudo-dielectric function (<e1> + i <gz>) and the result are shown in Figure 2.22, left side. In this figure
is visible how the <g,> of samples grown at temperature above 200°C assumes an aspect similar to <g;> of
crystalline silicon (group a) and then they can be considered epitaxial, instead the sample deposited at
temperature below 200°C (group b) are most likely amorphous.
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Figure 2.22: On the left, the imaginary part of pseudo-dielectric function of samples deposited at different temperatures, group a shows
a curve similar to bare silicon (epitaxially growth) while group b shows a curve that deviates significantly from bare silicon (most
likely amorphous). On the right, the effect of different temperature annealing on samples deposited at different deposition temperature
[52].

On the right side of Figure 2.22, it can be appreciated the different lifetime behaviour after thermal annealing.
Indeed the samples gown under 200°C show a lifetime increment after thermal annealing, higher as the
annealing temperature rises; the sample grown at 205°C shows a indifference about thermal treatment and the
samples grown over 200°C show a degradation of lifetime as the annealing temperature rises. Therefore 200
°C can be used as deposition temperature to discriminate the two phases of the deposited a-Si:H layer: below
amorphous, upper epitaxial. Anyway, the epitaxial growth should be avoided, since when epitaxial phase is
dominant, during thermal annealing hydrogen effuses from higher hydride states, leaving a dehydrogenated
DB at the a-Si:H/c-Si interface. Instead, the dominant presence of amorphous silicon at interface guarantees a
hydrogen source that re-passivates the surface interface states during hydrogen rearrangement when annealing
occurs.

2.6 Deposition parameters optimization for doped a-Si:H

In this work, doped a-Si:H is used as emitter or base contact among all the manufactured solar cells. While the
obtained emitter layers are quite effective independently from their conductivity, the base contacts in some
cases are not well established, when doped a-Si:H layers are used. Indeed, a high doping is not required when
the amorphous layer is used as an emitter, since the carrier extraction is demanded to the strong electric field
created by different a-Si:H/c-Si doping type. On the contrary, to produce a base contact, the alignment of bands
is more delicate, because of the contact mechanism which is based on carriers passing through the buffer layer,
as illustrated in Figure 2.7. The effectiveness of such inner workings depends on the barrier thickness and band
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offset, which in turn is a function of the activation energy in the film, related to its doping level. This is
particularly true when the base contact on p-type c-Si needs to be formed. Indeed, in base contact between p-
type ¢-Si and p-doped a-Si:H, in order to narrow the barrier in valence band and allow the holes to overcome
it, the activation energy of a-Si:H needs to be smaller than 0.2 eV [31]. On the other hand the base contact on
n-type c-Si is easier to be obtained by using n-doped a-Si:H because the energy offset between them is mainly
located at the valence band edge, while only a small barrier is generated in conduction band, where electrons
are collected. Nevertheless, if the activation energy in the n-doped amorphous layer is too high, the energy gap
offset at the conduction band edge is increased and the barrier becomes an obstacle to the correct extraction of
electrons.

Doped amorphous silicon conductivity reported in literature [37] usually refers to amorphous film with
thickness of about 500 nm. A difference between n- and p-doped a-Si:H conductivity is highlighted: n-doped
a-Si:H is able to achieve 6=10"? 1/Qcm while p-doped a-Si:H is characterized by a conductivity of only 10
1/Qcm. This difference is due to the dopant activation energy, that is up to 0.2eV in the former and up to
0.35eV in the latter, since above a certain concentration, boron atoms become interstitial and do not contribute
to the active doping.

In heterojunction solar cells, the adopted film thicknesses are in the range of tens nm, to reduce the parasitic
light absorption in the film and at the same time to work as emitter and base contacts. Unfortunately, the
conductivity of such thin films can be strongly lower in comparison to thick films, because of the growing
mechanism of amorphous layer which can modify during the deposition [80].

At the initial stage of the work, the base contacts produced by doped a-Si:H on both p and n-type passivated
silicon are not achieved by thin layers due to their low conductivity.

As an example the J-V characteristic reported in Figure 2.23, referred to the n a-Si:H/n- type c-Si base contact
structure sketched in the inset, is not linear, meaning that a barrier is likely present in the conduction band, due
to the too high activation energy of n-doped a-Si:H.
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Figure 2.23: J-V characteristic of the n a-Si:H/n- type c-Si base contact measured on a transverse structure as sketched in the inset.

For all these reasons an optimization of the deposition parameters of both n-doped and p-doped a-Si:H films
used in this thesis is needed to enhance the films conductivity and improve the achievable base contacts. The
approach followed in this work to optimize the deposition parameters, consists in introducing in the precursor
gases a certain hydrogen dilution, in order to improve the conductivity on thin films by modifying the growing
mechanism and facilitate the dopant element (Phosphorous for n-doped a-Si:H coming from phosphine, and
Boron for p-doped coming from diborane) inclusion. It was shown that hydrogen inclusion in intrinsic
amorphous silicon can improve its conductivity [81], and that phosphine concentration in specific deposition
conditions can reduce the resistivity as well. However depending on the dopant gas flux adopted, a hydrogen
dilution can be beneficial or detrimental for the film conductivity [82]. The deposition temperature in the
chamber plays even a role in the dopant gas radical formation and reactivity, influencing the film doping [83].
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For example, in the n-doped a-Si:H, the PHs molecule is dissociated in P, P-H and P-H; radicals to be
incorporated in the amorphous film network, that can more likely happen when the deposition rate is kept low,
as when H; dilution is adopted [84]. Furthermore the hydrogen can help in increasing the amorphous layers

energy gap [81].

In the following paragraphs the optimizations of the deposition parameters for doped a-Si:H layers are
described to improve the ohmic base contact on both c-Si doped type wafer. In the optimization process one
parameter at a time is varied, analysing each time the film conductivity to understand the effect of each
parameter modification. The deposition of amorphous films is performed in a three chambers PECVD system,
where each chamber is dedicated to the deposition of one single type of doped or intrinsic a-Si:H film, to avoid
any mutual contamination. A load-lock chamber is used to load the samples and connect the three chambers
allowing sample transfers among them. The substrates used in this experiment are a 1.1 mm thick Eagle
Corning XG Glass, that are accurately cleaned before films deposition.

The conductivity of film is indirectly evaluated under dark condition by measuring the current flowing between
two rectangular metal (Ag) electrodes deposited on a-Si:H surface applying a high fixed voltage (100V).
Known the film thickness and the physical dimension of each electrode (length and mutual distance) it is
possible to calculate the film conductivity. The film thickness is estimated by fitting with the aid of “XOP”
software [85] on reflectance profiles measured by means of Perkin Elmer Lambda950 UV/VIS/NIR
spectrophotometer. The measured current is very low (few nanoAmpere), because of the general high
resistivity of amorphous films, so that a high precision Keithley 236 electrometer is used.

In Figure 2.24 a scheme of the sample under measure is illustrated. To increase the experiment
representativeness and assess the homogeneity of the thin films, the conductivity evaluation is executed on
three different electrodes placed in different points on the sample and averaged.
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Figure 2.24: Measurement pattern for conductivity evaluation: a 100V voltage is applied between two silver electrodes deposited on
a-Si:H film and a current is measured. Electrode length is in the range of 1 cm, while distances is about 1 mm.

2.6.1 Parameters deposition optimization of n-doped a-Si:H

The deposition parameters of the n-doped a-Si:H used in the structure of Figure 2.23 are reported in Table 2.1,
and represent the starting point. The RF power of 6.5W correspond to a power density of 28 mW/cm? while
the temperature on the sample is about 2/3 of the settled one, reported in the tables. As an example, 280°C as
heater setpoint corresponds to actual 185°C on the sample. The phosphine flux reported in the tables refers to
a gas that is 5% PHjs diluted in silane.

Table 2.1: Initial deposition parameters of n-type a-Si:H layer.
a-Si:H type | SiH4 (sccm) PH3 5% (sccm) P (mTorr) RF (W) T (°C)

n 40 10 300 6.5 280

As amorphous film conductivity reported in literature is expressed for films as thick as 500 nm, in order to
compare the amorphous film obtained with parameters in Table 2.1, a 114 nm thick film layer is deposited. Its
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measured conductivity of 6=1.29-102 is actually comparable with literature values. This means that the
behaviour in Fig. 2.22 is the consequence of a poor n-doped a-Si:H film conductivity depending on the very
low thickness of about 10 nm, meaning that an optimization is strongly required to obtain higher conductivity
on thin film layers.

Table 2.2: Thickness and conductivity of thick n-doped a-Si:H film.

sample H, RF | Temperature | Thickness c Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (AJs)
NO 0 6.5 280 114 1.29-107 1.27

To understand the effect of hydrogen dilution on conductivity and on deposition rate, three samples are
deposited varying hydrogen fluxes. At first approach, a verification on thick layers is done, and the results are
reported in Table 2.3.

Table 2.3: Thickness and conductivity of thick n-doped a-Si:H films with different hydrogen dilutions.

sample H: RF | Temperature | Thickness o Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (A/s)
N1 20 6.5 280 95 1.21-10 1.06
N2 50 6.5 280 75 1.55:10 0.83
N3 100 6.5 280 67 6.29-103 0.74

The hydrogen dilution has almost no effect on the samples conductivity up to 50 sccm, while when 100 sccm
of H; are introduced in the chamber, a little conductivity reduction is experienced. The deposition rate, as
expected, has a strong dependence on H; flux, due to the etching effect of weak Si bonds by hydrogen atoms
during the glow discharge [83]. The activation energy of these films, measured with the aid of a cryogenic
system, are in the range 0.17-0.2 eV. The calculated deposition rates are used as a base to deposit thinner films
(about 10 nm) in order to check the actual conductivity on films as thin as the ones used in heterojunction solar
cells. Hydrogen dilutions of 0, 20 and 50 sccm are investigated. The highest H; flux is not investigated due to
the lower conductivity shown already on thicker films. The results of these three samples are reported in Table
2.4,

Table 2.4: Conductivity of n-doped a-Si:H films for three different hydrogen dilutions.

Sample H: RF | Temperature | Thickness o o after th. Ann. | Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (1/Qcm) (A/s)
N4 0 6.5 280 8.9 3.80-10° 4.49-107 1.11
N5 20 6.5 280 10.2 9.03-107 7.43-107 1.07
N6 50 6.5 280 7.3 1.98:10® 5.50-10° 0.61

As expected from the deductions on the J-V measurement of Figure 2.23, the conductivity of thin film
deposited without hydrogen dilution (N4) is very low, justifying the non-ohmic behaviour of n-type base
contact. Indeed the activation energy is increased in the range 0.4-0.5 eV. On the other hand, the effect of
hydrogen dilution with this set of deposition parameters is to decrease the films conductivity. In heterojunction
solar cells manufacture, the amorphous layers undergo to further steps at different temperatures. Ideally, every
step after the first should be executed at decreasing temperatures, to avoid amorphous film degradation [86].
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On these fundamentals, an investigation on thermal annealing effect is carried out to evaluate the conductivity
at the final device level. As a first approach, the effect of thermal annealing at 180°C for 30 minutes is
evaluated, finding a decrease in the conductivity of each sample. The activation energy is increased
correspondingly in the range 0.5-0.7 eV.

Considering that the gas molecules dissociation in radicals depends on the excitation in the glow discharge,
then the RF power is explored as a second variable, focusing on hydrogen diluted films.

To this purpose, two samples at hydrogen dilutions of 20 and 50 sccm are deposited increasing RF power to
11 W, keeping the same deposition time of analogous sample at lower power. The results in Table 2.5 are
summarized.

Table 2.5: Conductivity of n-doped a-Si:H films deposited with a RF power of 11 W.

Sample H: RF | Temperature | Thickness o o after th. Ann. | Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (1/Qcm) (A/s)
N7 20 11 280 11.7 4.81-10° 9.62-10 1.30
N8 50 11 280 154 1.87-10° 2.01-10¢ 1.28

The increase of RF power has the effect to enhance the conductivity of three orders of magnitude for sample
N8, and one for sample N7. Despite the as deposited conductivity of the former is higher than the latter, after
annealing at 180°C for 30 minutes the situation is inverted, with the conductivity of the sample produced with
50 sccm hydrogen dilution decreasing one order of magnitude. To complete the RF variation, other samples at
20 W and 30 W RF powers are explored, maintaining the hydrogen flux of 50 sccm, which is the one with
highest improvement after RF power modification.

Table 2.6: Conductivity of n-doped a-Si:H films deposited at different RF powers.

Sample H> RF | Temperature | Thickness c Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (Als)
N9 50 20 280 10.6 4.5-107 1.92
N10 50 30 280 6.8 9.2:10® 2.27

Values reported in Table 2.6 evidence that the conductivities of n-doped a-Si:H films deposited with RF
excitation power of 20 W and 30 W are almost two orders of magnitude lower than the corresponding sample
N8, produced at 11 W. Since it is found that thermal treatment lowers the n-doped a-Si:H layer conductivity,
thermal annealing is not performed on these samples, because of the very low conductivity achieved just after
deposition.

Once identified 11 W as the optimal RF power, the deposition temperature is investigated, increasing up to
310 °C the heater setpoint that corresponds to 206°C on the samples. The results in Table 2.7 are summarized,
where the sample N8 from Table 2.5 is reported for comparison.



Table 2.7: Conductivity of n-doped a-Si:H films deposited at 310°C compared to sample deposited at 280°C.

Sample H> RF | Temperature | Thickness o} o after th. Ann. | Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (1/Qcm) (A/s)
N8 50 11 280 154 1.87-10° 2.01-10°® 1.28
N11 50 11 310 13.2 6.08-10° 6.57-10° 1.32

It is possible to notice the beneficial effect of increased deposition temperature: the conductivity of the sample
produced at 310°C with 50 sccm of hydrogen dilution has the highest conductivity value recorded until this
point, both in as-deposited and thermally annealed state. For sample N11, due to the higher deposition
temperature, the thermal annealing is performed at 250°C for 30 minutes. Unfortunately, the positive trend
cannot be followed further because the heater is at its maximum limit already.

Once the discharge parameters are optimized, the phosphine concentration is investigated, maintaining the RF
power at 11 W, the deposition temperature at 310°C and the hydrogen flux at 50 sccm. The 10 sccm used until
this point are investigated together with lower and higher flux. The results of this test are reported in Table
2.8.

Table 2.8: Conductivity of n-doped a-Si:H films deposited at different concentration of phosphine in the gases mixture. Sample N11
is reported as comparison.

Sample | PH35% | H2 | RF | Temperature | Thickness o o after th. Ann. | Deposition rate
(sccm) (W) (°C) (nm) (1/Qcm) (1/Qcm) (A/s)
N12 5 50 11 310 12.3 1.54-10° 3.30-107 1.23
N11 10 50 11 310 13.2 6.08-10° 6.57-10 1.32
N13 20 50 11 310 11.8 1.49-10° 3.74-10°° 1.18

10 sccm of PH3 confirms to be the maximum local point for the achievable film conductivity, even if sample
N14 also shows good o values, especially after the thermal treatment at 250°C for 30 minutes.

At the end of all these tests, a set of parameters producing a thin n-doped a-Si:H film with increased
conductivity is obtained and illustrated in Table 2.9.

Table 2.9: Deposition parameters of optimized n-type a-Si:H layer.
H2 (sccm) SiH4 (sccm) PH3 5% (sccm) P (mTorr)

RF (W)
300 11

T (°C)

50 40 10 310

The achieved conductivity on thin film is 6.08-10-° 1/Qcm, characterized also by a 0.37eV of activation energy.
The conductivity is one order of magnitude higher than the initial value for sample N4, of 3.80-10 1/Qcm,
while the Ear is about 0.1eV lower than the initial 0.5 eV. The effect of the thermal annealing is to reduce the
conductivity for both optimized and non-optimized film of one order of magnitude: 6.57-10% 1/Qcm is the
value after annealing for sample N11 while 4.49-1077 1/Qcm is the value for N4.

To test if the optimized n-doped a-Si:H film can produce an ohmic base contact on n-type c-Si, a similar
structure to the one presented in Figure 2.23 is manufactured and measured. 10 nm of optimized n-doped a-
Si:H (N11) are deposited on n-type wafer passivated with 5 nm of intrinsic a-Si:H and covered by 50 nm of
ITO. The J-V characteristic measured on the transverse structure is reported in Figure 2.25a), showing the
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linear behaviour of an ohmic contact. However, after a thermal treatment a non —linear behaviour is still
replicated, as visible in Figure 2.25 b). Indeed the conductivity value of 6.57-10% 1/Qcm, measured after

thermal annealing, it is still similar to the as-deposited value for sample N4.
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Figure 2.25: a) J-V characteristics of ohmic base contact achieved with the optimized n-doped a-Si:H film. b) J-V characteristics
after thermal annealing at 250°C (30 min). In the inset the layers scheme of the sample.

Thus an ohmic contact on n-type c-Si is the result of the optimization work on n-doped a-Si:H, providing that
subsequent fabrication step in cell manufacturing do not involve thermal treatments at temperature above the
a-Si:H deposition one. This is a starting point for further studies after this thesis.

The optimized n-doped amorphous layer will be used to make an ohmic base contact in a heterojunction solar
cell having a MoOx as emitter layer and n-type c-Si wafer as the base absorber. Indeed even if the ohmic
behaviour of sample in Figure 2.25 a) is lost after a thermal treatment at 250°C, since MoOx cannot undergo
to temperatures as high as 180 °C, the optimized n-doped a-Si:H is suitable for this application.

2.6.2 Parameters deposition optimization of p-doped a-Si:H

A similar optimization work is made on p-doped a-Si:H with the aim to obtain an ohmic contact on p-type c-
Si wafer passivated with 5 nm of intrinsic a-Si:H. The conductivity value reference on thick film (500 nm) is
in this case about 10 1/Qcm [37] when produced at low diborane (6sccm B;Hsg) concentration.

The initial deposition parameters of p-doped a-Si:H in Table 2.10 are reported. As for the n-doped a-Si:H, the
temperatures shown in tables are those settled on the heater, and correspond to about 2/3 on the sample. The
diborane fluxes reported in the tables refer to a gas that is 10% B,Hs diluted in Helium.

Table 2.10: Initial deposition parameters of p-type a-Si:H film.
a-Si:H type | SiH4 (sccm) B2Hg 10% (sccm)

P (mTorr) RF (W)

6.5

T (°C)

p 40 20 700 210

Similarly to the procedure adopted for n-doped a-Si:H, the first test is the deposition of p-doped a-Si:H thick
film, in order to compare its conductivity value with literature one.

Table 2.11: Thickness and conductivity of thick n-doped a-Si:H film.

Sample H> RF | Temperature | Thickness c Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (AJ/s)
PO 0 6.5 210 317 7.81-10 3.62
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The conductivity of PO film, reported in Table 2.11, is two orders of magnitude lower than the 10 1/Qcm
value reported in literature [37]. This means that a strong improvement in the conductivity can be obtained by
optimizing the deposition parameters: hydrogen dilution, RF power, deposition temperature and the diborane
concentration.

Looking at the value reported in Table 2.12, it can be noticed that if for n-doped a-Si:H the mere introduction
of hydrogen produced a decrease of the conductivity, in the p-doped case a little improvement is observed for
50 sccm Hy dilution. Nevertheless the activation energy values around 0.35eV, measured by cryogenic system
are far above the 0.2 eV needed to produce a good ohmic contact with p-type silicon.

Table 2.12: Thicknesses and conductivity of p-doped a-Si:H films at different hydrogen dilutions.

Sample H: RF | Temperature | Thickness c Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (Als)
P1 20 6.5 210 290 7.78-10° 3.22
P2 50 6.5 210 258 1.16:10° 2.87
P3 100 6.5 210 190 7.88-10°8 211

To verify this trend on thin films, other samples of about 8nm are deposited. As in the case of n-doped a-Si:H,
the conductivity values reported in Table 2.13 are lower than the thick film counterpart, even if a minor
decrease is observed in this case. Indeed the conductivities of thin films are comparable to the thick films ones,
hence there is not the same strong dependence between the film thickness and the conductivity evidenced for
n-doped a-Si:H films.

Table 2.13: Conductivity of p-doped a-Si:H films with thickness of about 10 nm for three different hydrogen dilution.

Sample H: RF | Temperature | Thickness c o after th. Ann. | Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (1/Qcm) (AJs)
P4 0 6.5 210 7.1 9.70-10°7 3.87-10° 2.54
P5 20 6.5 210 8.0 1.07-10°® 3.89:10° 2.50
P6 50 6.5 210 7.3 1.03-10°® 2.81-10° 2.05
P7 100 6.5 210 7.5 1.75-10° 3.90-10° 1.59

Another difference with the n-doped case is that a thermal annealing at 180°C for 30 minutes increases the
conductivity for each film, as reported in Table 2.13, achieving an average value of 10-° 1/Qcm. The activation
energy in correspondence reduces down to 0.32 eV. These values are still not sufficient to narrow the barrier
in valence band in a base contact with p-type c-Si (see Figure 2.7), despite the conductivity is comparable to
the one allowing chmic contact between n- doped a-Si:H and n-type c-Si.

The second step of optimization is the increase of RF power to 11 W, varying the hydrogen dilution between
20 and 100 sccm, as reported in Table 2.14.

Increasing the RF power to 11 W, the conductivity generally slightly increases with respect to analogous films
deposited at 6.5 W of RF power, especially after a thermal annealing at 180°C for 30 minutes. Since increasing
the hydrogen dilution from 20 to 50 sccm does not cause significant changes, it is decided to explore an
additional point between 50 and 100 sccm.
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Table 2.14: Conductivity of p-doped a-Si:H films deposited with a RF power of 11 W and 50, 75 and 100 sccm hydrogen dilution.

Sample H: RF | Temperature | Thickness c o after th. Ann. | Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (1/Qcm) (AJs)
P8 50 11 210 124 1.71-10 6.90-10° 3.55
P9 75 11 210 145 4.85-10° 1.95-10* 3.22
P10 100 11 210 135 2.62-10° 4.38-10° 2.69

A local maximum in the both as-deposited and thermally annealed sample conductivity values is found when
the glow discharge is performed with precursor gases fluxes: BoHs=20sccm, SiH4=40sccm and H2=75sccm.
Further increase in the RF power does not cause additional improvement, both when 50 and 75 sccm hydrogen

dilutions are adopted, as observable in Table 2.15.

Table 2.15: Conductivity of p-doped a-Si:H film deposited with a RF power of 20 W.

RF

Thickness

sample H: Temperature o o after th. Ann. | Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (1/Qcm) (A/s)
P11 50 20 210 23 2.65-10° 2.97-10° 6.57
P12 75 20 210 24 2.63-10° 2.28-10° 5.33

As a parallel investigation to n-doped a-Si:H, the deposition temperature is then increased: two samples are
deposited at 280°C, establishing H» flux at 75 sccm and exploring the RF power of 11 and 20 W. Results in

Table 2.16 are presented.

Table 2.16: Conductivity of p-doped a-Si:H films deposited at 280°C with RF power of 11 and 20W.

Sample H» RF | Temperature | Thickness o Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (AJs)
P13 75 11 280 14.3 2.35-10° 3.18
P14 75 20 280 12.6 6.6:10° 4.20

The conductivity of the as deposited samples in Table 2.16 are one order of magnitude higher of samples P9
and P12. It is observed that at higher temperature, higher RF power corresponds to a better thin film
conductivity. As a consequence, it is expected that a further increase in deposition temperature could need RF
power increased as well, to obtain better conductivity. For these reasons other two samples are deposited
choosing as the heater’s setpoint the temperature of 310°C, investigating 20 W and 30 W as RF power.

Table 2.17: Conductivity of p-doped a-Si:H films deposited at 310°C with a RF power of 20 and 30W.

Sample H» RF | Temperature | Thickness Iy o after th. Ann. | Deposition rate
(sccm) | (W) (°C) (nm) (1/Qcm) (1/Qcm) (AJs)
P15 75 20 310 121 1.09-10* 3.17-10°% 4.03
P16 75 30 310 9.9 1.67-10° 5.24-10* 3.96
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Results illustrated in Table 2.17 show that samples deposited at 310°C result in better outcomes in term of
conductivity. At this temperature higher RF power does not correspond to better electrical properties, as P16
conductivity is well below P15 one. Since in this test the samples are deposited at 206°C, the selected
temperature for the thermal treatment is consequently enhanced to 250°C. After the annealing both samples
show higher o values, with the maximum of 3.17-10- 1/Qcm achieved by the sample produced using 20W as
RF power.

The flux of dopant gas is the last investigated parameter. The diborane (10% diluted in helium) flux is then
varied between 10 and 30 sccm, maintaining all the other parameters as follows: hydrogen flux at 75 sccm, RF
power at 20W and deposition temperature at 310°C. Table 2.18 summarizes the results.

Table 2.18: Conductivity of p-doped a-Si:H films deposited with different fluxes of diborane.

Sample | B2Hs 10% H> RF | Thickness c o after th. Ann. | Deposition rate
(sccm) (sccm) | (W) (nm) (1/Qcm) (1/Qcm) (A/s)
P18 10 75 20 12.8 1.03-10% 1.68-10° 4.27
P19 20 75 20 14.6 1.79-10* 1.55-10°3 4.87
P20 30 75 20 12.0 2.17-10% 2.47-10° 4.00

The higher is the diborane flux in the precursor gases mixture, the higher results the conductivity. The
correspondence is not linear, but the best value of 2.17-10* 1/Qcm, achieved when 30 sccm of diborane are
used, is three orders of magnitude higher that the P4 sample initial one (9.70-1071/Qcm). Moreover after
thermal annealing at 250°C for 30 minutes the conductivity of sample P20 further enhances up to 2.47-107
1/Qcm.

At this point in the optimization process, the deposition parameters of p-doped a-Si:H in Table 2.19 are
reported.

Table 2.19: Deposition parameters of optimized p-type a-Si:H layer.
H2 (sccm) SiH4 (sccm) | B2Hs 10% (sccm) | P (mTorr)

RE(W) | T(C)

700 20

75 40 30 310

Unfortunately, despite the high value of conductivity achieved, the activation energy is still about 0.25eV,
which is still too high with respect the 0.2 eV found as the upper limit for a p-doped a-Si:H / p-type c-Si wafer
ohmic base contact.

This is confirmed from Figure 2.26 where the J-V characteristic of the sample showed in the inset is reported.
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Figure 2.26: J-V characteristic of base contact between optimized p a-Si:H and p-type c-Si, as measured on the structure illustrated

in the inset.
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The rectifying contact achieved is due to the potential barrier in the valence band between p-type c-Si and the
intrinsic and p-doped a-Si:H layers, that is not sufficiently thin to be overcome by tunnelling effect, even after
the thermal treatment which enhances the conductivity.

On the other hand, even if p-doped a-Si:H film still requires an optimization to perform as base contact on p-
type c-Si wafer, its high conductivity makes it a good candidate to be used as emitter layer on n-type c-Si
wafer.
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3 - a-SI0x:H optimization and characterization

As largely discussed in the previous chapter, the heterojunction solar cells based on c-Si/ a-Si:H are currently
the best choice to obtain high efficiency silicon solar cells with a sustainable fabrication cost [17]. Nevertheless
some characteristics of this heterojunction still can be improved, in particular it is possible to work on the
transparency of the emitter and on the possibility to achieve more thermal stability at temperature over 200°C.
A way to achieve such result is to replace a-Si:H with a new material which should be more transparent,
thermally stable and compatible with PECVD technique used to deposit a-Si:H layer. Furthermore, it is also
desirable to have a full compatibility of this new material with the making process, limiting changes only to
modifications of the deposition parameters of the a-Si:H layer. One material that satisfies these constrains is
the hydrogenated amorphous Silicon sub-Oxide (a-SiOx:H) that can be obtained starting from a-Si:H
deposition process and adding oxygen in the gases mixture [87]. Due to the high reactivity of O, with silane
(SiH.) (that is the gas precursor used to deposit a-Si:H), which in certain conditions could even explode, it is
more advisable to use carbon dioxide (CO.) as source of oxygen, since it does not immediately react with
silane [88].

The a-SiOx:H layer has many physical and chemical characteristics similar to a-Si:H, such as the amorphous
network, the chemical compatibility with silicon surface and the great amount of hydrogen essential to saturate
the dangling bonds on the silicon surface. Due to these similarities, it’s expected that a-SiOx:H works as
passivation layer as the a-Si:H does. Thanks to non-stoichiometric characteristics of a-SiOx:H, its composition
strongly depends on the deposition parameters and consequently also its passivation. In literature is reported
that a-SiOx:H is a good passivation buffer [87] for c-Si surface, but due to the difference between PECVD
systems, the same deposition parameters used on two different systems unfortunately could give different
films, therefore the recipes reported in literature cannot be directly used but can only be adopted as a starting
point. Hence, in this chapter, the deposition parameters of a-SiOx:H by PECVD will be optimized with the
aim to obtain a good passivation of the crystalline silicon. The parameters that are investigated hereinafter and
the consequences of their tuning are: dilution of hydrogen in the flux range between 10 and 177 sccm;
concentration of CO; for two flux of 1.5 and 2.5 sccm; pressure during the glow discharge in the rage of 300-
1500 mTorr; temperature of substrate in the range 180-250°C. The RF power is fixed at 15W which
corresponds to 36 mW/cm? on the sample.

3.1 a-SiOx:H deposition parameters optimization

3.1.1 Deposition

a-SiOx:H layers are deposited by PECVD technique on crystalline silicon substrate to measure passivation
quality and on Eagle Corning glass to perform optical characterization. The PECVD system is a parallel plate
configuration, with a distance of 1.5 cm between the plates which have diameter of 23 cm. The ground
electrode holds the substrate and is thermally controlled up to 250°C by a PID heater system, and is cooled by
water.

The upper electrode is connected to a RF generator at 13.56 MHz having the maximum settable power up to
200 W. The process gases flow inside the chamber through a 2179A MKS mass flow meter and the maximum
flow rate depends on the gas type. For a-SiOx:H deposition the process gases are the same of a-Si:H plus a
source of oxygen. In this experiment, the gases used are silane (SiH.) at 5% diluted in argon (Ar), hydrogen
(H2) and carbon dioxide (CO-) as oxygen source. For hydrogen, the maximum flux is 177 sccm obtained using
two flow meters specifically devoted to Hz. The maximum pressure settable during the deposition process is
1500 mTorr. The desired film thickness, on both wafer sides, is 15 nm for all samples, which is similar to the
sum of doped emitter and intrinsic buffer thicknesses of the HJ solar cells.
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N-type CZ silicon crystalline (1-5 Qcm <100> oriented wafers with 200pum of thickness and bulk lifetime of
about 600us) are used as substrates to optimize the deposition parameters while FZ (1-5 Qcm, 250 pm thick,
both side polished and <100> oriented wafers with lifetime >1 ms) are used to validate the deposition
parameters optimization as well as in the following treatments.

The CZ wafers are cleaned from the saw damages by means of wet KOH chemical bath (30% wt, 80°C, etching
rate 3 um/min), which also helps to reduce the wafer thickness down to 160 um. The surface, not textured, is
then neutralized by HCI (50% vol in DIW for 10 min). Both CZ and FZ wafers are cleaned by standard
procedure SC1 (NH4OH : H,0, : H,O=1:1:5vol.) + SC2 (HCI : H,O, : H,O =1 :1:6 vol.) [89]. After the
cleaning process, a silicon oxide protective layer is grown on the wafer by means of SC1 procedure. To obtain
a perfectly cleaned surface before PECVD deposition, each wafer is dipped in HF 2% for 1 min thus removing
protective oxide and conditioning the surface with H termination.

CZ and FZ group of wafers are selected from the same ingot or lot, so that the bulk lifetime of each sample is
comparable within the group, thus any variation in the measured effective lifetime can be only ascribed to
surface passivation modification.

3.1.2 Characterization

To understand the quality of surface passivation and then optimize the deposition parameters to increase
surface passivation, all samples are characterized in terms of effective lifetime. The effective lifetime (zerr) as
well as Implied Vo are evaluated at room temperature by means of Photo Conductance Decay technique [90]
(QSSPC, WCT 120, Sinton Instruments) at low injection level (10> cm™2). If the first expresses the probability
of carriers recombination on the whole sample, the second indicates the potentiality of a solar cell based on a
structure similar to that under measurement [91]. To evaluate the a-SiOx:H optical band gap Tauc’s plot [92]
is used, hence are needed information on reflectance and transmittance of each film deposited on the glass. For
this purpose, a-SiOx:H layer is deposited on 1.1 mm thick Corning Eagle XG glass and the reflectance and
transmittance is performed by means Perkin EImer Lambda 950 UV/VIS/NIR spectrophotometer.

3.1.3 Parameter optimization

In order to obtain a good a-SiOx:H in terms of increased transparency and c-Si surface passivation, the
properties of intrinsic a-Si:H layer, that has energy gap of 1.7 eV and generates an effective lifetime of about
1 ms on n-type FZ wafers, are used to make a comparison.
The deposition parameters of a-SiOx:H films are: Pressure = 750 mTorr, power RF = 36 mW/cm?, Temperature
= 250°C; the gases used are: SiH4 (5% in Ar) = 120 sccm which correspond to 6 sccm of silane, H,= 12 sccm
and CO to obtain a-SiOx:H instead of a-Si:H. A multistep approach is used to optimize the process, changing
one deposition parameter at a time. According to literature [87] [93] an optimum content of oxygen is obtained
with a partial pressure of CO between 20% and 30% with respect to silane.
Partial pressure (R) is a way to express the concentration of CO; in relation to silane flux and is given by the
equation (1) where “F” is the flux:
F

Rcoz = m D)
Considering a flux of 6 sccm for silane, a CO; flux of 1.5 sccm is chosen as starting point that corresponds to
Rcoz of 20% and is also explored a flux of 2.5 sccm that correspond to Rcoz of about 30%.

The effect of oxygen inside the amorphous network of a-SiOx:H is to increase its optical band gap and its
transparency in comparison to a-Si:H [94] mainly in the blue-UV region of the sunlight spectrum.

The energy gap of a-SiOx:H strongly depends on the oxygen content inside the film but if more oxide means
more transparency, it also means a degradation of surface passivation [95]. In Figure 3.1 is shows an example
of the correlation between optical band gap and oxygen content (rox) expressed in %; blue points are referred



39

to as-deposited samples, while red stars refer to thermally annealed samples at 250°C [87].The black little
squares refer to three samples deposited at 0%, 20% and 30% of oxygen content at 250°C without subsequent
thermal annealing. As evident, the energy gap almost linearly rises with oxygen content from 1.6 eV (0% O
content) to 2.2 eV (50% O content) but the maximum value to preserve the passivation is around 20% of
0Xygen content.
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Figure 3.1: Effect of oxygen concentration (rox) on optical band gap. Blue point are referred to as-deposited samples while red stars
are 250°C thermal annealed samples [87]. The black little squares are referred at the optical gap of our samples deposited at 250°C.

About the transparency of a-SiOx:H in comparison to a-Si:H is interesting to compare the absorption
coefficient at different wavelengths as shown in Figure 3.2 where is depicted a summary of absorption
coefficient (a) experimentally measured on crystalline silicon (c-Si), intrinsic a-Si:H and intrinsic a-SiOx:H as
well as on micro-crystalline silicon (uc-Si). Due to the possibility to obtain a mixed nano-crystalline
/amorphous phase depending on deposition parameters, in the same figure are also shown the absorption
coefficients of a-Si:H mixed to nc-Si:H and a-SiOx:H mixed to nc-SiOx:H. It is worth noting the a-SiOx:H
presents an absorption coefficient lower than a-Si:H. This confirms the transparency of the sub-oxide film. In
case of mixed phase in the short wavelength range, the amorphous absorption is prevalent and the two curves
of amorphous and mixed phase amorphous/nano-crystalline are quite similar, while, over 600 nm, the nano-
crystalline phase absorption is predominant. Similar trend is also observed in [96].
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Figure 3.2: Comparison between absorption coefficient of c-Si, a-Si:H, (a+nc)-Si:H, a-SiOx:H and (a+nc)-SiOx:H.
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In the growth of a-Si:H film on the crystalline silicon, in order to achieve high surface passivation, the epitaxial
growth must be avoided. This epitaxy occurs at temperature above 200°C [52] and is enhanced by a high
hydrogen dilution and high RF frequency (above 40 MHz). Epitaxial growth does not damage the surface if
the epitaxial film is homogeneous on all surface, but to obtain an epitaxial homogeneous film on large area, as
in the solar cells, is very difficult and expensive since the epitaxial growth is typically strongly inhomogeneous.
For these reasons is preferable to achieve a completely amorphous film in high hydrogen dilution to saturate
the dangling bonds of silicon atoms. The further advantage of oxygen introduction in the film to obtain a-
SiOx:H is that the presence of oxygen reduces the possibility to grow epitaxial film even at temperature
deposition of 200°C [97] giving the possibility to increase the deposition temperature and then increase the
silicon surface passivation.

To understand the quality of surface passivation in our optimization of a-SiOx:H film the control parameter is
the carriers lifetime (ze) measured with QSSPC technique and expressed by the equation (2) where Ses is the
recombination velocity on silicon surface and W is the wafer thickness.
L L e

+2— 2

Teff Thulk

This equation shows how z depends on surface recombination and, if the quality of the bulk is the same for
all samples, as in present case, the zer variation only depends on surface passivation. Lifetime of samples is
evaluated after thermal annealing of 250°C for 30 minutes, settled on the basis of previous work [98], that
simulates the fabrication thermal steps that occur to complete the solar cell device after the buffer layer
deposition.

The first sample is grown adding the 1.5 sccm of CO; in the optimized plasma process for a-Si:H deposition
at 250°C but, as expected, the passivation quality obtained is very low. Indeed, the effective lifetime of CZ
substrates covered on both sides by this film is 3 ps just after deposition and 20 ps after thermal annealing. As
a first parameter plasma pressure is varied, finding a direct correlation with lifetime, as reported in Figure 3.3
(top) [99].
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Das et al. [100] reported a decrease in oxygen concentration within the film with increasing plasma pressure,
together with a slight reduction of Eg. The reduced oxygen content should not be dramatic in the perspective
of a-SiOx:H application in HJ solar cells, since Ding et al. [93] reported a substantial decrease in PV
performances on cells based on a-SiOx:H when oxygen content increases over 20%. On the other hand lower
oxygen content lead to a reduced Eg, which in turn causes a Jsc decrement, but brings to higher Vo, so that a
reduced oxygen content (less than 20%) produces efficiencies slightly lower than the maximum achievable.
The second parameter varied is the deposition temperature that also changes the oxygen incorporation:
increasing temperature, increases oxygen content within the film, with the effect of widening the bandgap.
When the deposition temperature is reduced to 180°C a lifetime increment lowering the pressure is noted, with
lower lifetimes values with respect to samples fabricated at 250°C, as depicted in Figure 3.3 (bottom). Further
decrease in pressure below 300 mTorr at T = 180°C could confirm the trend, but glow discharge is not
sustainable at pressure so low, therefore must be avoided. To obtain high passivation on silicon surface,
hydrogen dilution in a-Si:H and then in a-SiOx:H is another essential parameter. Indeed, as reported by Ge et
al. in [101], an increment of H, during a-Si:H growth, produces a lifetime increment, reaching a maximum for
hydrogen flux twice the silane flux, while for hydrogen flux values above this threshold, the lifetime
decrements due to the transition from amorphous phase towards nano-crystalline phase. In the case of a-
SiOx:H film, Iftquar [95] shows an increasing oxygen content correlated to hydrogen partial pressure increase.
In the experiment it is important to considered the use of CO; as a source of oxygen. Indeed, some
carbonaceous compounds could be formed and incorporated into the film, and this could lower the passivation
quality and hence lifetime. To avoid this unwanted effect, some kind of gas to passivate carbon should be
added in the process gas mixture during the deposition. As an example, when CF, is used in a reactive plasma,
oxygen is then added in the gas mixture in order to promote the formation of CO; and reduce unwanted
formation of C-Si compounds in the deposition chamber [102]. In present experiment is a non-sense to
introduce Oy in gas mixture to passivate the carbon dissociated from CO- therefore another gas is needed to
avoid C-Si compound. In Table 3.1 the bonding energies of carbon with the other elements present in the
mixture inside the plasma reactor in a-SiOx:H deposition are reported [103] [104].

Table 3.1: Bonding energy and bond length of different carbon bonds with the other species in the a-SiOx:H deposition process.

C-Si Cc-C C-O0 C-H C=0
Bond energy (kJ/mol) 318 346 358 413 799
Bond length (pm) 185 154 143 109 120

The bonding energies are those needed to break the bonds, so that the highest is the bonding energy, the more
stable is the bond, which is also more likely to occur, referring to the Lewis Structure, depending on the amount
of contained types [105]. From this point of view, once the CO, molecule is completely dissociated by the RF
power applied to the gas mixture, the first most probable bonding that carbon can form is the C=0, but the
second stronger C- based bond is C-H. Formation of Si-O is also very like to occur (452 kJ/mol). To increment
the probability of C-H bonding formation toward methane, a hydrogen flux four times the CO- flux is used
with the scope to minimize carbon inclusion in the film or carbonaceous compounds formation in the chamber.
Since the experiment starts from a condition where hydrogen is already present in the amount of 12 sccm, the
hydrogen flux of 12, 18, 36 and 77 sccm that correspond at 0, 4, 16 and 43 times the CO; flux is added to 12
sccm of hydrogen initial flux.
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Figure 3.4: Effective lifetime as a function of hydrogen flux for two different CO2 concentrations: 1.5 sccm in black
and 2.5 sccm in red.

A clear lifetime increment with hydrogen flux increase is found, as shown in figure 3.4 (black line), thus the
maximum flow rate available in the system (177 sccm) is preferred. The final lifetime is around 480 ps, which
is not far from what is obtained on standard a-Si:H layer deposition. The last explored parameter is the CO-
flux, which is set to 2.5 sccm, which means around 30% of Rco2. This can cause the overall passivation quality
decrement, as reported in literature [87] [93]. Such a behaviour is verified in present experiment, as it can be
seen from Figure 3.4, maintaining the same lifetime values dependence on H; flux observed for CO; flux = 1.5
scem. In Figure 3.5 samples’ lifetime is reported as a function of Rco and Ry, partial pressures calculated as
the gas flux ratio on the total flux of silane (excluding the argon content), hydrogen and CO..
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Two curves are shown in both graphs of Figure 3.5, depending on the CO; flux. The lifetime dramatically
increases when the partial pressure of CO- is reduced, independently on the CO; flux. On the other hand, when
the variable is the H, partial pressure, two almost parallel curves for lifetime are recorded, with lower
passivation level in case of higher CO; flux. Taking this into account on CZ wafer passivated by a-SiOx:H
film is found almost the same lifetime as for sister wafer passivated by a-Si:H layer, the final optimized
parameters for a-SiOx:H film deposition is settled as reported in Table 3.2. This recipe will be referred-to with
the name of “STD””.

Table 3.2: Optimized deposition parameters for a-SiOx:H.
RF power Pressure Temperature  SiHs 5% in Ar flux H> flux CO flux

(mW/cm?) (mTorr) (°C) (sccm) (sccm) (sccm)

36 1500 250 120 177 15
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Then the film are also deposited on corning glass (1.1 mm thick Corning Eagle XG). From reflectance and
transmittance the Tauc’s plot [92] is evaluated to extract the Eq, which resulted of 1.88 eV for 1.5 sccm of CO;
(and 1.94 for 2.5sccm), higher than that of a-Si:H film (1.7 eV). Resistivity, evaluated by means of current at
200 V between two coplanar electrodes under dark condition, resulted in p = 6-10” Qcm. Refractive index from
ellipsometric measurement is 3.15 at 1000 nm of wavelength. In order to validate the passivation quality of
such films optimized on n-type low quality c-Si substrates, the same films on high quality FZ wafers, both p-
and n-type doped is deposited. Effective lifetime as high as 1 ms and 1.6 ms after thermal annealing is
respectively obtained. To understand the a-SiOx:H behaviour in terms of thermal annealing stability and UV
exposition, these optimized parameters are used to passivate some FZ wafers which are used in the
characterization experiment described in the following paragraph.

3.2 Treatments on a-SiOx:H

3.2.1 Thermal annealing

In this experiment the a-SiOx:H behaviour under thermal annealing temperature and duration is investigated
[106]. Three identical Samples (A, B and C) on CZ wafers using the optimized parameter deposition obtained
in the last paragraph are prepared depositing 15 nm of a-SiOx:H layer on both sides of all sample wafers. As
mentioned in last paragraph, the thermal treatment condition of 250°C in nitrogen flux for 30 min is chosen
on the basis of previous work of thermal annealing optimization on a-Si:H film [98] and further investigation
are useful to determine the best temperature that allows to obtain the maximum lifetime improvement. Thermal
treatment is performed on a programmable ATV static furnace at different temperatures and for different
duration time. The investigated temperatures ranged between 250°C and 400°C, in nitrogen atmosphere
provided by a flux of 400 I/h. The first experiment is performed on Sample A to monitor the thermal annealing
effect in time: starting from 250°C the 7 is monitored every 15 min until it saturates or reduces. The same
monitoring is repeated at a temperature of 300°C and finally at 350°C. As shows in Figure 3.6, Sample A leads
to a et increment, expressed as (et — 70)/ 0, UP t0 @ maximum of 450%. On Sample B is performed one
annealing at 300°C for 30 min to evaluate the effect of thermal annealing duration: its tef iS Similar to the
lifetime reached by Sample A after two thermal annealing steps at 250°C for 15 min each and other two thermal
annealing steps at 300°C for 15min each.
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Figure 3.6: Lifetime variation for different annealing temperature steps. Symbols refer to the samples, while colours indicate the
annealing temperature.
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Hence one annealing at 300°C for 30 min is equivalent at first four annealings endured by Sample A. After
first annealing at 300°C for 30 min, Sample B endured a second annealing at 350°C for 30 min and then further
annealing at 400°C for 30 min. As for Sample A, at 350°C Sample B shows a further little increment of lifetime
while at 400°C the hydrogen effusion resulted in a strong decrement of lifetime as visible in Figure 3.6. With
the same approach the thermal annealing at 350°C is started on Sample C and after 30 min the Tett iS monitored
confirming the highest increment. After other 30 minutes at 350°C, the lifetime of Sample C decreased. In
conclusion 30 minutes are sufficient to obtain the best effect for each temperature. Indeed, for thermal
annealing temperature of 250°C and 300°C lifetime saturates after two treatments of 15 min or a single
treatment of 30 min, while after 30 min at 350°C the lifetime decreases (lifetime of Sample A decreases after
only 15 min at 350°C due to the long thermal annealing treatment previously endured). Furthermore 400°C is
detrimental for the surface passivation, as well known in case of c-Si wafers passivated by amorphous layers
[98].

3.2.2 Stability after thermal annealing

In this experiment the same deposition parameters adopted in the last experiment are used, but in this case FZ
wafer is used with 15nm of a-SiOx:H layers. Three Samples D, E and F are prepared to evaluate the behaviour
of passivation after thermal treatments under three different temperatures for 30 min. The thermal treatment
duration of 30 minutes is chosen based on the experiment described in the previous paragraph (3.2.1). As
illustrated in Figure 3.7, lifetime is monitored during six hours after thermal annealing. Lifetime enhancement
in this case is about 260% of the as-deposited value that is lower than the enhancement previously observed
on CZ wafer. This is due to the higher wafer quality that allows lower margins of improvement.
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Figure 3.7: Effect of different temperatures on lifetime enhancement and stability. Vertical arrow indicates the point where thermal
annealing finished, then samples is kept under dark condition and lifetime is monitored.

The Sample F, treated at 350°C, shows a different behaviour with respect Sample C treated at 350°C, as shown
in Figure 3.6; indeed the lifetime improvement is 220% that is less than the Sample E treated at 300°C where
its improvement is 260%. On each sample is interesting to notice that the lifetime after annealing is metastable.
This metastable state lasts about two hours during which the lifetime value decreases and reaches a stable state,
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which is kept even after month under dark and air conditions. Going into details, comparing the variation of
lifetime of every sample, we can note that Sample F, treated at 350°C, reached the stable state with a variation
lifetime higher than the other two samples (about 160%) and with a lifetime decay of approximately 20% with
respect to the maximum value. The Sample E, treated at 300°C, shows the highest value of lifetime variation,
reaching 260% of its initial value, but after metastability loses more than 35% of lifetime variation reaching a
final value of 140%. Sample D, treated at 250°C, reaches an improvement of lifetime of about 150% and loses,
due to metastability, about 30% of its maximum value. Comparing Figure 3.6 and Figure 3.7 it can be decided
that a treatment at 350°C in nitrogen atmosphere represents the best thermal annealing treatment. Nevertheless
this observation is based on lifetime variation that does not take into account the absolute lifetime value. In
table 3.3 are reported the absolute lifetime values of sample D, E and F and analysing this data it can be
assumed 300°C as the best annealing temperature. Moreover, in Figure 3.6 after thermal annealing at 300°C
the lifetime is more stable than that at 350°C for prolonged annealing time but 350°C is too close to the
hydrogen effusion threshold and then to the passivation reduction. For this reasons 300°C can be considered
as the optimal thermal annealing temperature in nitrogen atmosphere for 15nm thin a-SiOx:H film used for c-
Si surface passivation.

Table 3.3: Effective lifetime of different samples, measured just after films deposition, after thermal annealing and after few hours
from the treatment (regime value).

Sample  Terr as-deposited (us) Terr annealed (us) Tert Fegime (Us)

D-250 430 1060 760
E-300 400 1460 950
F-350 350 1115 885

To confirm the lifetime stability after metastability decay a sample called “SiOx31A”, made with 17 nm of a-
SiOx:H on both sides of n-type FZ wafer and stored under dark and air conditions, is investigated. The as-
deposited lifetime is 140 ps, after decay of annealing metastability increases up to 790 ps and after one year
reaches 760 ps that sturdily confirms the passivation stability.

3.2.3 Effect of UV and annealing on metastability

Since the a-SiOx:H film is a material with a great amount of hydrogen bonded in several configurations and
partially not bonded at all within the network, in principle it is possible to move that amount toward silicon
surface, as previously seen, to passivate the silicon surface. Moreover it is also possible to promote further
breaking of hydrogen bonds to enhance the amount of free hydrogen and to increase its mobility within the
film network. To this aim, energy coming from UV light can be helpfully used. On the other hand, the
heterojunction is exposed to certain amount of UV radiation during the TCO deposition by sputtering [107]
[108], and during the sunlight normal working condition. Therefore, it is relevant to address the effect of both
thermal processes and UV exposure, and their combined effect. In the following the effect of thermal annealing
and UV exposure is detailed with the aim to use these effects to try to enhance the c-Si surface passivation and
the stability.

To perform the experiment a deuterium UV lamp mounted on optical bench and cooled with airflow to stabilize
temperature is used. An optical filter is mounted to cut the portion of emitted light spectrum below 260 nm
and quartz lenses collimate the beam to ensure a power intensity on sample of about 50uW/cm?2. Only one
samples side is fully exposed.
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Figure 3.8: Lifetime and implied Vo variations a) after thermal annealing and UV light exposure and b) after UV light exposure and
subsequent thermal annealing.

Four samples: G, H, I and L, passivated with 15 nm of optimized a-SiOx:H are prepared for the experiment.
Samples G and | are on n-type wafers while H and L are on p-type wafers. UV exposure is performed just after
thermal annealing at 300°C for 30 minutes on Sample G (n-type) and Sample H (p-type) and the effective
lifetime for several hours during UV soaking is monitored. In Figure 3.8 a) are shown the lifetime variations
that is (zett — 70)/ 7o and the implied V. variations related to samples G and H.

As expected, the effect of thermal annealing is to enhance the lifetime of as-deposited a-SiOx:H passivated
wafer and this effect is more evident on Sample G made on n-type wafer [68]. However, thermal annealing is
not sufficient to stabilize the passivation that indeed is sensitive to UV exposure even if the stabilized value is
three times the as grown state. Moreover, also the UV exposure is not sufficient to enhance the stability of 7.
since the decay process still occurs. Then the lifetime decay is dominated by metastability after thermal
annealing. The same trend is followed by implied Vo, even less sensitive to the variation since logarithmically
dependant on lifetime.

The second experiment involves samples | and L respectively on n-type and p-type wafer, which are exposed
to UV light before thermal annealing. Also in this case is observable the lifetime decay due to damages induced
by energetics photons during UV soaking. As shown in Figure 3.8 b), the lifetime decay variation saturates
after 15 hours of UV exposure reaching a value 4% lower than as-deposited lifetime for p-type sample, while
lasted at 10% lower value for n-type wafer. After UV soaking thermal treatment at 300°C for 30 minutes is
performed and the lifetime enhancement reached a value higher than samples G and H (thermally annealed
without a previous UV light soaking) on both samples | and L. In particular Sample I, on n-type wafer, reached
a value of 550% the initial value while Sample G (h-type also) reached a value of 500%. Also in p-type
samples, the lifetime variation of Sample L of 400% is higher than Sample H (350%) and the difference
between maximum values is similar to the difference between maximum values of n-type samples. The
absolute lifetime values are relevant: indeed 1.8 ms for Sample | (n-type) and 1.0 ms for Sample L (p-type)
are achieved, as well as implied Vo of 725 mV and 726 mV on n-type and p-type respectively. Hence it can
be observed that the decay rate differs depending on which treatment is applied as first step and also the doping
of wafer could influence the amplitude of the lifetime decay.

In order to confirm the higher lifetime improvement after UV light soaking another experiment is performed
with the aim to minimize the difference between samples and treatments. One passivated wafer n-type cleaved



47

in two half, named Sample M and Sample N, is used. Sample N is preserved in dark condition while the Sample
M experiments 15 hours of UV light soaking. After exposure both samples are together thermally annealed at
300°C for 30 minutes in nitrogen flux. In this way the only difference of treatment is that the Sample M is
exposed while Sample N is stored in dark. The result of experiment confirms that, even though a certain
lifetime decrement during UV exposure, Sample M shows a lifetime increment higher than Sample N after
thermal annealing, as depicted in Figure 3.9.
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Figure 3.9: Effectiveness of the thermal annealing on a-SiOx:H / ¢-Si / a-SiOx:H lifetime when applied to samples undergone to UV
exposure (blue line) or dark storage (red line). After a thermal annealing of 15 h, both samples were stored in dark and air ambient,
and lifetime was measured after 3 h.

Is important to notice that both samples are kept in air for the same time during the experiment before thermal
annealing to experience a fair comparison. Comparing different samples on n-type wafer (M, N and G) in
which Sample M is firstly UV exposed and then thermally annealed, Sample N is only thermal annealed and
Sample G is firstly annealed and then UV exposed, an interesting picture of metastability effect can be obtained
as summarized in Table 3.4 where the decay index is expressed as (zam — 7dec)/ 70 and the as-deposited lifetime
values is zo.

Table 3.4: As-deposited lifetime and decay index for Sample N (thermally annealed), Sample M (UV exposed and then annealed) and
Sample G (annealed and then UV exposed). zann, dec and 7o are effective lifetime just after thermal annealing, few hours after treatment
and as-deposited respectively.

Sample To (MS) Decay index (Tann — Tdec) / To
Sample M 299 1.227
Sample N 303 0.901
Sample G 309 1.583

Indeed Sample M shows lower decay index than Sample G. Nevertheless decay index of Sample M still
remains higher than that of sample N, but this unluckily is not the situation experienced by heterojunction cells
during subsequent fabrication steps and working condition under the sun. In conclusion UV and thermal
annealing treatments produce modification in the material structure but their effect should be summed in
convenient way. To understand the effect of each action a deeper investigation with the aid of FTIR analysis
is reported in the following paragraph.
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3.2.4 Theory of silicon hydrides peaks in FTIR spectrum

The internal structure of a-SiOx:H obtained by dissociation of CO, and silane during PECVD plasma discharge
deposition is formed by two phases: an amorphous matrix mixed with small crystals [109] and the ratio
between these phases depends on the deposition parameters. Many techniques can detect this type of
crystallinity fraction inside the film, such as for example Raman scattering and X-ray diffraction [110] or Photo
Luminescence or Raman Shift [111]. Another technique that can identify the mixed phase presence is Fourier
Transform Infrared spectroscopy (FTIR) since some traces of crystallinity can be found in its spectra. We use
this latter technique to analyse our samples and understand the effect of thermal treatment and UV exposure.
To analyse the FTIR spectra we use the model that describe Si-H bonding type in the a-Si:H films. The
difference between a-SiOx:H and a-Si:H obtained by PECVD is a small oxygen quantity added during the
deposition, so the majority of bonds are quite similar in both films. Inside the FTIR spectrum, there are some
peaks particularly interesting to understand the electro optical film proprieties as well as the surface passivation
film proprieties. Those peaks are referred to as Stretching Modes (SM) related to silicon hydrides (Si-Hy) and
are located in particular region of FTIR spectrum between 1980 cm-* and 2130 cm™ which can be subdivided
in sub-region. The first region of interest is between 1980 cm™ and 2020 cm* and in this region is present the
absorption of Si-H bonds denoted as Low Stretching Mode (LSM). The second region contains peaks denoted
High Stretching Mode (HSM) and is collocated in the range between 2060 cm™ and 2160 cm™. Inside this
region there are three narrow peaks named Narrow High Stretching Mode (NHSM), collocated at 2083 cm™,
2103 cm™ and at 2137 cm™. A third region, that is present in the same cases, rises between LSM and HSM in
the region between 2020 cm-tand 2040 cm™ and is named Medium Stretching Mode (MSM). The last region
sometime is present between 1895 cm! and 1929 cm and is named Extremely Low Stretching Mode (ELSM)
[112]. The third region, related a MSM modes, is present when Si-H bonds vibrate in a so-called “platelet-
like” configuration [113] where hydrogen is bonded along a planar defect such as a void or a grain boundary.
This is similar to structures observed in silicon when Si-H bonds are predominantly oriented along (111)
crystallographic planes [114] [115]. This structure is quite similar to a columnar one, which can be easily
produced in a-Si:H films when argon dilution is adopted in the deposition process [116], which is also
characterized by microvoids [117]. In this framework, the LSM is related to the mono-hydrides, in particular
to the Si-H inside the mono-vacancy or at the edge of polymer-like multi-vacancy. HSM instead, is mainly
related to di-hydrides vibration, in particular when located inside di-vacancies and superficial voids.
Sometimes mono-hydride peaks can be also found in the HSM region when Si-H is in the centre of multi-
vacancy or in superficial voids [118]. Generally, a film with a dominant HSM absorption has inferior c-Si
passivation quality and the HSM and LSM are inversely connected [112]. It is possible to make some
considerations on the type of network in a-SiOx:H film, amorphous or nanocrystalline, examining the Si-H
bonding type detected in FTIR spectra. According to Smets [118], both LSM and HSM can be due to di-
vacancies or voids. A direct correlation between hydrogen concentration in a-Si:H film and the simultaneous
presence of specific LSM and HSM peaks can be obtained [118]. Indeed, when LSM peak is found in the
region between 1980 cm* and 1990 cm™* and, at the same time, HSM is found in the range between 2090 cm-
Land 2100 cm™?, then the film density is dominated by di-vacancies and the relative hydrogen concentration is
below 6%. On the other hand, if LSM ranges between 1990 cm-* and 2000 cm™, and HSM ranges between
2070 cm™ and 2100 cm?, then there are plenty of voids and H concentration is higher than 14%. We believe
that in a complex material like a-SiOx:H different phases and types of vacancies are present, so that it is
possible to find all these signatures in our spectrum, therefore the relative intensities reflect the dominance of
one phase respect to the others. The specified Si-H NHSM peaks can be considered as the signature to
individuate the amorphous or nanocrystalline nature of the film. Indeed, the presence of a narrow doublet
around 20802100 cm* indicates the occurrence of mono-, di- and tri-hydrides on crystalline silicon surface,
which indicates the presence of grain boundaries in the film bulk [119] [120]. This is because of Si-Hy
stretching frequency can differ if hydrogen is attached to (100), (110) or (111) oriented surface [120]. As we
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used (100) wafer, if these lines are detected, this remarks the presence of different surfaces, that can only be
located inside the film, as randomly oriented grains. So it is immediate to relate the preponderance of such
peaks to the crystallinity fraction in the material. On the other hand, when an isolated peak at 2100 cm™ is
found, this could be due to a component of Si-H LSM, being a shift of 2000 cm™ peak, occurring when oxygen
is incorporated in amorphous films [121]. Peaks at 2110 and 2130 cm™ are typical of Si-H, (di-hydride) and
Si-Hs (tri-hydride) respectively on the growing free surface of amorphous films, that cannot be found in
nanocrystalline silicon films [93]. The peak at 2130 cm™ could also be ascribed to Si-Hs being back-bonded
to an oxygen atom [122], or the trace of a mixed amorphous/nanocrystalline phase. Peaks around 2170-2180
cm! are due to a Si-H stretching where silicon is back-bonded to one or two oxygen atoms [123]. Other oxygen
bonded Si-H stretching modes can be found between 2190 and 2250 cm™, with variable silicon-hydride types
[124]. In particular, for higher wavenumbers, the individuated peaks refer to (111) oriented c-Si surfaces that
are again on grain boundaries in the film. Table 3.5 gives a simplified overview of the considered peaks.

Table 3.5: Peak positions of silicon-hydrogen stretching modes in FTIR measurements, hydride type indication and relative references.

Surface Hydrogen Bulk hydrogen

Peak position (cm™) Hydride type Reference Peak position (cm™) | Hydride type Reference

2070 Si-H [113] [120] 1980-2000 Si-H (LSM) [112] [113] [118]

2080-2083 Si-H (NHSM) [113] [119] [120] | 2020-2040 Si-Hy (MSM) | [113] [115] [124]

2095 Si-H [124] [125] 2050 Si-H (HSM) [L19]

2100 Si-Hz (NHSM) | [T 2100 Si-H (LSM) | nzy

2114 Si-H» [119] 2160-2180 04(Si-H) [119] [123]

2130-2140 Si-Hs [ 200 2190-2200 02(Si-Hy) [122]
2200-2260 Os(Si-H) [118] [122] [124]

3.2.5 Study of thermal annealing and UV exposition effect on a-SiOx:H layer by means FTIR

To collect the FTIR (Fourier Transformer InfraRed) spectra a Perkin Elmer Frontier spectrophotometer
equipped with U-ATR (Attenuated Total Reflection) accessory is used [126]. The penetration depth into the
sample is typically between 0.5 and 2 micrometres, with the exact value determined by the wavelength of light,
the angle of incidence and the refractive index of the ATR crystal as well as to the sample [127]. The
penetration depth of evanescent wave is higher than 15 nm that is the thickness of our films and hence the
contribution of c-Si bulk is preponderant in FTIR spectrum and it is impossible to eliminate. For this reason,
is essential to adopt a very high resolution to achieve accurate measures to appreciate the spectra changes
associated to thin film characteristics. Indeed, the spectra measure is performed at very slow speed (0.1 cm-
!/s) with a resolution of 2 cmt, averaging twenty measures. The external force exerted to place every sample
under measure in close contact with crystal on ATR is 55 N. Furthermore, the raw spectra acquired are
elaborated by software; baseline correction and a smoothing are made to reduce noise without neglecting any
peak of interest. The time needed for a single sample characterization is about 2040 min that is lower than
metastability characteristic time discussed previously in paragraph (3.2.2).

FTIR spectra of as-deposited sample are collected in the range of interest between 1975 cm™ and 2200 cm™.
In analogy to lifetime measurements, the spectra on just treated sample and that of some hours after the
treatment are collected. An example of FTIR spectra of two samples limited in the range between 1975 cm!
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and 2150 cm™ are reported in Figure 3.10 where the spectra (symbols) can be decomposed in a sum (lines) of
many Gaussian bands centred on the positions reported in Table 3.5.
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Figure 3.10: Decomposition in Gaussian peaks (coloured solid lines) of FTIR spectra (red symbols). The black solid line is the
Gaussian peaks sum, which fits the experimental data. Same amplitude in both spectra.

The intensity of the spectrum around a peak position can be directly correlated with the intensity of the
underlying Gaussian band. As an example, it can be seen that a similar height for both spectra in Figure 3.10
at 2050 cm™ corresponds to similar underlying Gaussian bands. The same takes place around 2083 cm™ and
2100 cm™, where less/more intense Gaussians corresponds to a lower/higher total spectrum. Moreover it can
be noticed that, when the band at 2095 cm™ is higher, as in Figure 3.10 b), there is a strong local maximum in
the total spectrum, in contrast to Figure 3.10 a), where the 2095 cm™* band is lower and the total curve shows
a local minimum. Therefore, in this experiment the FTIR spectra are analysed without deconvolution and the
comparison is performed looking at the local maximum and slope changes on the basis of Table 3.5.

As previously mentioned, to correlate the passivation proprieties on c-Si surface and the hydrogen evolution
at the interface and in the a-SiOx:H film with the thermal annealing, in Figure 3.11 the FTIR spectra of Sample
E at different stages of the experiment reported in Figure 3.7 are compared. Sample E is based on n-type silicon
wafer and the spectra are collected in the range between 1975 cm™ and 2200 cm™. Analysing the black line
(in Figure 3.11), that refers on as-deposited sample, it is immediate to recognize the Si-H doublet around 2080
cm™* — 2100 cm™ confirming the presence of crystalline phase.
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Figure 3.11: FTIR spectra of Sample E before and after the thermal annealing at 300°C in nitrogen atmosphere.

Furthermore, the LSM pronounced band is centered at 1985 cm™. Silicon hydrides can be found also on oxygen
back-bonded configuration (2170-2200 cm), confirming the oxidized nature of the film. Examining the red
line on Figure 3.11, referred to Sample E immediately after the thermal treatment at 300°C in nitrogen
atmosphere, from FTIR measurements three effects are evident:

1. The LSM peak shifts its centre from 1980 to 1995 cm™, which denotes a modification in the hydrogen
concentration in the di-vacancies [118];

2. The Si-H; and Si-Hs components at 2114 to 2140 cm™2, related to bonds at the free a-SiOx:H surface,
increase dramatically;

3. The whole 2070-2110 cm™ region increases due to increment of the 2095 cm™ peak value, denoted
as Si-H surface, while the doublet remains almost unchanged.

These considerations converge to overall information about the increased presence of an amorphous phase,
which is responsible for the improved lifetime of the sample. The variation of LSM modes denotes a change
in the structure of the film from a configuration of hydrogen concentration dominated by di-vacancies to
another structure due to Si-H within the voids [118]. The spectrum of Sample E collected few hours after
thermal annealing is reported in Figure 3.11 as green line. In this case, the metastability is evident: part of the
peaks related to the amorphous free surface (2110-2140 cm™) strongly decreases while the doublet is again
clearly recognizable. However the LSM peak is still present and, just near the 2080 cm™ peak of the doublet,
a band around 2085-2090 cm™ is observable, which is due to Si-H in HSM mode [128]. This model allows to
figure out an external surface modification and an overall hydrogen effusion, which degrades surface and bulk
properties, while the most of Si-H passivating bonding still remains. This justifies the 30% lifetime decrease
at regime with respect to the maximum lifetime increment (where amorphous phase is prominent) registered
just after the thermal treatments, as reported in Figure 3.7. Moreover, the lifetime does not completely fall
back to the starting level, because of hydrogen in LSM configuration.

In Figure 3.12 are reported the FTIR spectra of Sample G that is UV exposed after thermal annealing. In this
sample LSM band enhances and the peaks revealing crystallinity are pronounced, with a double Si-H;
contribute at 2100 cm™ and 2114 cm™. Si-H3 is even lower than at the initial stage, while Si-H mode at 2050
cmtis not affected from any treatment.
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Figure 3.12: Evolution of FTIR spectra on Sample G showing the effect of the thermal annealing (red line) on the as-deposited
sample (black line), which is subsequently left under the UV lamp exposure for 15 h (blue line). A further thermal annealing shows
the effect of such treatment on the amorphous phase of the film.

Such behaviour is even more evident in Figure 3.13, where UV exposure is performed on as-deposited
Sample I. LSM band is widened up to 2020 cm™* overlapping MSM band; the doublet at 2080 cm™* and 2100
cm is so enhanced that all other modes denoting an amorphous phase are completely negligible, except for
2130 cm™* and 2140 cm™* peaks. Since the 2095 cm™ peak is absent, the 2140 cm™ peak is assignable to Si-
H. on the (110) surface in according to Shinohara [120], while the 2130 cm™ peak could be due to Si-Hsz back
bonded to O-Si on (111) surface [122], that is on grain boundaries. Since no difference in energy gap values
(1.88 eV) occurs before and after UV treatment, it is excluded that the rising amplitude of these peaks is related
to an increment of crystalline phase. Indeed, a crystallinity phase increase should decrement the energy gap
due to the smaller band gap of crystalline phase than the amorphous one. It is possible to conclude that the
effect of UV treatment is to arrange the hydrogen distribution within the film, accumulating at the same time
hydrogen in the bulk voids and at the grain boundaries, therefore leaving it available for further thermal
annealing processes. If the sample is then re-annealed after an UV light soaking (as in Figure 3.12) the peak at
2095 cm™ is recovered, using the hydrogen confined in LSM and MSM configurations, and the amorphous
phase is then again dominant. However, because of the various thermal annealing treatments, the total amount
of hydrogen is reduced due to effusion, reflecting only in a partial recovery of the lifetime, which settled to 1.5
ms and not at 1.8 ms measured immediately after the first thermal annealing step.
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Figure 3.13: UV light soaking effect (blue line) on as-deposited sample (black line) and subsequent thermal annealing (red line) on
the FTIR spectra of Sample I.

In Figure 3.13 is reported the FTIR spectra of Sample I, exposed to UV after deposition and thermally annealed
after UV light soaking. In this sample, the hydrogen does not effuse because no previous thermal treatment is
performed. After thermal annealing, it can be observed that the LSM band not completely lowers, but it is
shifted to higher wavenumber. Si-H; doublet is strongly reduced and at 2095 cm™* Si-H on surface is enhanced
together with the 2114-2140 cm™ mono-hydrides, di-hydrides and tri-hydrides coming from amorphous
surface. In this case, the 2070 cm™ is nulled, while a 2050 cm™* wide component can be individuated, which
is a strong HSM hydrogen bulk together with LSM band, also present in Figure 3.12, responsible for the
lifetime preservation.

3.2.6 Metastability model description

Taking in account all the considerations achieved on the base of lifetime results and FTIR analysis done in
previous paragraphs, the metastability model can be described. The as-deposited a-SiOx:H, as obtained by
optimized deposition parameters described in previous chapter, shows a mix of amorphous and crystalline
phases, with the former prevailing to latter the one. The electro-optical properties of the as-deposited film are
almost stable, especially if kept under dark and vacuum conditions. When samples are left in dark and room
temperature, but in air, there is a slight tendency to reduce the passivation properties of c-Si surface. This
behaviour could be addressed considering the humidity, which tends to oxidize the external surface, as already
observed also by Bronnenberg at al. [122]. However in the heterojunction solar cell manufacturing process,
after the intrinsic thin buffer layer deposition (in our case made with a-SiOx:H), regularly used to passivate
the silicon surface, a subsequent doped amorphous layer is deposited, commonly followed by further steps
with decreasing thermal budgets. Therefore the cell cannot suffer this issue.

The effect of thermal annealing process, at the optimized temperature of 300°C for 30 minutes, leads to an
increment of the amorphous phase through the evolution of hydrogen bonded (or stored) in multi-vacancies in
the film towards other bonding types which involve more surface bonding of mono-hydrides, di-hydrides and
tri-hydrides, recognizable in the enhancement of the FTIR peaks at 2095 cm™, 2114 cm™ and 2140 cm™
respectively, as depicted in Figure 3.11. The macroscopic effect is a lifetime improvement, which reaches the
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maximum just after thermal annealing, but decays in relative short time (about 3 hours) on a lifetime saturation
level (regime state), which is in always higher than the initial state, almost stable. This enhancement can be
expressed also by the implied Vo values, as reported in Figure 3.8. This behaviour means that the amorphous
phase would be preferable in terms of passivation, while a crystalline phase is preferable for long term stability.
It is found that the metastability of thermally annealed sample without previous treatment is slower, as reported
in Table 3.4 where a lower decay index means lower metastability. On the other hand, looking at the decay
index of Sample M, where the film is already exposed to UV before thermal annealing, the metastability after
thermal treatment shows a faster decay, but the beneficial effect of the thermal treatment on the passivation is
more effective.

Based on the FTIR analysis, reported on paragraph 3.2.5, it is possible to conclude that UV-A light has the
effect to promote hydrogen evolution within the a-SiOx:H film toward randomly oriented crystalline grains.
Indeed, this is deduced from the FTIR spectra because of the intensity enhancement of some specific peaks,
like 2080 cm™* and 2100 cm™, which are related to the stretching vibration modes occurring when Si-H bonds
are located on c-Si surfaces oriented on crystallographic planes different from the (100) of the wafer used in
the experiment. At the same time, the UV light can promote an enhancement of LSM stretching modes, which
indicates an increased concentration of hydrogen in the di-vacancies present in the bulk of the film. Since the
amorphous phase is preferable for the passivation, an increased concentration of hydrogen close to grain
boundaries within the film produces deterioration of c-Si surface passivation. This effect is more appreciable
when the UV light soaking is applied after a thermal annealing, as depicted in Figure 3.8 for Sample G. Since
thermal annealing produces both hydrogen motion toward the c-Si surface and hydrogen effusion from the free
surface of a-SiOx:H film, the subsequent UV light soaking, finding less hydrogen available in the film, uses
the hydrogen close to the c-Si surface. On the other hand, when UV-A spectrum impinges the as-deposited
film, a minor lifetime reduction in few hours is observed with respect to the thermally annealed samples. In
this case, the modification in the Si-H bonds leads to a better improvement after annealing, since the LSM
generated are more easily available to evolve toward the Si-Hy surface bonding, denoting the amorphous phase
as depicted in Figure 3.12 and Figure 3.13. This behaviour also justifies different saturation values depending
on the application sequence of thermal annealing and UV exposure. To summarise the framework we can
describe the metastability of a-SiOx:H film comparing the spectra reported in Figure 3.12 and Figure 3.13.
Referring to FTIR Spectra in Figure 3.12, when UV-A is performed on as-deposited sample the hydrogen
present in amorphous network (2095, 2114 and 2140 cm™) is arranged in micro-voids and grain boundaries
(2080, 2100, 1980 and 1995 cm-?). This reduces the surface passivation and gives hydrogen available for next
thermal step. Indeed the effect of thermal annealing is to move hydrogen from this reservoir toward amorphous
surface bonds including those close to the c-Si surface thus enhancing surface passivation. Instead, when UV-
A exposure is performed after thermal annealing the peak around 2130 cm™ reduces and the peak around 2095
cmt almost disappears, as evident from Figure 3.13, confirming the effect of UV in destroying amorphous
bonds and moving hydrogen in micro-voids and grain boundaries, leading the sample in hydrogen
configuration more similar to the as-deposited condition, corresponding to a not perfectly passivated surface
with a crystalline phase prevailing the amorphous one. When a further thermal annealing treatment is
performed, the hydrogen arranged by UV exposure, is again used to rebuild the amorphous phase with only a
partial recovery of c-Si surface passivation. The suggestion from these effects could be to avoid the application
of the thermal treatment, as optimized in paragraph 3.2.1, on the as-deposited a-SiOx:H of heterojunction solar
cell. Indeed this process is commonly followed by TCO deposition by a sputtering process in which the
heterojunction will be exposed to high amount of UV-A-B, even in short time, coming from plasma glow
discharge [107]. Then the c-Si surface passivation can be effectively improved after a subsequent thermal
annealing, which could also improve at the same time the TCO performances, in terms of its conductivity and
transparency [108]. The role of thermal annealing during the heterojunction solar cell fabrication process can
be performed by an optimized curing step of the screen printed silver contacts [129].
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3.3 Comparison between a-SiOx:H and a-Si:H films

The previous deposition parameters’ optimization of a-SiOx:H film is limited by the restricted range of tunable
parameters of a PECVD system. To overcome these limitations, an upgrade of the PECVD system is made
and a wider parameters’ range is achieved. In particular, the upgrade allows to obtain a greater flux of
hydrogen, a higher pressure in the chamber and a better impedance matching between the RF generator and
the chamber which allows to obtain a sustainable glow discharge at lower RF power. After this upgrade, a new
optimized recipe for a-Si:H film is achieved and the optimized parameters are shown in Table 3.6.

Table 3.6: Optimized deposition parameters for a-Si:H after upgrade of PECVD system.

RF power Pressure Temperature  SiH4 5% in Ar flux H, flux
(mW/cm?) (mTorr) (°C) (sccm) (sccm)
18 2000 250 120 200

The a-Si:H films deposited with this recipe have good passivation properties without thermal annealing.
Introducing in the precursor gases mixture the same CO- flux adopted in the optimized recipe STD, the film
passivation properties of are not strongly altered, keeping a good passivation as deposited samples but slightly
lower than films deposited without CO,. The recipe with the introduction of CO; is reported in Table 3.7 and
it will be referred with the name of “BST2”.

Table 3.7: Optimized deposition parameters for a-SiOx:H after upgrade of PECVD system.

RF power Pressure Temperature  SiHi 5% in Ar flux H> flux CO flux
(mwW/cm?) (mTorr) (°C) (sccm) (sccm) (sccm)
18 2000 250 120 200 15

To understand the effects of the CO; introduction inside the a-Si:H at different hydrogen dilution, four samples
are deposited starting from the recipe reported in Table 3.6 and modifying the hydrogen dilution and
introducing or not introducing CO: as reported in Table 3.8 [130].

Table 3.8: Summary table of four sample deposited to make a comparison of their properties [130].

Sample H, flux CO; flux
name (sccm) (sccm)
asSi100 100 0
asSi200 200 0

SiOx100 100 15

SiOx200 200 15

In the following paragraphs these four samples will be studied to compare their passivation and optical
properties for as deposited, thermal annealed and ITO layer covered samples. Furthermore, a FTIR spectra
analysis will be made to understand the passivation mechanisms of different samples and different treatments.

3.3.1 Optical characterization

Samples are characterized by ellipsometric measurements on glass using a variable angle ellipsometer (VASE,
J.A. Wollam Co.) in the range 300-1500 nm and fitted in according to the Tauc-Lorentz model to obtain spectral
n and k, as reported in Figure 3.14. Other extracted parameters are summarized in Table 3.9.
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Figure 3.14: Spectral »n and & of all samples.

Table 3.9: n, k, E; and thickness of each layer before and after a thermal treatment, as extracted from Tauc-Lorentz fitting on spectral
ellipsometric measurements.

Sample As-deposited Thermally annealed
@ GQOnm @ 6§0nm Eq (V) @ 620nm @ 620nm Eq (V) th'(f;kr:;?SS
aSi100 3.9 0.041 1.75 3.9 0.043 1.73 17
aSi200 3.6 0.024 1.8 3.7 0.025 1.78 15
SiOx100 3.5 0.003 1.91 3.5 0.005 1.90 15
SiOx200 3.6 0.004 1.91 3.7 0.007 1.89 12

It is observed an energy gap (E,) variation with hydrogen dilution and oxygen inclusion. For a-Si:H more is
the hydrogen, slightly larger is the gap, while the addition of oxygen stretches up the gap up to 1.91eV. The
effect of oxygen presence on the energy gap widening is prevalent in comparison to the effect of hydrogen
dilution that become a second order effect. Wider E, are reported in literature [95] [93] [100], but it is worth
to remark the a-SiOx:H films obtained in this experiment were not optimized at all.

Refractive indexes and extinction coefficients of all materials revealed a clear higher absorption in the 300-
600 nm wavelength region for amorphous silicon, being the film with lower hydrogen dilution more dense, as
deducted by higher refractive index. n and & for a-SiOx:H showed similar trend than a-Si:H, but characterized
by lower values than a-Si:H on the whole range, and the lower the H, flux the slightly higher the obtained
density.

The ellipsometric measurements just after the thermal annealing are repeated observing no significant change,
so they are not reported, meaning that the treatment effect is not on the films structure, or at least that if any
structural change occurred, it is not visible for such thin films via ellipsometric analysis. The deviations in
energy gap and n, k values, reported in Table 3.9, are medium values inside the errors. These data remarked
that even in not optimized discharge condition, the oxygen inclusion is possible, influencing both optical and
structural properties.

3.3.2 Passivation properties characterization

To get a better insight the role of CO, and hydrogen on the c-Si surface passivation of Silane-based materials,
samples made by n-type c-Si wafers with both surface covered with all previously presented films are
investigated on the basis of effective lifetime and implied V,.. These data are recorded, and shown in Table
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3.10, just after deposition and then after one month lasting storage in dark ambient under vacuum, to observe
their stability. We found quite different behaviour among the samples. Those passivated with a-Si:H produced
at optimized condition with high hydrogen dilution (aSi200) showed the best as-deposited lifetime of 8 ms.
However in few weeks 7ert degraded down to nearly the 90%. At the same way, the sample covered both side
by a-SiOx:H at H>=200 sccm (SiOx200), is characterized by a decrease in lifetime, evaluated as (zr - 7;)/ 7, of
6%. Both materials but produced with lower hydrogen content in the mixture (aSil00 and SiOx100) are
characterized by higher stability, as they did not lost their z at all.

These data, correlated to the observation on n and k in the previous paragraph, suggested a direct relation of
the surface passivation reliability with the film density: the higher the density, the higher the stability.
However, a dense film is not necessarily needed to produce the best lifetime, against what reported [131] [132]:
it is observed that higher lifetime is obtained with increased hydrogen dilution for both materials, which are
less dense. Unfortunately, the higher hydrogen inclusion seemed to lead to highly metastable films, at least as
produced in the specified glow discharge conditions.

These observations describe the following situation: the hydrogen’s presence in the plasma discharge, and in
turn in the film, leads to lower density amorphous films, which on the other hand present a higher lifetime.
However they are less stable, this meaning that the key to achieve a good passivation is not merely the film’s
density, but how the hydrogen is incorporated and bonded in the film’s bulk and at the c-Si surface.

The reduction in lifetime when oxygen is simply included in the gas mixture without changing deposition
parameters is well known and reported in literature [133] [134], so it not surprising to record lower lifetimes
for amorphous layers produced with CO» addition. Moreover, it is interesting to note that higher hydrogen
dilution could be responsible for carbon bonds passivation in CO; dissociation to avoid carbonaceous
compounds in the film, as described in paragraph 3.1.3. The direct correlation of the effective lifetime value
and stability with the film density is still valid, even if a-SiOx:H has lower refractive index than a-Si:H. It is
also useful to remember that a-SiOx:H is commonly addressed as a mixed phase material with nc-Si crystals
presence in the amorphous network [135].

After the sample in terms of lifetime decay are stabilized, the FTIR spectra in the region 1950-2250 cm™! are
also collected to observe Si-H bonds. These spectra will be discussed in detail in the following paragraph,
however the analysis of discrete IR absorption decomposition could allow to show a correlation among the
film densities and hydrogen in nanostructured layers, as well as the samples effective lifetime.

Samples underwent afterword to different treatments: a thermal annealing and a plasma processing in DC
magnetron sputtering. The latter is a common step in heterojunction solar cells fabrication that in our case is
performed at nearly 230 °C, exposing the samples to a UV and VIS radiation [136] and simultaneous thermal
treatment at low temperature. As described in paragraph 3.2.3, a sequence consisting of UV exposure and
thermal treatment is really effective in improving c-Si surface passivation. a-SiOx:H is known to show higher
thermal stability than a-Si:H [137], and is found that optimal thermal treatment at 300°C even for short time
is enough to obtain high passivation improvement. It is nevertheless unusual to find such temperature in a-
Si:H/c-Si heterojunction solar cells manufacturing, and is also found in our previous work that 300°C to be
quite high temperature on a-Si:H produced at 250°C. Nevertheless a thermal annealing at 300°C is still able to
produce an improvement in et for a-Si:H deposited in similar conditions when coupled with SiNx layer [98].
For this reason, even if it makes the comparison a bit unfair for a-Si:H, it is still acceptable to perform thermal
treatment at 300°C for all the samples, which also evidence a-SiOx:H obtained by the mere addition of CO-
can show properties comparable to the optimized a-SiOx:H, reported in the paragraph 3.3.6.

3.3.3 Passivation properties characterization after thermal annealing

Effective lifetimes and Implied V. are collected, together with FTIR spectra of each sample after thermal
treatment at 300°C in nitrogen atmosphere for 10 minutes to observe the evolution of passivation properties
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provided by each material, and to correlate them to hydrogen-involved bonds, that will be discussed in
paragraph 3.3.6. Parameters are summarized in Table 3.10.

Table 3.10: Effective lifetime and implied V.. evolution for each sample. A7ei % is calculated as percentage of (Tuum- Timonth)! Timonth

Sample As-deposited After Imonth Thermally annealed ITO covered
(rT:;) I(ﬁ\\//o)c (:;Z) I(rrTI]W\\//O)C Ac:ﬁ AlmVec (MV) A;:ﬁ A('ﬂT\\//;C
aSi100 4.7 745 4.7 745 10 1 29.3 6
aSi200 8 750 7 745 72.4 6 235 1
SiOx100 2.6 735 2.6 733 28.6 0 54.2 15
SiOx200 3.6 736 3.4 732 -15.4 0 25.5 13

We observed a lifetime enhancement of 72% with respect to the stabilized one after 1 month (50% respect the
as-deposited zerr) for sample aSi200, which represented the best enhancement after thermal treatment all over
the samples set. Different is the behaviour of a-SiOx:H produced at same high hydrogen dilution: a lower
metastability of the as-deposited film but a lifetime drop after the thermal treatment is experienced by SiOx200.
On the other hand, the two stable samples, produced at lower hydrogen dilution, had opposite behaviour: a
minor or nearly null z enhancement for aSi100, and an enhancement of nearly 30% for SiOx100, both with
respect to the state just before the treatment. Implied Vo followed the Az trend, but as the dependence of Vo
on lifetime is not linear, the relatively small variations, positive or negative, do not produce changes in ImVq
values.

From the optical point of view, since n, k£ and thickness evaluation performed after treatment do not charge, is
assumed that no structural or Energy gap modification occurred.

3.3.4 Passivation properties characterization after ITO deposition

The ITO deposition is made by means sputtering technique at DC plasma power of 1.2W/cm?. The obtained
thickness was 80 nm for a resulting sheet resistance of 50 Q/cm. This deposition, exposed the samples to UV
and VIS light for a total time of 5 minutes. Due to the low DC power density applied to the target, a negligible
bombardment occurred at the samples surface. The ITO deposition is performed at nearly 230°C, lower than
the deposition temperature of amorphous film. The selected process temperature, lower respect the 300°C
adopted for the thermal annealing treatment, is due to the longer process time (about 2 hours) and conditions,
optimized for heterojunctions application in our laboratories.

ATR-FTIR analysis in this case was not perform due to the impossibility to record the spectra of amorphous
films under ITO layer. Nevertheless, that consideration done on paragraph 3.2.6 can still be valid: UV light
can promote hydrogen evolution from stronger bond to weaker one, to be afterwards effectively used to
increase surface bonding and thus passivation, as already verified in [138].

Indeed, for all films an effective lifetime increase is observed, even for sample SiOx200, for which just a
thermal treatment is detrimental. The 47.;% after ITO covering for samples aSi100 and SiOx100 is even higher
with respect to what obtained after 10 minutes at 300°C treatment. The implied V.. is effectively enhanced
also. These data are in good agreement on FTIR analysis shown in the following paragraph: the higher the
amount of hydrogen in the bulk, especially corresponding to the Low and Medium Stretching Modes (LSM
and MSM), the higher the effective lifetime gain after plasma processing, because of a high hydrogen
availability to bond on c-Si surface, increasing the passivation and hence the effective lifetime.
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3.3.5 FTIR analysis of amorphous films

FTIR spectra collection is performed in the 1900-2300 cm™! range. The focus is on this region because here the
Si-H bonds are concentrated and differentiated in various modes and bonding configurations. The presence of
Low Stretching Modes (LSM), Medium Stretching Modes (MSM) and High Stretching Modes (HSM) is
particularly remarked. It is commonly accepted that the higher content of HSM reflects to lower quality
amorphous film. This is because silicon di- and tri- hydrides can only be found for @ > 2100 cm™1 [118] [119]
[120] in HSM, and it is known this kind of bonding are not useful for c-Si passivation [36]. On the other hand,
HSM are also evidence of Si-H bonds at voids surfaces or in the centre of poly-vacancies, that can contribute
to surface passivation [118].

By considering the simultaneous presence of HSM and LSM at specific wavenumbers it is possible to identify
the trace of certain hydrogen concentration, which is instead commonly calculated starting from the integrated
intensity of Si-H wagging at 640 cm™' [139] [109]. Indeed Smets [118] shown it is possible to correlate the
Cu% in the film by interpreting HSM and LSM peaks presence in FTIR spectra. In particular, layers having
low H; concentration are mainly characterized by LSM as Si-H in mono- or poly-vacancies, with peaks around
1980-1990 cm™'. When this happens HSM peaks are related to SiH» in two mono-vancancies. When instead
LSM peaks are shifted up to 1990-2000 cm, identifying IR absorption of Si-H in vacancies, and at the same
time 2070-2100 cm™ HSM region reveals the presence of mono-hydrides in multi-vacancies, the Cy is in the
range 6-14 %. Higher hydrogen concentration are possible when the film density is dominated by voids, which
are easily generated when in the glow discharge Ar is used as diluent [116] [117]. In this case columnar or
platelet configuration, where hydrogen is bonded along a planar defect such as a void or a grain boundary
[140] [141] are very probable. This case is examined, indeed the Silane used in our samples deposition is 5%
dilute in Ar. On these basis it could be say that our films are very rich in hydrogen, just observing FTIR spectra
even without performing a quantitative analysis, which is subjected also to the particular ATR measurement
tool boundary condition.

It is now worth to mention an interesting study by Smets et al. [113], where they presented a direct correlation
between the Si-H stretching vibration frequencies and their position inside the a-Si:H film bulk, depending on
its microstructure. They identified a microstructural factor parameter, K, which is an integer indicating a 30cm"
! shift backward of the main mono-hydride (Si-H) peak at 2100 cm™'. For high hydrogen containing films, the
increasing of K indicates the decreasing in film density, and the presence of vacancies and voids. So that, for
example, peak at 1980 cm! is related to Si-H Low Stretching Mode in film bulk nanosized voids (k=4),
2010cm™ depends on mono- and di- hydrides Medium Stretching Modes in multi-vacancies (k=3) and so on.
Small deviations from these wavenumbers can be considered due to the experimental setups and the FTIR
spectra scan resolution. Other peaks of interest are 2050cm™!, due to Si-H vibrations at a-Si/nano c-Si interface
in the film bulk [119], 2060 cm™, assignable to Si-H backbonded to 3 Si atoms, as a strain-coupled Si-H on
(100) surface [142] [143]. 2086 cm™! is commonly attributed to mono hydrides at ¢-Si (100) or free amorphous
surfaces [119] [120], while multi hydrides at a-Si free surface can be found at 2114 and 2140 cm™ [119] [120].

Peaks between 2170 and 2210 cm’!, can be assigned to different bonds depending on the film type under exam.
Indeed they are mainly related to bonding configuration where a silicon atom has one Si and H bonded, but
the two remaining bonds can be fulfilled by silicon, hydrogen or oxygen. In particular the peak at 2170cm™!
can reveal the presence of H-Si-H or O-Si-H, while at 2190-2210 cm™ Oy-Si-H or H-Si-H, bonding
configuration can give rise to an absorption [118]Errore. L'origine riferimento non ¢ stata trovata. [122].
On these basis, depending if the film is a a-Si:H or a-SiOx:H, peaks could be assigned to Si-H, or Si-H3 in
inner voids, or to Si-H backbonded to oxygen, or to external surface unwanted oxidation.

In this thesis work FITR spectra at high resolution and slow scanning setting is acquired, taking care of
removing just noise.
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Figure 3.15: To the left aSi100 and to the right aSi200 FTIR spectra in the region 1960-2230 before and after thermal treatment

are experimental data, light yellow lines are cumulative fits.
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Then, with a careful analysis, the bands are decomposed, considering gaussian peaks centred at mentioned
wavenumbers that needed to be consistent among each spectra in terms of width and position to the specific
bonds, as reported in literature [119] [128]. In this way the fits illustrated in Figure 3.15 and in Figure 3.16 are
the most consistent in the overall picture.

To find a correlation between FTIR spectra and surface passivation, the Si-H peaks is considered responsible
of wafer dangling bonds saturation and those in the film bulk. These in turn are in the different voids or
vacancies, identified by K>1, which in principle do not contribute to the surface passivation, unless they are
in a charge state that can produce a field effect passivation. Further investigations should be necessary to
address if this second aspect could give a contribute.

To perform quantitative comparison among all samples, the intensity of each peak as normalized to the total
integrated intensity of Si-H related peaks is considered, and then are grouped so that the contribute of LSM,
MSM, HSM and surface bonds are separated. Hence the data could be analysed keeping in mind that hydrogen
in LSM and MSM can be easily available to move, HSM are stronger bulk bonds, generally expression of low
quality amorphous film, while surface bonds are responsible for sure of surface passivation. It is possible to
assert that HSM and surface bonds are stronger one, since there is a correspondence between the Si-H bonding
frequencies and its length [144] [145], so that the lower the bond length, and in turn the higher the strength
and stability, the higher the wavenumber of relative peaks.

From a first look to the four spectra collected before thermal annealing (Figure 3.15 and 3.16 top side) it can
be noticed a common characteristic for a-Si:H and a-SiOx:H produced at 100 and 200 sccm H flux dilution.
In the latter the LSM band around 1990 cm™' showed a shoulder at 2010 cm™!, revealing monohydrides in di-
vacancies, while at lower H, dilution only Si-H in mono-vacancies were manifested. All the samples shown
bonds typical of platelet configuration as evident from peaks at 2030-2040 cm™'.

Peaks at 2114 and 2140 cm!, typical of amorphous silicon surface, are pronounced in all samples. On a-SiOx:H
films it is interesting to note the absence of a 2080 and 2100cm™!' narrow doublet, which we found to be an
indicator of crystalline phase in the film [119] [120] [112]. This do not means that such crystalline fraction was
absent, but just that it was not as evident in FITR spectra. Indeed the presence of a distinct peak at 2050 cm!
revealed there is a separation surface between amorphous and crystalline silicon in the film bulk, typical of nc-
Si [119]. This means that the mixed phase characteristic of suboxide films is in these cases prominently
amorphous, as it is expected since they are obtained from deposition conditions optimized for amorphous
silicon films, with a small amount of CO2 as oxygen added source. The amorphous phase prevalence is also
evident from absorption coefficient illustrated in Figure 3.2 of a-Si:H (red curve) and a-SiOx:H (blue curve),
which show similar trends.

The band around 2170-2210 cm™!, commonly attributed to Si-H bonds involving oxygen are evidently more
pronounced for a-SiOx:H films. However their presence in pure a-Si:H samples could be justified as Si-H; or
Si-H3 bonds in inner voids, or as small oxygen contamination from the free amorphous surface [122].

On the other hand it is immediate to notice that oxygen containing film are characterized by higher IR
absorption by hydrogen content in the film bulk, especially in LSM and MSM regions.

In Figure 3.17 LSM, MSM, HSM and Surface peaks intensity are shown grouped before and after thermal
treatment, where LMS is the sum of 1990 and 2010 cm™! peaks intensity, MSM 2030, 2040 and 2050 cm™!
peaks intensity, HSM 2070 and 2010 cm™ peak intensity and surface peaks is 2086 and 2060 cm-' peaks
intensity sum.
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Figure 3.17: Integrated intensity of Si-H stretching modes grouped by types.

Comparing histogram on the left of Figure 3.17 and effective lifetime values for samples one month after
deposition, reported in Table 3.10, it can be seen a direct relation: the higher the surface hydrogen content, the
higher the effective lifetime. At the same time the HSM presence seemed to be index of lifetime stability,
meaning hydrogen in HSM modes is hard to move from its state, nanovoids in the film bulk. On the other hand
LSM and MSM indicated the potentiality of the film to make hydrogen available to move toward surface
bonds, improving passivation.

Thermal annealing modified bonding equilibrium in different ways among all samples. Generally speaking,
thermal energy tended to move hydrogen from LSM or MSM bonds toward surface or stable bonds in the bulk.
The eventually increased content in LSM, that are not stable, led to a further metastability.

After thermal treatment, the bonding configuration evolved to the situation illustrated in the right graph of
Figure 3.17. Again, the surface peak trend reflected the lifetime one, but some additional considerations are
needed. Sample aSil00 is the most insensitive to the treatment. Indeed if LSM and MSM slightly decreased,
this reflected to a minor surface and HSM bonds simultaneous intensity enhancement. This situation led to
effective lifetime improve of just 10%.

Sample aSi200 on the contrary is characterized by a strong z.; improvement. However, looking at the surface
peak value after thermal annealing, a small reduction with respect to the value before treatment is noticed,
together with a minor LSM and MSM increasing. If this behaviour seemed to be against the general trend, it
is immediate to notice that the HSM disappeared.

Focusing on HSM data, it can be noticed that in sample SiOx100 increased slightly, while in sample SiOx200
largely increased. Nevertheless, at the same time in these two samples the surface peak evolved differently:
while the in the former enhanced, in the latter decreased a little. LSM and MSM peaks, which are the source
of hydrogen for HSM and Surface peaks evolution, decreased in both.

Wrapping all these considerations, a very simplified model can arise:

e LSM and MSM are related to hydrogen monohydrides in vacancies or columnar a-Si:H surface separations
and can be usefully moved to other bonding configurations by a thermal treatment. They are also not stable
bonds which reflects into passivation stability.

e HSM are stronger bonds, which identify mono or also di-hydrides, located at voids or at very small silicon
crystals in the film bulk, that can be eventually formed in a-SiOx:H, even if this characteristic is not evident
in the films obtained in this experiment. These bonds do not help in surface passivation, but can be
effectively broken by light soaking, obtaining hydrogen that can move toward LSM or MSM modes.

e Peaks at 2086 and 2060cm™ denotes hydrogen bonded at the (100) c-Si surface, and are the main
responsible for surface passivation. The higher the surface bonds, the higher the measured effective
lifetime. However, HSM bonds can mitigate their effect.
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The role of oxygen in this picture is almost clear: it helped in widening the film band gap. In the proposed
glow, discharge conditions do not effectively modify the film structure with a pronounced
crystalline/amorphous mixed phase, but the film preserved a predominant amorphous phase, even if a kind of
very small crystals should be present because the distinctive note of hydrogen in a-Si/nc-Si separation surface
is found in FTIR spectra. The presence of oxygen in the glow discharge and then inside the film, even improved
the hydrogen presence in the film bulk in mono- and multi-vacancies as well as in platelet configuration, which
is obtained because the plasma is argon assisted. This elevate hydrogen presence cannot be found in such
elevate quantities in bare amorphous silicon, probably because a more compact film was obtained, as deduced
by spectral n and k data in Figure 3.14.

However silicon wafer surfaces are not effectively passivated when a-SiOx:H is used as much as when
optimized amorphous silicon was deposited on the silicon wafer, because of the higher monohydride content
bonded on the Si dangling bonds. Nevertheless, post-deposition treatments could usefully use hydrogen in the
film bulk to better passivate the surface. The more the hydrogen in the glow discharge, the better the reached
passivation, even if the less stable.

3.3.6 Optimised amorphous silicon suboxide

Until this point is discussed about an a-SiOx:H film obtained in glow discharge conditions optimized for
amorphous silicon deposition, which reflected in good but not excellent surface passivation. However, in
paragraph 3.1 the a-SiOx:H deposition parameters are already optimized with some range limitations due to
the PECVD system. After PECVD system upgrade, following the trend that more hydrogen means more
passivation (shown in Figure 3.4), the previous hydrogen flux of 177 sccm is increased at 200 sccm that is the
new maximum value allowed. Hence the new optimized recipe is reported in Table 3.11 and it will be referred
as “NewSTD”.

Table 3.11: New optimized deposition parameters for a-SiOx:H.

RF power Pressure Temperature  SiHs 5% in Ar flux H, flux CO; flux
(mW/cm?) (mTorr) (°C) (sccm) (sccm) (sccm)
36 1500 250 120 200 1.5

With these deposition parameters, a n-type wafer is passivated on both side with 25 nm thick of a-SiOx:H film,
that led to an effective lifetime of 3 ms and an implied V,. of 733 mV. This kind of film showed a more
pronounced crystalline behaviour. The FTIR spectra was indeed comparable to that in paragraph 3.2.5.
Crystalline mixed phase is evident from Figure 3.2 (dark blue curve), where crystalline silicon and amorphous
silicon absorption coefficient are also shown. While aSi200 (red curve) and SiOx200 (blue curve) show similar
trend, monotonically decreasing from 350 to 650-700 nm, crystalline silicon shows a bend around 600 nm,
with different slopes in absorption. The newSTD a-SiOx:H (dark blue curve) follows amorphous trend until
650 nm, then bends and follows the crystalline silicon one until 1000nm. A kind of similar trend is also be
observed in [96].
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Figure 3.18: effective lifetime Auger corrected as a function of MCD for n-type c-Si passivated by optimized SiOx before and after
ITO coverage.

After ITO deposition in specified condition and at high temperature (235°C) on one side of the sample, its
effective lifetime reaches 7.4 ms, and 748 mV of implied V. is achieved. In Figure 3.18 effective lifetime as
a function of Minority Carrier Density is shown for the as-deposited and ITO covered sample. The same plasma
sputtering process is repeated on the other wafer side, but this time a small reduction of lifetime is observed,
due to the second 2 hours lasting thermal step, that could favour hydrogen evolution outside the sample.
Nevertheless, the final result is still good: Implied V,. remained at 748 mV, while effective lifetime was 6.4
ms. It is remarkable than a further thermal treatment at 300°C for 10 minutes does not reduce these values, and
the stability of the sample is observed 8 months after this experiment. This means that ITO layer could act as
a capping layer, reducing hydrogen further evolution, and preserving the surface passivation stability. In order
to avoid the further thermal step during the second ITO layer deposition, it would be advisable to deposit ITO
on the first side at room temperature, exposing the film to light as well, and performing the second deposition
at chosen temperature to simultaneously thermally anneal the whole sample, taking the best advantage of these
processing on such a-SiOx:H film.

The last a-SiOx:H film deposited with “newSTD” recipe will be used in chapter 4.2 to make the buffer
passivation layer in a complete HJ solar cell to compare its electrical and optical characteristic with another
HJ solar cell with a-Si:H as buffer passivation layer. The passivation provided to the layers deposited with this
recipe is increased after high thermal annealing, up to 300°C, or also exploiting the combination of UV
exposure and thermal annealing during ITO layer deposition, in similarity to what is described in paragraph
3.2

The recipe “BST2” provides a better passivation than the “newSTD” recipe on as deposited samples but is less
thermal stable and degrade its passivation properties at 300°C, hence is used as passivation buffer layer in
combination of MoOx emitter layer in a complete solar cell as described in chapter 5 due to degradation of
MoOx layer above 150°C.
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4 - Manufactured solar cells with a-SIOx:H layers

In this chapter the solar cells manufactured using the a-SiOx:H as passivating buffer layer, emitter and base
contact are described. A complete characterization and electro-optical comparison of the properties of these
cells with sister cells manufactured with a-Si:H layers is reported in the following.

4.1 Oxide barrier on intrinsic a-SiOx:H passivation buffer

During the preliminary experiments on a-SiOx:H as passivating buffer layer in HJ solar cell, an undesired
behavior occurred which can be summarized looking at the I-V characteristic of the solar cell under sunlight
exposure reported on the left side of Figure 4.1. An S-shape strongly affects the I-V characteristic leading to
very poor cell performances. Comparing in the same figure the -V characteristics in dark and light conditions,
it is also evident a crossing point in forward bias condition. This issue points out the presence of a barrier
against carrier collection, but it is not immediately evident where the barrier is located in the cell structure
reported on the right side of Figure 4.1.
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Figure 4.1: Left side: I-V characteristic of preliminary HJ cell affected by undesired S-shape. Right side: Preliminary HJ structure of
cell with a-SiOx:H buffer layer.

Taking into account that the base contact is ohmic due to tunnelling mechanism at InGa/p-c-Si interface and
the InGa/ITO/n a-Si:H is perfectly ohmic since both contacts are well addressed in literature and at lab scale,
the S-shape on emitter side could be caused by cumulative effects: 1) the a-SiOx:H buffer layer is too thick
and this creates a physical barrier that the carrier find difficult to overcome by tunnel effect, 2) the presence of
unwanted thin oxide layer on intrinsic a-SiOx:H buffer layer. To discriminate among these effects a similar
sample is fabricated reducing the a-SiOx:H layer from 9 nm to 6 nm, but the effect on the lighted I-V
characteristic does not change and the S-shape still dominates the cell performances. Therefore, this trend is
not related to the thickness of the a-SiOx:H layer so the cause needs to be searched at the edge between emitter
and buffer layer. The undesired oxide layer formation strongly depends on the humidity and the temperature
of the external environment. Indeed one of the main issues experimented in solar cell manufacturing in
presence of a-SiOx:H as passivating buffer layer, is the sensitivity of this buffer to the external environment
conditions. This is a consequence of its nanocrystalline phase. This phase can be oxidized if exposed to the
air. In principle, to avoid this circumstance, it would be better that the a-SiOx:H buffer layer is immediately
covered by emitter or base layer. Anyway it is relevant to evaluate in detail this effect on the solar cell
performances also taking into account that the experimented cell described in the following paragraphs are
manufactured layer by layer in different PECVD systems each of them devoted to specific layers and not
expressly designed to manufacture the entire device under investigation.
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To get better inside the topic and understand how the S-shape could be caused by a thin oxide barrier on
intrinsic a-SiOx:H layer, a simulation has been performed to evaluate the effect of this undesired layers. The
structure examined is a cell based on p-type ¢-Si with 6 nm of a-SiOx:H as passivation layer, 15 nm of n-doped
a-SiOx:H as emitter and an ITO layer as front contact. A thin barrier layer with a thickness of 0.5 nm is placed
between a-SiOx:H buffer and emitter layers and is simulated introducing an energy barrier in the conduction
band. The corresponding barrier in valence band is not taken in account (and not shows in the band diagrams
simulated) because in this case only electrons are extracted from n-type emitter. Simulation takes into account
the different energy gap, the work function and the electronic affinity of each layer in order to evaluate the
band diagram. The light intensity in the simulation is AM1.5G. The simulation is performed varying the energy
height of the barrier thus evaluating its effect on band diagram and I-V characteristic of the cell. The band
diagrams of four simulations referred to barriers height of 0 eV (absence of oxide layer), 0.2 eV, 0.3 eV and
0.4 eV are reported in Figure 4.2 where the structure is considered under light condition. Red and blue lines
are the quasi-Fermi levels referred to electrons and holes respectively.
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Figure 4.2: Energy band diagrams on emitter side simulated for an ITO/n a-SiOx:H/i a-SiOx:H/p c-Si structure with SiO layer
between n a-SiOx:H and i a-SiOx:H at different heights of energy barrier. In the insert the corresponding simulated I-V curve.

The estimated I-V characteristics for each energy barrier is reported in Figure 4.3 where it is evident the onset
of S-shape as the energy barrier increases, while the black line is the I-V characteristic for a structure without
energy barrier.
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Figure 4.3: Simulated I-V curves of ITO/n a-SiOx:H/i a-SiOx:H/p ¢-Si structure at increasing of energy barrier between n a-SiOx:H
and i a-SiOx:H.

Even though the simulations suggest that a thin oxide generates an energy barrier against carrier collection, an
experiment has been performed to definitively prove it. A p-type wafer passivated on both sides with 9 nm by
intrinsic a-SiOx:H layer is stored in air for several days. To test if an oxide barrier is grown on a-SiOx:H during
the storage in air, the wafer is cleaved in two half to obtain two identical samples. One half is dipped in 2%
HF solution for one minute before emitter deposition to remove the oxide layer while, the emitter layer is
directly deposited on the other half wafer. The emitter is 15 nm n-doped a-Si:H layer deposited by PECVD
with optimized parameters as previously described in paragraph 2.6. Then 70 nm of ITO layer is deposited at
room temperature on the n-doped a-Si:H to guarantee a good carriers collection and a grid of InGa is used as
front electrode. The rear side of the samples is contacted with eutectic of InGa.

The two samples are characterized under light condition. As evident from Figure 4.4 there is a strong S-shape
on the sample deposited without HF treatment (blue line), while the S-shape almost disappears (red line) on
the sample treated in HF before emitter deposition. This confirms the effective growth of thin oxide layer on
a-SiOx:H surface during storage in air.
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Figure 4.4: 1-V curves of sample dipped in HF before n-doped a-Si:H deposition (red line) and of sample without dipping in HF.

Since the samples are not annealed after ITO sputtering deposition, an annealing at 250°C for 15 minutes is
performed to recover the damage caused by ions bombardment during sputtering process. Indeed is known
that the lifetime after ITO sputtering or other sputtering process decreases drastically if performed at room
temperature but can be recovered with appropriate thermal annealing as discussed in chapter 3.2. “Treatments
on a-SiOx:H”. The lifetime of both side passivated wafer is 210 ps and becomes 131 ps after ITO deposition
and 331 ps after thermal annealing, overcoming the initial lifetime. As shown in Figure 4.5, where are reported
the 1-V characteristics in light condition before and after the thermal annealing procedure, the annealing
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treatment helps to completely remove the S-shape decreasing the density of state at the interfaces and then the
recombination that generates the FF reduction.
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Figure 4.5: 1-V curves of thermally annealed samples (blue and red lines) compared with I-V characteristics of as deposited samples
(blue and red dotted line). After thermal annealing the samples that is dipped in HF does not show S-shape.

The use of HF is a way to remove the surface oxidation due to the air exposure, but this effect can be performed
also storing the sample in nitrogen atmosphere or in vacuum before depositing the emitter or base layer.
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4.2 Comparison between a-SiOx:H and a-Si:H as buffer for HJ solar cells

4.2.1 Cells fabrication steps

The wafers used to manufacture the heterojunction solar cells are p-type FZ 1-5 Qcm (100) oriented, 250 pm
thick, both side polished, characterized by a confirmed lifetime greater than 1 ms. The fabrication steps of two
cells are sketched in Figure 4.6 [146]. The fabrication steps are the same for the two cells except for the front
side passivation layer that is made with a-SiOx:H in Cell A and with a-Si:H in Cell B. The wafers are cleaned
with standard SC1 + SC2 procedures [89] and dipped for 1 minute in 2% hydrofluoric acid, just before entering
in the PECVD chamber. The first deposition step is the back passivation layer with 15 nm of a-SiOx:H in
PECVD system Benchmarkll by Axic, according to optimized deposition parameter “newSTD”, described in
the chapter 3.3.

‘ Floating Zone p-type Wafer ‘

v
‘ Cleaning SC1+SC2+HF ‘
v
‘ 15 nm SiOx:H deposition on back ‘
— T
‘ 6nm a-Si deposition on front ‘ 6nm SiOx:H deposition on front
T
‘ 10nm a-Si n-type deposition on front (emitter) I
v
‘ 100nm a-Si p-type deposition on back (base contact) ‘
v
‘ ITO sputtering deposition above emitter ‘
v
‘ 1pm alluminium deposition by evaporation on back ‘
v

’ Laser firing on back for base contact ‘

Figure 4.6: Fabrication steps flow chart of two heterojunction solar cells [146].

On the cells’ front side 6 nm thick buffer layer is required to guarantee the surface passivation and minimize
the filtering effect, as reported in literature in case of a-Si:H buffer layer [36]. This thickness is chosen as the
best compromise also in case of a-SiOx:H buffer layer. Indeed, as already remarked in previous chapter, the
initial growth of this film is required being amorphous to ensure surface passivation. Moreover thinner
thickness would not ensure conformal coating of the entire c-Si surface and thicker layer would form a barrier
against carrier collection.

The amorphous layers are deposited in different PECVD machines: one dedicate for a-SiOx:H passivation
layer used for Cell A front side and for back passivation of both cells; other one a PECVD dedicated for
intrinsic and doped a-Si:H. This machine is a three chambers PECVD, every chamber is dedicated for one
amorphous silicon type. A load-lock chamber connects the three chambers to load and move the sample. The
passivation layer on Cell B front side is made by 6 nm of intrinsic a-Si:H deposited in this machine. After
passivation layers deposition, 10 nm thick n type a-Si:H layers are deposited in this last PECVD system on
both cells as front side emitter layers. On the back side of both cells 100 nm of p-type a-Si:H are deposited to
form the base contact. Details of a-Si:H layers deposition in Table 4.1 are reported.
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Table 4.1: Process parameters of intrinsic, n-type and p-type amorphous layers.
a-Si:H type | SiH4 (sccm) | BaHg (sccm) | PHs (sccm) | P (mTorr) | RF (W) | T (°C) | Deposition time

i 40 - - 680 6.5 210 28”
n 40 - 10 300 6.5 300 58”
p 40 20 - 700 6.5 210 4°30”

The process time of a-SiOx:H and a-Si:H layers is calculated on the base of previous experiment to address
the grow rate of the film. The obtained thicknesses are evaluated by fitting procedure of the experimental
reflectance measured by Perkin EImer lambda950 UV-VIS-NIR spectrophotometer, using XOP software [85].
Indium Tin Oxide (ITO) is deposited as TCO on both cells by Kenosystek in-line DC-magnetron sputtering
system with the following deposition parameters: 200W of RF power that correspond at 1.2 W/cm?, 350°C of
set temperature that on sample correspond to about 230°C (2/3), Ar flux set to 40 sccm and working pressure
setat 1.1-10° mbar. The ITO deposition process parameter were optimized in a previous work [147] in which,
to limit the damages on amorphous layers due to the ions bombarding during the discharge and consequently
the passivation reduction, the RF power is kept as much as possible low. The obtained thickness was 80 nm
and the sheet resistance, measured with four point probe [148], was 30 Q/sq corresponding to a resistivity of
2.4-10* Qcm. The lifetime is monitored before and after ITO deposition by mean of QSS.PCD in transient
mode by Sinton Consulting WTC200 tester, evaluating lifetime at MCD (minority carrier density) of 10%5.
The last fabrication step is the metallization to make a grid shaped front contact and a full base contact.
Unfortunately, an ohmic contact on p doped wafer is not easy to obtained. Indeed, the p-type amorphous layer
deposited on a-SiOx:H buffer layer is not sufficiently doped to obtain a barrier narrowing to satisfy the
tunnelling of carriers. To obtain an ohmic contact, one micrometer of aluminum is thermally evaporated on p-
type a-Si:H layers and then a laser firing is performed [149] to ensure the ohmic contact on the cell base. The
laser used is a Nd-YaG at 1064 nm with a power pulses of 800 mW. The laser focus is optimized on the sample
surface to promote the boron migration from p a-Si:H layer and the aluminum forward the silicon surface
trying to minimizing the surface damages. The space between the laser spots is 500 pm that is a compromise
between a good Fill Factor of the cell and a preservation of surface passivation between two adjacent spots.
The high thickness of a-SiOx:H on the back (15 nm) helps to maintain the passivation after laser firing.

4.2.2 Cells characterization and electro-optical comparison

Reflectances and XOP simulated curves in Figure 4.7 are reported. From fitting procedure the thickness of
a-SiOx:H, as observable in Figure 4.7, is deduced being of 9.6 nm instead of desired 6 nm, probably due to the
different deposition rate on p-type wafer with respect to n-type one, on which the rate is calculated. The
thickness of n-type a-Si:H results of 12 nm instead of 10 nm. The overall thickness of intrinsic a-Si:H and n-
type a-Si:H layers on Cell B is of 12.5 nm instead of 16 nm. In particular the n-type a-Si:H thickness is of
about 7.5 nm and the intrinsic layer is of 5 nm. Nevertheless, despite the different thicknesses of emitter and
buffer layers between the two cells a comparison of optical and electrical proprieties is still possible. Looking
at the Figure 4.7 it is evident that Cell A has a reflectance lower than Cell B on whole investigated range of
wavelength that means higher light absorption of sample with a-SiOx:H layer.
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Figure 4.7: Reflectance measures (point) and numerical fits with XOP software (line) of Cell A (black) and Cell B (red) front side.

To understand the effect of ITO deposition on passivation surface quality, the lifetime is monitored before and
after ITO deposition: the lifetime of Cell A, before and after sputtering process, is 760 ps and 3100 ps
respectively; the lifetime of Cell B is 990 s and 1060 ps respectively. The lifetime difference before and after
sputtering process confirms the healthy effect of UV exposure (due to glow discharge of sputtering process
during ITO growth) together with thermal treatment on a-SiOx:H buffer layer, while the improvement in case
of a-Si:H buffer layer is less evident.

The implied Vo after ITO deposition reaches 751 mV on Cell A and 730 mV on Cell B. In Figure 4.8, the
effective lifetime as a function of minority carrier density and the related implied V. values after the sputtering
process are reported. It is to remark that the achieved implied Vo with the suggested passivation is comparable
with the state of the art values reported on surface passivation of p-type doped c-Si wafer. Up to now in
literature are not reported values higher than that one also taking into account that this high value is obtained
on sample more similar to a solar cell than a device performed to achieve the best lifetime. If the ITO deposition
is performed at room temperature, the lifetime degrades due to the UV exposure [136] and the damage caused
by argon ion bombardment but, after a subsequent thermal annealing, the lifetime can be recovered.
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Figure 4.8: Effective lifetime versus minority carrier density of Cell A (red) and Cell B (blue) and the relative implied Voc values to
the left; to the right the structure of the measured cells is sketched.
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Characterization of electrical and optical proprieties of Cell A and Cell B are performed to make a direct
comparison between the cells. In Figure 4.9 the experimental reflectance profiles (focussed on short
wavelength range) of two cells are shown with points, black for Cell A and red for Cell B, togheter with the
corresponding fitting lines obtained with XOP software.
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Figure 4.9: Reflectance (experimental as points, fitting as lines) of Cell A in black, Cell B in red and simulated reflectance of Cell A
with thickness layers equal to Cell B in cyan line.

Cell A shows a reflectance lower than Cell B but, also due to the difference between cells layers thicknesses,
it is difficult to direclty compare the reflectance and to understand the optical proprieties in the same condition.
For this reason we performed a simulation of Cell A reflectance, starting from the fitting of the experimental
data, using the same thicknesses of all layers found in Cell B: 80nm for ITO, a-Si:H emitter layer of 7 nm and
a-SiOx:H buffer layer of 5 nm. The result of this simulation is again reported in Figure 4.9 in cyan. Is
immediate to notice that black and cyan lines are lower than red line (referred to Cell B) especially in the
region between 350 nm and 450nm, confirming that the cell with a-SiOx:H buffer layer produces a lower
reflectance, even in the case of higher tickhnesses, than cell having a-Si:H buffer layer.
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Figure 4.10: Comparison between EQE (experimental as point and simulation as line) of cell A in black, Cell B in red and
simulation of Cell A with thickness layers equal to Cell B in light blue line.

1
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To ensure that transmittance of entire front cell is higher on sample Cell A a Quantum Efficiency measure is
needed. To compare the External Quantum Efficiency (EQE) shown in Figure 4.10 we adopt the same
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methodology used for data reported in Figure 4.9. Indeed to fit the experimental EQE data an analythical model
of the EQE [150] is used taking in account the absorption coefficient (arro, da-si:n and aasiox:x), Mobility (a-
Si:H, a-SiOx:H) and diffusion length (c-Si) and thicknesses of each layers. For this specific conmparison EQE
data are collected in finger-free front side area of the cell. From these measurements it is possible to calculate
the cells current density Jsc, finding that Cell A reaches a Jsc of 0.5 mA/cm? higher than Cell B, despite its
thicker layers. The a-SiOx:H advantage is furthermore evidenced when considering the cyan line, obtained by
simulation with the same thickness of the emitter and buffer layers of Cell B. Indeed in this case (cyan line),
Jsc reached 1.0 mA /cm? higher than that of Cell B.
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Figure 4.11: 1-V characteristics of Cell A (black line) and Cell B (red line) under AM 1.5G sunlight simulator.

In Figure 4.11 and Figure 4.12 the 1-V characteristic of Cell A and Cell B are presented, respectively under
AM 1.5G light and dark conditions. As expected the Vo of two cells, reported in Figure 4.11, are lower than
implied Vo for Cell A implied Voc of 751 mV resulted in effective 678 mV, while for Cell B, a potential
implied Voc of 730 mV drops to 660 mV of V. This is mainly due to the laser firing process performed to
ensure the base contact on p-type silicon that decreases the passivation on cells backside lowering the Voc
value. Indeed if laser firing technique is able to produce a good ohmic contact, the migration of aluminium and
boron on crystalline silicon surface strongly increases the local state of density, because of the surface
contamination and dangling bonds production. Anyway Cell A maintains a Vo value higher than Cell B, due
to the higher starting lifetime.
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Figure 4.12: 1-V characteristics of Cell A (black line) and Cell B (red line) in dark condition.
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As depicted in Figure 4.11, current density of Cell A is 32.6 mA/cm? that is 0.5 mA/cm? higher than Cell B
limited to 32.1 mA/cm?. Also the Fill Factor (FF) of Cell A is higher than Cell B, due to the higher passivation
quality of a-SiOx:H in comparison to a-Si:H buffer layer. Surface recombination on Cell B is still confirmed
by the higher reverse current density in dark condition with respect to Cell A, as it comes evident looking at
the Figure 4.12. In conclusion the a-SiOx:H film used as buffer layer ensures higher passivation quality and
transparency than the a-Si:H layer counterpart.

4.3 Cells with n-doped a-SiOx:H as emitter or base

To further compare the higher transparency performance of a-SiOx:H layer with respect to a-Si:H layer the
focus is now moved on n-doped a-SiOx:H as window layer. Since the focus is on n-type a-SiOx:H layer to
demonstrate its transparency, this layer is now accounted as window layer for the cell. Basically if the c-Si
substrate is p-type doped, that layer is the emitter of the cell, otherwise on n-type c-Si it is the base contact. If
the diffusion length, and then the lifetime, of the substrate is higher than the thickness of the substrate (at least
three time) and the surface passivation is equal on both side, the carrier collection does not depend on what
side of the cell (base or emitter) is directly exposed to the sunlight.

It is worth to note that the n-doped a-SiOx:H emitter layer is deposited at “ENEA Portici” laboratory, located
at about 200km from the “ENEA Casaccia” laboratory where the c-Si surface passivation is performed before
the emitter deposition. The stability of a-SiOx:H buffer layer in terms of surface passivation has allowed
distance in time and space between two depositions that instead should be performed in immediate sequence
to obtain a very high efficiency process.

4.3.1 Cell manufacturing with n a-SiOx:H as base layer

The cell under investigation is now based on n-type, both side polished, <100> oriented, FZ, 1-5 Qcm, 250
pm thick, c-Si wafer, passivated by a-SiOx:H deposited with parameter called “BST2”, described in chapter
3.3. The cell is manufactured trying to minimize the exposure to air in every steps and dipping the wafer in
2% HF solution just before loading the wafer inside PECVD machine. 15 nm thick n-type a-SiOx:H layer is
then deposited on cell front side as base contact and 20 nm thick p-doped micro-crystalline silicon (pc-Si) is
used as emitter on the rear side of the cell. The use of p-doped pc-Si instead of p-doped a-SiOx:H or p-doped
a-Si:H is due to the possibility to obtain high doping level that allows higher built-in voltage. These layers
have been previously optimized in the laboratory of “ENEA Portici” [151]. Both layers are deposited in a
multi-chambers PECVD system by MV SystemsInc. This machine has five chambers connected by load-lock
chamber with automatized system to move the sample between the chambers. The deposition parameters for
n-doped a-SiOx:H and are reported in Table 4.2 while for p-doped pc-Si are reported in Table 4.3.

Table 4.2: Process parameters of n-doped a-SiOx:H.

CO, H> PH3 2% + SiH498% P (mTorr) RF (mW/cm?) RF (Hz) T (°C)  Deposition time

1sccm 200 sccm 1 sccm 2500 40 13.56 150 300

Table 4.3: Process parameters of p-doped pic-Si.

SiH4 H, B(CH3)32% + H,98% P (mTorr) RF(mW/cm?) RF (Hz) T (°C)  Deposition time

1sccm 125 scem 0.3 sccm 1000 55 40 150 400
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The first ITO layer is deposited at room temperature on pc-Si layer with a conductivity measured with four
point probe [148] of 103 Q/a. The second ITO layer is deposited at 180°C on n-doped a-SiOx:H layer, both
ITO layers are 70 nm. As electrodes, Silver grids are finally deposited with a thickness of 2 um on emitter and
base side by Balzer BAK 460 electron-beam evaporator through a physical mask. The area of the cell is 3.68
cm?. The overall cell structure is reported in Figure 4.13. The sample’s lifetime before ITO layers is 420 ps,
after ITO deposition become 350 ps due to the low thermal annealing (180°C) during ITO sputtering
deposition. This thermal treatment is not sufficient to recover or enhance the lifetime.

Sunlight

Ag Ag Ag

ITO (70 nm)

n a-Siox:H (15 nm)

a-SiOx:H (6 nm)

n c-Si

a-SiOx:H (6 nm)

p uc-Si (20 nm)

ITO (70 nm)
Ag Ag Ag

Figure 4.13: Layers scheme of manufactured cell based on n a-SiOx:H as base contact and p pLc-Si as emitter.

The 1-V characteristics under light and dark condition are reported in right and left part of Figure 4.14
respectively.
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Figure 4.14: Characteristics I-V of cell in dark condition in semi-logarithmic scale (left side) and in light and dark condition with
emitter and base exposed to light (right side). The S-shape is not present.

Examining the I-V characteristics is immediately evident that the S-shape is not present, confirming the
previous observations. 1-V characteristic in dark shows a reverse current higher than typical values, suggesting
recombination problems or undesired shunt on the edge of cell. Looking at the I-V curves in light condition,
collected by front or rear side exposure, a difference between the two sides results evident: exposing the cell
by the emitter side, the current is higher (30.5 mA/cm?) than by the other side (28.1 mA/cm?). The Vo of two
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sides is instead opposite: when light is on the emitter side the Vo is 664 mV, while on the other side the Vo is
667 mV. The others cell parameters are: Fill Factor of 69.5% and efficiency of 13.0% when the cell is exposed
through the base, while Fill Factor of 68.0% and efficiency of 13.8% when the cell is exposed through the
emitter. This behaviour suggests a high recombination at the emitter interface.

The low V. value can be attributable a low overall passivation level that is ascribed at the p-doped pic-Si layer
that degrades the passivation on a-SiOx:H buffer layer. QE measurements are helpful to confirm these
observations. IQE, EQE and reflectances are reported in Figure 4.15 on left side for a cell exposed by the base
side and on right side for a cell exposed by the emitter side.

1.0 — T T T T T T T 100 1.0 — . . . . . . . 100

0.8+ 4180 0.8} 180
w SN S
g0.6- -608 g0.6- -608
m & u &
C 04} 40 © C04F 440 ©
L o w R}
D @
0.2 120 & 0.2} J20 &

1 1 1 1 1 1 1 1 0 OO 1 1 1 1 1 1 1 1 0

400 500 600 700 800 900 100011001200 400 500 600 700 800 900 100011001200

Wavelength (nm) Wavelength (nm)

Figure 4.15: Internal and External QE for cell illuminated on base side (left side) and on emitter side (right side).

The EQE of the cell exposed by the base side is lower than the counterpart at every wavelength. This means
high recombination of all photogenerated carriers since they have to cross the junction independently at which
wavelength they are generated. If the junction is affected by a strong recombination this of course affects all
the wavelengths. Nevertheless the carriers generated in the blue region of the spectrum are relatively less
affected than in case of EQE measured illuminating the emitter side. This confirms that the base contact is less
recombining than the emitter one. This evidence is corroborated measuring the QE of the cell exposed to a 742
nm high intensity laser bias light helpful to saturate, by photogenerated carriers, the trap-states at emitter
interface thus allowing a better carrier collection. Indeed in figure 4.16, left side, is visible how is enhanced
the carrier collection when an infrared light at is added during the QE measure.
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Figure 4.16: External and Internal QE measured add a monochromatic light (742 nm) during the measurement. Left side is referred
to a cell exposed on base side where the peck at 400 nm is a measurement error, right side is the cell exposed on emitter side. Dot
curves are the curves without light bias.

The peak at 400 nm is the evidence that the base materials, in particular the buffer layer, are fairly generating
and the hetero-interface is not completely dominated by the recombination. If the same laser is added when
the cell is under measurement from the emitter side, the effect is a slight improvement in the carriers collected
only in the near IR of the spectrum, as evident in Figure 4.16 right side.
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Figure 4.17: Comparison of I-V between: (a) cell before and after thermal annealing in dark condition; (b) thermally annealed cell
with emitter (blue line) and base (red line) light exposed; (c) cell base light exposed before (dashed line) and after (continuous line)
thermal annealing; (d) cell emitter light exposed before (dashed line) and after (continuous line) thermal annealing.

After the characterization, the cell is thermally annealed at 180°C in nitrogen atmosphere for 15 minutes to
understand its effect on electrical characteristics of cell. The lifetime after annealing is not measurable due to
the small area of cell (3.68 cm?) and the presence of metal grid, but is expected that thermal annealing enhances
the lifetime. The |-V characteristics in light and dark condition after this thermal annealing are shown in Figure
4.17 where they are also compared with the characteristics before annealing.

The overall effect of thermal annealing is to increase the passivation due to the rearrangement of hydrogen in
a-SiOx:H film that better saturates the dangling bonds close to the interface with silicon. Beside effect is to
enhance ITO conductivity and then decrease the series resistance. As expected the current is higher than that
seen before thermal annealing for both emitter and base side of exposure. When emitter side is exposed to the
light, the current is 31.8 mA/cm? and is again higher than that measured on the other side (31.3 mA/cm?) but
now the difference between the two Jsc values is lower than before thermal annealing. The reverse current in
dark condition is slightly lower after thermal annealing due to the lower recombination. The Vo reaches 680
mV when the base side is illuminate, while when the other side is light exposed, the Vo is again lower.
Illuminating the base side, the cell efficiency reaches 16.1% with a Fill Factor of 75.7%, while illuminating
the other side of cell the efficiency is 16.2% with a Fill Factor of 78.1%.

The pseudo-parameters measured by means of SunsVVoc are pseudo efficiency of 17.0% with a pseudo-FF of
79.5% for illuminated emitter and a pseudo efficiency of 16.4% with a pseudo-FF of 80.1% for the other side.
The pseudo I-V characteristics are shown in Figure 4.18 for emitter exposed to the light on left side and for
base exposed to the light on right side.
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Figure 4.18: Pseudo I-V characteristics for cell base side illuminated (left side) and for emitter side illuminated (right side).

The EQE and IQE and reflectances of the two sides of the cell are shown in Figure 4.19 (the base side on the
left and emitter side to the right). The Quantum Efficiency measured after annealing from the base side shows
a strong improvement without light bias due to the enhanced passivation on both sides of the cell and in
particular of the emitter side. Indeed the measures with 742 nm laser bias light, reported as dashed lines, shows
the same curve shape of collected without bias, but only slightly higher. The QE from the emitter side is
measured only without 742 nm laser bias light due to the almost identical shape of EQE with and without bias
light. The collection of carriers in the rear of the cell is enhanced after annealing and overcome the cell not
annealed measured with light bias, this confirms the recovered passivation on the base side. Comparing the
cell’s behaviour when measured from the emitter and from the base in the wavelength under 600 nm is again

confirmed the higher transparency of the thin films composing the base contact in comparison to those of the
emitter side.

1.0 T T T T T T T 100

-
o

100

o
o
;
.
.
)
\
X
X
ik
N
N
LN
X
X
X
X
.
:
:
:
.
X
X
.
)
%
1
0
S
o
)
;
1
©
o

o
[o)]
T
d
4
1
[o)]
o
o
[e)]
T
1
(o))
o

o
SN
1
N
o

EQE, IQE
Reflectance (%)
EQE, IQE
o
N
IS
o

Reflectance (%)

o
N
T
1
N
o
o
N
T
1
N
o

1 1 1 1 1 1 1 1 0 OO L L L L L 1 1 1 O
400 500 600 700 800 900 100011001200 400 500 600 700 800 900 10001100 1200
Wavelength (nm) Wavelength (nm)

Figure 4.19: Quantum Efficiency of two sides of the cell: base is on left side and emitter is on right side. The dashed line in QE of
base side is referred at measure with light bias.

A further thermal annealing is performed at a temperature of 250°C, higher than before, for 15 minutes. This
is helpful to enhance the surface passivation proprieties of intrinsic a-SiOx:H but maybe is too high for this p-
doped pc-Si layer that is deposited at lower temperature (150°C) so is preferable a thermal annealing at 180°C.
The 1-V characteristics collected from both sides of cell are shown in Figure 4.20 under AM 1.5G light
condition where the dashed lines are the characteristics after thermal annealing at 180°C, while continuous
lines refer to the cell thermally annealed at 250°C. As evident, when the base side is exposed to the light, the
further thermal treatment improves all electrical characteristics except the Fill Factor: the Vo reaches 0.695
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mV, the Jsc reaches 32.4 mA/cm?, the efficiency reaches 16.4% that could be higher if the FF was not limited
to 73.2% due to metal grid interruptions and non-perfect adhesion of silver on flat surface of ITO.

When the emitter side is exposed to the light, the cell’s efficiency decreases with respect to the previous
efficiency measured after annealing at 180°C, indeed, despite the V. is increase up to 692 mV, the efficiency
is now at 15.4% while before thermal annealing at 250°C it was 16.2%. The Jsc and the FF are both reduced:
Jsc is 30.6 mA/cm? with respect to 31.8 mA/cm? previously measured after first annealing at 180°C and the FF
is now of 73.7% with respect to the previous value of 78.1%. The Fill Factor reduction is ascribed also in this
case to a damage in the collection grid. Finally, after thermal annealing at 250°C, the cell performances
measured from the base side overcame those measured from the emitter side thanks to transparency of the base
side not more limited by surface recombination at the emitter side.
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Figure 4.20: Electrical characteristics in light condition of cell after thermal annealing at 250°C. Base side is on the left and emitter
side is on the right.

The Quantum Efficiency collected from the base side is shown in Figure 4.21 on the left side, instead the
Quantum Efficiency collected from the emitter side is on the right side. Looking at the QE is evident that the
cell illuminated from the base side has better performance in particular in the wavelength between 350 nm and
600 nm, as expected.

410 e 100 X 100
0.8 80 0.8F 180
e <
L e L L i S
o 0.6 60 2 o 0.6 60 9
Wi 5 oW 5
80.4 40§ UJ04- -405
@ ©
0.2 20 & 0.2f 120 &

1 1 1 1 1 1 1 1 1 1 L L 1 1 L L 0
0 400 500 600 700 800 900 10001100120% 400 500 600 700 800 900 1000 11001200
Wavelength (nm) Wavelength (nm)

Figure 4.21: Quantum Efficiency of two sides of the cell after second thermal annealing at 250°C: base is on left side and emitter is
on right side.

To summarize the effect of thermal annealing on EQE curves a comparison is reported in figure 4.22. In the
case of cell illuminated from the base or from the emitter side the increment of EQE is coherent with increment
or decrement of Jsc values. In particular, the Jsc measured on the cell illuminated from the emitter side after last
annealing is lower (30.6 mA/cm?) in comparison of current after first annealing (31.8 mA/cm?) but the IQE is
almost equal, this suggests a change in optical behaviour of ITO or p pc-Si. Analysing the EQE after different
thermal annealings, as shown in Figure 4.22 right side, is immediately evident that the curve referred to the
last annealing is lower than the curve referred to the first annealing, justifying the lower current after last
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annealing. The cause of this decrement is attributed to the reflectance that strongly change after annealing at
250°C as visible in figure.

1.0 s Sda g xposed 100 1.0 — T T T T T T T 100
—— Cell annealed at 250°G

08} — Cllnatameaed 180 08} {80
S S
w 061 160 8 061 / Emitter side light exposed 160 Q
g % g —— Cell annealed at 250°C c
Wy 40 8 Yoa —— Cell annealed at 180°C 140 €
g \ —— Cell not annealed k)
0 ©
0.2 120 0.2 {20

0 L 1 1 L L 1 1 L 0 0.0 ! ! el ! ! ! ! 0

400 500 600 700 800 900 100011001200 400 500 600 700 800 900 100011001200

Wavelength (nm) Wavelength (nm)

Figure 4.22: Summary of External Quantum Efficiency and reflectance of two sides of the cell (base to the left and emitter to the
right) for different annealing temperature.

This change in the reflectance is present only on the emitter side, while in the base side the reflectance, after
annealing at 250°C, is almost identical to the reflectance of a cell, either not-annealed or annealed at 180°C.
The cause of this change can be ascribed to a variation of the refractive index of the emitter layers and in
particular at ITO layer. Indeed the first deposited ITO layer is deposited at room temperature on emitter side,
while the second ITO layer is deposited at 180°C on base side. This difference is not appreciable before thermal
annealing at 250°C because the first layer of ITO layer deposited is already thermally annealed at 180°C during
the second ITO layer deposition at 180°C. Probably, though the optical and electrical characteristics of two
ITO layers are almost similar before the second annealing, after annealing at 250°C, some changes occurs in
the network of ITO layer deposited a room temperature that is altering its optical proprieties.

Further thermal annealing at 275°C for 5 minutes is performed to test the endurance of this cell to thermal
treatment. The electrical characteristics are not varied confirming the thermal endurance of a-SiOx:H as
passivation and base layers inside a complete cell. This result opens the possibility for a cell to resist at
temperature of 275°C that can allows soldering the cells inside the photovoltaic module using the typical
soldering techniques used for homojunction solar cells.

To evaluate the transparency of n-type a-SiOx:H as windows layer, in Figure 4.23 is reported an overall
comparison between normalized IQE to show the transparency of different window layers on different kind of
cells: blue line refers to n a-SiOx:H/ i a-SiOx:H (15 nm/6 nm), magenta line refers to n a-SiOx:H/ i a-Si:H (10
nm/ 5 nm), red line refers to n a-Si:H/ i a-SiOx:H (12 nm/ 9 nm). To further demonstrate the a-SiOx:H layers
transparency, other window layers are compared in the same Figure 4.23. In particular green line refers to p
pc-Si/ i a-SiOx:H (20 nm/ 6nm) and black line refers to p a-Si:H/ i a-Si:H (10 nm/ 5 nm). As expected the
combination of a-Si:H as buffer and emitter layer suffer of higher parasitic absorption (black line). Replacing
the emitter or buffer layer with a-SiOx:H (red and magenta lines) the parasitic absorption is lower and in
particular, due to the higher thickness of emitter with respect to buffer layer, the transparency of n a-SiOx:H/
i a-Si:H is higher than is n a-Si:H/ i a-SiOx:H. On the other hand using pc-Si layer the IQE is slightly higher
than n a-Si:H/i a-SiOx:H because of lower absorption coefficient of pc-Si in the range between 550 and 700
nm but higher in the blue-UV region, as reported in Figure 3.2, then the IQE is lower.
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Figure 4.23: Overall comparison of normalized IQE of HJ cell made with different doped and intrinsic layers.

In conclusion a-SiOx:H for both emitter and buffer layers shows the highest transparency, thus confirming the
validity of this material as wide optical windows layer to enhance the Js. of a heterojunction solar cells.

4.3.2 Cell manufactured with n a-SiOx:H as emitter layer

To verify the possibility to use the n-doped a-SiOx:H as emitter layer and p-doped pic-Si as base layer, the cell
is manufactured on p-type c-Si wafer instead of n-type. The wafer is FZ, 1-5 Qcm, 250 pum thick, both side
polished and <100> oriented. The passivation is performed with 6 nm layers of intrinsic a-SiOx:H on both
sides with the same parameters used in the previous cell. Also in this case, just before placing the sample in
the PECVD chamber to make passivation, the wafer is dipped for one minute in 2% HF solution to remove the
protective oxide layer grown during last SC1 cleaning process.

Sunlight

ITO (70 nm)

n a-SiOx:H (15 nm)
a-SiOx:H (6 nm)

p c-Si

a-SiOx:H (6 nm)
p uc-Si (20 nm)

ITO (70 nm)

Figure 4.30: Schematized structure of cell based on p-type c-Si wafer.

After passivation, every cell exposure to the air is minimized, storing the sample in nitrogen atmosphere to
avoid the growth of oxide layer on a-SiOx:H layer. A further dipping in 2% HF solution is made just before
deposition of the doped layer. Hence, as in the previous cell and with same deposition parameters, 15 nm of
n-doped a-SiOx:H are grown as emitter layer and 20 nm of p-doped pic-Si are deposited as base layer. 70 nm
of ITO, deposited a room temperature, covers both cell side to guarantee the carrier collection and decrease
the reflectance. The cell is directly thermally annealed at 180°C for 30 minutes after ITO deposition to enhance
the electro-optical proprieties of ITO layer as well as the c-Si surface passivation. In this case the cell is
measured without metal grid using InGa on ITO on the rear contact to reduce the series resistance. The structure
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of cell is outlined in Figure 4.30 and the characterization is performed only illuminating the cell from the
emitter side.

The lifetime is measured only after doped layer deposition due to the impossibility to measure the passivated
wafer without exposing it to the air and without dirtying the surface on measurement instrument. The lifetime
measured after doped layer deposition is 510 ps and decreases at 210 ps after ITO deposition at room
temperature. The thermal annealing at 180°C for 30 minutes rises the lifetime up to 1360 ps that is a good
result on p-type wafer. The implied Vo of complete structure after thermal annealing reaches 738 mV that
suggests the high potentiality of the cell.
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Figure 4.31: 1-V characteristics in dark (to the left in semi-logarithmic scale) and light condition of cell based on p-type wafer.

Unfortunately, the I-V characteristics reported in Figure 4.31 show a S-shape that suggests the presence of
energy barrier that limits the cell performance, indeed the dark and the light I-V curves cross each other in
forward bias. Mostly the Fill Factor but also the V. are affected by the barrier effect: the Fill Factor is only
61%, the Vo is 666 mV and the Js is 28.9 mA/cm? for an efficiency of 11.7%. Due to the good surface
passivation deduced by the implied Vi, the Vo value could be higher than the measured one, hence the Vo is
limited by the energy barrier and not by the surface recombination. The barrier is located in the base contact
between intrinsic a-SiOx:H and p-doped pc-Si, indeed physically removing the base contact and directly
contacting the wafer with InGa the typical 1-V shape is recovered, but the Vo is now very low due to the
passivation destroyed on the rear side of the cell. Probably the cause of barrier is the prevalence of crystalline
phase inside the pc-Si that causes a depletion region near intrinsic a-SiOx:H layer and then the tunnelling
through the buffer layer is hindered and therefore the base contact is not perfectly ohmic.
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Figure 4.32: Internal and external QE of the cell based on p-type wafer with emitter expose side (left side).

The IQE, EQE and reflectance are reported in Figure 4.32. The IQE curve suggests a fair passivation of both
sides (due to the prolonged annealing at 180°C).
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A further thermal annealing at 300°C for 10 minutes is performed to try to reduce the effect of barrier and
enhance the passivation. Then a silver grid is deposited on both sides of the cell to reduce the series resistance.
The electrical characteristics are reported in Figure 4.33.
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Figure 4.33: Electrical characteristics in dark (left side) and light (right side) condition after thermal annealing at 300°C. To

comparison are reported the curves of sample annealed at 180°C (dashed lines).

As comes evident, the effect of thermal annealing at 300°C is to enhance the energy barrier. Is interesting the
effect on reverse current in dark condition: the thermal treatment strongly decreases the reverse current.
Anyway the S-shape disappears again removing the base side and contacting directly the wafer, hence 300°C
do not damage the emitter layer but only the base side confirming the thermal stability of a-SiOx:H layers. The

electrical parameters are: Vo of 648 mV, Jsc of 27 mA/cm?, FF of 44% and efficiency of 7.5%.
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Figure 4.34: EQE and IQE of 300°C annealed cell (continuous lines) in comparison with cell annealed at 180°C (dashed lines).

The quantum efficiency confirms that the thermal annealing at 300°C degrades the base side and improves the
emitter side. Indeed the IQE in Figure 4.34 (continuous line blue) increases, in comparison to the last IQE
(dashed blue line), in the front cell, below 600 nm, but strongly decreases in the rear part of cell where the
barrier is located. Also in this cell the enhanced transparency of the emitter side formed by a-SiOx:H films is

demonstrated.
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5 - Solar cells with MoOx as emitter

This chapter investigates heterojunction solar cells that use non-stoichiometric Molybdenum Oxide (MoOXx)
as emitter instead of a-Si:H, pc-Si or a-SiOx:H. The high transparency of MoOx can be used together with the
a-SiOx:H buffer layer’s one to improve the overall transparency of the front cell. Furthermore, the possibility
to replace the doped layer with MoOx allows a safer manufacture of the heterojunction solar cells, eliminating
from the PECVD process highly dangerous gases like phosphine and diborane.

5.1 Theory of MoOx as holes selective contact

Due to the parasitic absorption of amorphous layers, many different materials with better optical and electrical
characteristics are currently studied, among which the a-SiOx:H which has been largely discussed in the
previous chapters.

There are many ways to build a heterojunction, or better a heterostructure, considering that the real junction is
inside the c-Si and is generated thanks to the inversion at the crystalline silicon surface, induced by the emitter
layer. The typical way to invert the c-Si surface is to deposit on it a doped amorphous layer that, thanks to the
dopant and the high density of state, fixes the Fermi level near the valence or conduction band, depending on
the type of dopant. Also different materials can be used to produce a band bending suitable to invert a region
near the silicon surface, among which there are some intrinsically-doped transparent metal oxides. One
example is the sub-stoichiometric Nickel Oxide (NiOx) that is intrinsically p-type due to the conduction by
metal atoms vacancies and can then be used as emitter on n-type c-Si. One more interesting way to obtain an
inversion layer on n-type c-Si surface is to use a material with high electron affinity as emitter layer. In this
case the doping type of the material is not important because the Fermi level is kept towards the valence band
thanks to the difference between the electron affinity of the emitter layer and c-Si. Among the materials shown
in Figure 5.1 there are some with a high electron affinity, indicated as “h-selective layer” just because of their
ability to act as holes selective contact on p-type c-Si or invert the n-type c-Si surface and behave again as
holes selective contact. In this thesis, the focus is put on non-stoichiometric Molybdenum Oxide (MoOx,
2<x<3) that is an n-type material which works as emitter layer on n-type c-Si by inverting the silicon surface
and selectively extracting the holes.
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Figure 5.1: Energy band gap and electron affinity of some materials commonly used in HJ solar cells.

To better understand the working principle of MoOx on n-type c-Si, in Figure 5.2 a comparison is reported
between the band diagram simulations under dark condition of a typical HJ solar cell and a cell with MoOx as



85

emitter. Both solar cells are based on n-type c-Si, but the typical HJ has intrinsic a-Si:H as buffer layer and p-
doped a-Si:H as holes selective contact. In the solar cell with the MoOx emitter layer, the passivation layer is
made by intrinsic a-SiOx:H and the base contact is made by n-doped a-Si:H. The value of the MoOx work
function in the simulation is fixed at 5.5 eV, chosen in the range of literature values (4.5-6.7 eV) [152] [153].
Due to the Fermi level position close to the conduction band, the electron affinity and the work function of
MoOx are almost equal. The energy gap is fixed at 3.8 eV, again chosen in the range of literature values (3-
3.8 eV) [154] [155] the thickness of MoOx is 10 nm and the thickness of intrinsic a-SiOx:H is 5 nm. Looking
at the band diagram simulation referred to the cell with the MoOx emitter, it can be seen that the silicon surface
is depleted of electrons and a p inversion region close to the c-Si surface is created due to the Fermi level
position imposed by MoOx to c-Si.

The same effect is observed in the typical HJ solar cell (Figure 5.2 right). In this case the Fermi level is fixed
close to the valence band by the p-doped a-Si:H and a p inversion region is again created near the c-Si surface.
In the case of MoOx, the holes cross the thin barrier formed by a-SiOx:H between c-Si and intrinsic MoOx by
multi-step tunnelling. Indeed the current vs. temperature curve in low forward bias shown in Figure 5.2
(bottom) has the typical exponential multi-step tunnelling trend (i.e. a straight line in semi-logarithmic scale)
[34]. The barrier width is controlled by the work function of MoOx in such a way that the higher is the work
function, the thinner is the barrier [156]. The passage of holes across the barrier is assisted by the tail states of
the amorphous layer and by the MoOx defect states originating from oxygen-vacancies. The holes can pass
through them and reach the ITO front contact to be collected in metal electrode. At the same time the electrons
are rejected due to the high barrier formed in conduction band. For this behaviour MoOx is considered as a
good selective contact.
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Figure 5.2: Top: Simulation of band diagram of HJ with MoOx as emitter layer (left side) and of typical HJ solar cell (right side).
Bottom: Current vs. temperature curve at low forward bias of HJ based on n-type c-Si with MoOx as emitter layer.
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A band diagram simulation under light condition has also been performed and is shown in Figure 5.3. It is
interesting to notice that the quasi-Fermi levels are splitted on the c-Si surface thanks to the good (simulated)
passivation of a-SiOx:H. This behaviour allows to obtain a higher V. than in homojunction solar cell due to
the theoretical possibility to separate the quasi-Fermi levels up to the energy gap of silicon as well as the better
achievable passivation. The quasi-Fermi levels are joined again at the MoOx interface, where the majority
carriers are electrons and the extracted holes recombine immediately. Hence, the splitting of Fermi level visible
inside MoOx is negligible due to the practical absence of holes.
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Figure 5.3: Simulation of band diagram of HJ solar cell with MoOx as emitter and a-SiOx:H as buffer layer under light condition,
red line is quasi-Fermi level for electrons and blue line is quasi-Fermi level for holes.

The chemical compatibility between MoOx and a-SiOx:H is higher than the compatibility between MoOx and
a-Si:H because both MoOx and a-SiOx:H are sub-stoichiometric oxides. MoOx is indeed an intermediate phase
between the two molybdenum stable oxides MoO, and MoOQs, where the former shows metallic conduction
and is opaque, while the latter is dielectric and transparent. In this work MoOx is deposited by thermal
evaporation using MoQOs as the source material [157], but it can also be deposited by reactive sputtering of
molybdenum in oxygen flux [158]. To understand the behaviour of MoOX in solar cells and compare it to cells
containing p-doped a-Si:H, Battaglia et al. [156] have manufactured and characterized two solar cells
containing the two different emitter layers. The passivation layer used is in both cases was intrinsic a-Si:H.
The absorption coefficient of MoOx was measured and is shown in Figure 5.4 (b) to make a comparison with
that of a-Si:H. The higher transparency of MoOX, due to its higher energy gap, is evident and allows to achieve
a higher Js, as depicted in Figure 5.4 (a) where the External Quantum Efficiencies (EQESs) of the two cells are
shown. The main contribution to the higher Js is in low-wavelength solar spectrum range between 350 and
600 nm, where amorphous silicon has a higher absorption. The higher EQE of MoOx cell in the infrared region
is due to the use of a more transparent TCO (IOH instead of ITO) in the a-Si:H cell.
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Figure 5.4: (a) Comparison between EQE of (a) MoOx cell (red line) and a-Si:H solar cell (black line) with relative Jsc. (b)
Absorption coefficient of MoOx and a-Si:H [156].

Despite the good efficiency of 18.8% reached in the MoOx cell, the J-V characteristics shown in Figure 5.5
clearly show an S-shape which is the evidence of a band alignment issue and which limits the cell
performances. A correlation between S-shape and MoOx layer thickness is found, indeed a MoOx layer
thickness of 25 nm produces a more pronounced S-shape with respect to a 10 nm MoOx layer [156]. This
suggests that the MoOx layer must be kept as thin as possible without compromising the layer continuity and
the electrons barrier. The S-shape limits the fill factor and then the efficiency that could reach a theoretical
value of 23.9% measured with Sun’s Vo instrument. On the other hand the J-V characteristics of the a-Si:H
cell doesn’t show any S-shape and result in an efficiency of 20.2% and a pseudo efficiency of 21.8% [156].
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Figure 5.5: J-V curves of solar cells with: 10 nm of MoOx (red line), 25 nm of MoOx (dashed red line) and p-doped a-Si:H instead
of MoOx (black line). An S-shape limiting the fill factor and then efficiency appears in both MoOx cells [156].

In this thesis the MoOx as selective holes collector is associated with a passivation layer of a-SiOx:H. The
topic is very interesting because to the best of our knowledge, although MoOx is largely studied and many
MoOx-based solar cells are manufactured, it is always associated with an a-Si:H passivation layer which
suffers from higher parasitic absorption than a-SiOx:H. The a-Si:H replacement by a-SiOx:H could be a way

to further enhance of the performances of this cells type.



88

5.2 MoOx characterization

A preliminary characterization of MoOx films is made to investigate its chemical, optical and electrical
characteristics. All MoOx films are deposited by thermal evaporation inside a Balzers system in high base
vacuum (107 mbar) and without intentional heating of the substrate. The deposition rate and total deposited
thickness are controlled by the frequency resonance of a crystal quartz oscillator. The source material is
99.99% pure MoOs. Thermal annealing treatments are performed in a programmable ATV quartz tube furnace
in dry atmosphere. The samples are grown on a 1.1 mm thick Corning Eagle XG glass or on a FZ, 1-5 Qcm,
250 pum thick, both side polished, <100> oriented crystalline silicon wafer, depending on the type of
characterization performed.
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Figure 5.6: Left: transmittances of 80 nm and 45 nm thick MoOx before and after thermal annealing at 100 and 180°C. Right: Tauc
plots of 45 nm thick MoOx before and after thermal annealing at 180°C.

The transmittance of two MoOx films on glass (respectively 45 and 80 nm thick) is measured before and after
a thermal annealing at 100°C and 180°C and is shown in Figure 5.6 (left). The approximated calculation of the
absorption coefficient (o) from T measurements of the 45 nm thick sample before and after annealing at 180°C
is used to derive the Tauc plots shown in Figure 5.6 (right) and extrapolate the optical band gap energies. The
curves show the high transparency of MoOXx even for thick samples. The annealing at 180°C causes an increase
in UV transparency and an increase in energy gap from 3.5t0 3.7 eV.

Conductivity measured on MoOx thick layers is increased from 5x10° Q-cm to 102 Q-cm when measured after
annealing.

The chemical composition and valence band of the surface of MoOx films were investigated by means of X-
ray Photoelectron Spectroscopy (XPS) and Ultraviolet Photoelectron Spectroscopy (UPS). The XPS spectrum
shown in Figure 5.7 (left) clearly shows the two main peaks of the Mo3d doublet at 233.5 and 237 eV
associated to the Mo®* oxidation state. The saddle between the main peaks reveals the presence of other less
intense doublets superimposed at lower binding energy (around 232 and 235 eV) which are related to the
presence of secondary oxidation states (Mo°* and Mo**) due to oxygen vacancies [159]. Hence the
measurement confirms that the film is a non-stoichiometric MoOx with x<3. After annealing the contribution
of the secondary oxidation states increases and indicates a further reduction of the Mo atoms and a further
change in stoichiometry. The semi-quantitative analysis of the and molybdenum oxygen peaks (not shown
here) indicates a ratio between Mo and O around ¥4 that suggests an adsorption of oxygen at the film surface.
The linear extrapolation of the low kinetic energy side of UPS spectra provides the work function of the
samples as shown in Figure 5.7 (right). The obtained values are 5.1 eV for the sample before annealing and
4.7 eV after thermal treatment at 180°C, suggesting that thermal annealing at 180°C is detrimental for the use
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of MoOx inside a solar cell. In fact, a higher work function would be desirable for a better band alignment, to
enhance the contact selectivity for holes and keep the Fermi level close to the valence band of silicon, as
explained in Figure 5.2.
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Figure 5.7: XPS (left) and UPS (right) measures performed on 45nm thick MoOXx before (black line) and after (red line) thermal
annealing at 180°C.

The measured values are in accordance with literature [153] [160] and confirm the substoichiometric structure
and the semiconductive behaviour of the grown MoOx layers even after annealing. However it has to be
noticed that all measurements were performed on the free surface of MoOx layers deposited on different
substrates. Obviously this means that the material is unavoidably exposed to the surrounding environment,
which is surely a different situation from that experienced by the same film inside a complete solar cell
structure.

5.3 Cells with MoOx as emitter and a-SiOx:H as passivation buffer

Complete heterojunction solar cells are manufactured based on n-type c-Si FZ, 1-5 Qcm, 250 um thick, both
side polished and <100> oriented wafers. The wafers are cleaned with standard RC1 + RC2 cleaning and to
preserve the cleaning a silicon oxide layer is grown with a final RC1. Just before starting the manufacture of
the cells, each wafer is dipped for one minute in 2% HF solution to remove the protective oxide layer and to
condition the surface with H termination. The wafers passivation is made by an a-SiOx:H layers instead of an
a-Si:H one in order to further improve the overall front cell transparency exploiting the optimized deposition
parameters described in the chapter 3.

The first two cells (Cells 1 and 2) have the a-SiOx:H passivation buffer, deposited in according to the
deposition parameters “BST2” that allow to achieve a good passivation on as deposited sample without the
thermal annealing treatment, with a thickness of 6 and 9 nm respectively. The thickness of the deposited MoOx
layer is 60 nm. Over the MoOx layer a 120 nm thick film of ITO is deposited by RF sputtering inside a
“Kenosystek” in-line DC-magnetron sputtering system. The ITO conductivity depends on the deposition
temperature: at room temperature it is about 100 Q/o, at 130°C about 50 /o while at 180°C the conductivity
is lower than 20 Q/o for a 120 nm thick film. The annealing effect on ITO layer deposited at room temperature
is to increase its conductivity in the same way as for increasing deposition temperature. On the other hand, the
transparency of ITO deposited at room temperature and subsequently thermally annealed is lower than the
transparency of 1TO deposited directly at high temperature. The thickness of the ITO layer is set at 120 nm to
reduce the high series resistance due to the absence of a metal grid on the front of the cell. In order to test only
the emitter side of the cells, the base contact is not deposited and the rear contact is made by an eutectic of
Indium and Gallium (InGa) after physical removal of a-SiOx:H layer as depicted in Figure 5.8 (left).
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The lifetime of passivated wafers before MoOXx deposition are about 850 ps. Both cells are thermally annealed
at 100°C and 130°C for 30 minutes, and their J-V characteristics are shown in Figure 5.8 (right). The J-V
characteristics show an S-shape before thermal annealing for both samples, which becomes more pronounced
after thermal annealing. Furthermore, the sample with the 6 nm of a-SiOx:H passivation layer shows an S-
shape which is less evident than for 9 nm of passivation layer. The measured parameters of the cell with 6 nm
of a-SiOx:H are the following: efficiency of 8.2%, V. of 580 mV, Jsc of 22.8 mA/cm? and fill factor of 62.6%.
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Figure 5.8: (left) Layers scheme of cells. (right) J-V curves under light condition of Celll and Cell2 before and after annealing.

The increase of S-shape with thermal annealing suggests that the potential barrier is located between a-SiOx:H
and MoOx and could be mainly due to the decreased work function of MoOx. To confirm this idea the ohmic
contact between MoOx and ITO is tested on a sample made by a p-type silicon crystalline wafer with a 12 nm
thick MoOx layer and a 50 nm thick ITO layer deposited at 100°C (see scheme in Figure 5.9). An InGa eutectic
is used to contact both sides of the samples to measure the transverse conductivity. The J-V characteristics
shown in Figure 5.9 confirm the linear dependence between current and voltage and suggest that the contact
between ITO and MoOx is ohmic. The thermal annealing performed at 130°C increases the conductivity of
ITO thus decreasing the total series resistance.
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MoOx (12 nm)
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Figure 5.9: J-V characteristics confirming the ohmic contact between MoOx and ITO. After thermal annealing the conductivity of
ITO is enhanced and the contact resistance is decreased. To the right the layers scheme of the measured sample.
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A third cell (Cell 3) is again grown on flat n type c-Si wafer, which both sides are passivated by a 6 nm thick
a-SiOx:H layer similarly to the former experiment. In this case, the a-SiOx:H deposition parameters are
optimized to increase the lifetime after a thermal annealing up to 300°C (recipe “newSTD” described in chapter
3). Indeed the lifetime after passivation and MoOx deposition is only 105 us also because of the low thickness
of the a-SiOx:H layers. In this case the thickness of ITO and MoOx are reduced to increase the overall
transparency. A 20 nm thick MoOx film is deposited on the passivated Si, above which a 50 nm thick ITO
layer is deposited at 180°C to act as frontal contact and antireflection layer. The high deposition temperature
of ITO increases its transparency and has a beneficial effect on the passivation proprieties of a-SiOx:H due to
the mixed effect of UV exposure and thermal annealing. As a matter of fact the effective lifetime after ITO
deposition is increased up to 210 ps, however still remaining lower than the potential lifetime achievable with
higher thermal annealing temperatures. Also in this case, for the electrical characterization of the front cell,
the rear contact is made by physically removing the back a-SiOx:H layer and contacting directly the silicon
wafer with the InGa eutectic. The structure of the cell is schematized in Figure 5.10.
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Figure 5.10: Layers scheme of thin MoOx/a-SiOx:H/c-Si heterojunction (Cell3).

The J-V characteristic under light condition and External and Internal Quantum Efficiencies (EQE and IQE)
are shown in Figure 5.11. In the J-V characteristic the S-shape is again clear, which suggests the presence of
an undesired barrier due to a misalignment in the energy band diagram. The S-shape can be due to the
cumulative effect of: 1) the thermal annealing at 180°C during the deposition of ITO, which decreases the
MoOx work function; 2) a too high thickness of the MoOx layer; 3) MoOx contamination due to air exposure
that can contribute to further changes in its work function; 4) surface oxidation of a-SiOx:H before MoOx
deposition. An efficiency of 8.6% is reached with a Vo of 519 mV, a Jsc of 28.4 mA/cm? and a fill factor of
60.6%. The very low Vo is mainly due to two effects: 1) the barrier at the emitter side; 2) the rear side destroyed
passivation after a-SiOx:H removal and lower front side passivation. The low FF value is due to the undesired
barrier against carrier collection, while the Jsc does not seem to be affected by the barrier limitation and is
higher than the J,c measured in Cells 1 and 2 (28.4 mA/cm? instead of 22.8 mA/cm?) thanks to the higher
overall transparency of the front cell. The Jsc is not affected by the barrier limitation due to the band alignment
at zero voltage that always allows the collection of photogenerated carriers that diffuse inside c-Si bulk until
they reach the depletion region where they are finally separated by the electric field. For this reason, the
Quantum Efficiency measurements can be performed without worrying about the barrier. The high IQE values
in the blue-UV range (below 500 nm) are due to the high UV MoOx transparency. The low carriers collection
on the rear side of the cell is also visible, which is due to high rear recombination caused by the removal of
passivation on the rear contact. The high overall reflectance is due to the absence of texturing on the cell
surface.
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Figure 5.11: J-V characteristic under light condition (left) and external and internal quantum efficiency (right) of MoOx/a-SiOx:H/c-
Si heterojunction (cell3).
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Figure 5.12: Normalized IQE of Cell3 (red line) and of typical HJ solar cell based on a-Si:H layers (black line).

In Figure 5.12 a comparison is shown between the normalized IQE of the investigated MoOx/a-SiOx:H
heterojunction cell (Cell3) and of a typical HJ solar cell based on a-Si:H emitter layer (5 nm thick intrinsic a-
Si:H as passivation buffer, 10 nm thick p a-Si:H as emitter and 70 nm thick ITO as front contact and
antireflection layer). The higher transparency of MoOx/a-SiOx:H between 350 and 700 nm is observable. The
absence of passivation on the rear side of the cell drastically decreases the collected carriers, as visible in the
wavelength range above 800 nm where the IQE decreases. On the other hand, the IQE of the a-Si:H-based cell
is not affected by this problem because the rear passivation is guaranteed by a 5 nm thick intrinsic a-Si:H / 10
nm thick a-Si:H bilayer which makes the base contact.

It is known form literature that one way to reduce the S-shape in MoOx/a-Si:H/n c-Si heterojunctions is the
reduction of the MoOx thickness [156]. Guided by this idea, we then reduced the MoOXx thickness also in the
MoOx/a-SiOx:H/n c¢-Si heterojunction. Cells 4, 5 and 6 are manufactured with different MoOx/a-SiOx:H
thickness combinations: 20 nm/6 nm, 12 nm/6 mn and 12 nm/5 m, respectively. The a-SiOx:H layers are
deposited with the same deposition parameters of Celll to guarantee high passivation even at low annealing
temperature. The ITO layer is deposited at 100°C to enhance its conductivity and not damage the MoOx layer;
its thickness is kept constant at 50 nm. The back of the cell is again contacted with InGa. The lifetime of the
passivated wafer is about 1 ms. The only thermal treatment on MoOx is performed during ITO deposition at
100°C.
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Figure 5.13: Layers scheme (left) and J-V characteristics under light condition (right) of three cells (Cell4, 5 and 6) with different
MoOx and a-SiOx:H thickness combination.

The J-V characteristics shown in Figure 5.13 confirm the reduction of the S-shape with the MoOx thickness
reduction. Also the reduction of a-SiOx:H thickness helps reducing the S-shape, but reduces also the
passivation and then the Vo, which passes from 583 mV for Cell 5 to 560 mV for Cell 6. The absence of a
front metal grid and the small thickness of ITO generate a high series resistance for all samples. Cell 5 has the
best efficiency of 13.3% while Cell 6 has 12.2% of efficiency and Cell 4 has 11.6% of efficiency.

The latter experiments show that depositing 1TO at 100°C is a good compromise that does not degrade the
MoOx film while enhancing the ITO transparency and conductivity and, slightly, the passivation of the a-
SiOx:H layer.

However, the reduction of MoOx thickness to 12 nm helps decreasing the S-shape but does not completely
eliminate it. The a-SiOx:H thickness of 6 nm preserves a good silicon surface passivation and shows the best
cell characteristics.

As a next step the effect on S-shape of the further reduction of the MoOx layer thickness to 6 nm was
investigated, and two more samples with an a-SiOx:H layer thickness of 6 and 5 nm were produced (Cell7 and
Cell8). The cells structure is the same sketched in Figure 5.13 (left). The measured J-V characteristics (depicted
in Figure 5.14) show again an evident S-shape. It can be hypothesised that the too low MoOx thickness is
strongly damaged during the ITO sputtering, which changes the MoOx work function in the whole layer and
not only on the surface.

From the experiments on Cells 4 to 8 we deduce that the best conditions for s-shape reduction are found with
MoOx/a-SiOx:H thickenesses of 12 nm/5 nm respectively.
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Figure 5.14: J-V characteristics under light condition of two cells with 6nm of MoOx and 6nm (Cell7, red line) and 5 nm (Cell8,
black line) of a-SiOx:H as passivation buffer.
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5.4 S-shape removal

Considering that the contact between ITO layer and MoOx layer is ohmic, the S-shape is probably caused by
a barrier between the a-SiOx:H and MoOx layers, and cannot be removed by a simple optimisation of the
layer’s thickness. The idea is that after the deposition, the a-SiOx:H surface is oxidized by the unavoidable air
exposure and that this thin oxide layer contributes to the barrier generation. In fact the a-SiOx:H film can be
oxidized in surface due to air exposure as explained in the previous paragraph 4.1 “Oxide barrier on intrinsic
a-SiOx:H passivation buffer”. To try to remove this barrier, the a-SiOx:H passivated wafer is dipped in 2%
HF solution for 30 seconds just before being loaded in the evaporator system for MoOx deposition under high
vacuum. In this way the a-SiOx:H surface is cleaned and every possible unwanted oxide layer is removed and
not formed again. Also after MoOx deposition it is necessary to reduce any air exposure to avoid the MoOx
oxygen and moisture absorption that can cause a work function reduction. Following this procedure, another
sample was manufactured (Cell9) with a 6 nm thick a-SiOx:H layer and a 12 nm thick MoOx layer as emitter.
A 45 nm thick ITO layer is deposited at 100°C on the top of the cell and acts also as front contact. The rear
contact is made with InGa after a-SiOx:H layer removal. The J-V characteristic, measured under light and dark
condition, are shown in Figure 5.15 (left), and do not show any S-shape, which is also confirmed by Figure
5.15 (right) in which the dark and light characteristics do not cross each other. The measured electrical
parameters are the following: Vo is 557 mV, Js is 30.1 mA/cm?, FF is 77.3% and efficiency is 12.9%. The
measure is performed on 0.8 cm? cell without metal grid on the top, which increases the FF.

At this stage, the front side of the cell can be considered as optimized.
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Figure 5.15: (left) J-V characteristics under dark condition in semi-logarithmic scale and (right) light and dark condition in linear
scale (right side) of Cell8, the first cell without S-shape.

5.5 Rear contact realization on optimized Cells

After optimization of the emitter side, a complete solar cell (Cell10) with the base contact and the metal grid
on the front is manufactured. To ensure an ohmic contact with the n-type wafer passivated with a-SiOx:H and
to act as selective contact for electrons, a n-doped a-Si:H layer is chosen, which was optimized as explained
in paragraph 2.6. The manufacturing sequence starts with the passivation of the n-type crystalline wafer with
6 nm of front side and 5 nm on the rear side of a-SiOx:H layer. A 10 nm thick n-doped a-Si:H layer is then
deposited on the rear side and 12 nm of MoOx are deposited on the front side of the cell after dipping it in a
2% HF solution to remove every possible oxide layer due to the air exposure. After MoOXx deposition, the
sample is preserved in nitrogen atmosphere before being loaded into the sputtering chamber for the ITO layer
deposition. A first ITO deposition (60 nm at 100°C) is made over the MoOx layer to preserve it from any
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possible air exposure. To avoid further MoOx annealing, the second ITO layer for the back side contact is
deposited at room temperature on the n-doped a-Si:H layer. On the front side of cell, a 1.5 um thick aluminium
grid is deposited by electron-beam evaporation through a physical mask. The ITO layer on the rear side is
contacted with InGa. The cell is then cleaved at the edge of the metal grid and has a final area of 4.73 cm?. The
measured lifetime of the cell after all the manufacturing steps is 530 ps. The J-V characteristics under light
and dark condition are reported in Figure 5.16. The S-shape is absent as well as the curves crossing. An
efficiency of 15.2 % is reached, the V. value is 626 mV, the Js is 31.7 mA/cm? and the Fill Factor is 77.0%.
In Figure 5.17 the layers scheme and the measured EQE, IQE and reflectance are shown. The high wavelength
range of the IQE curve clearly show how the good rear passivation improves the carriers collection at the back
side of the cell. The cells performance can be further enhanced improving the rear contact that now is made
with InGa on ITO.
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Figure 5.16: (left) J-V characteristic of Cell10 under dark condition in semi-logarithmic scale and (right) overlapped J-V
characteristics in light and dark condition in linear scale. No S-shape is visible, as confirmed by the fact that light and dark curves do
not cross each other.
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Figure 5.17: (left) Layers scheme of optimized MoOx solar cell. (Right) EQE (blue line), IQE (black line) and Reflectance (red line)
of Cell 10.

Thermal annealing treatments are performed on the cell to investigate the effects of temperature on the
structure. Two temperatures are chosen:; 130°C for 30 minutes and 250°C for 2 minutes, and the effects on the
J-V characteristics are reported in Figure 5.18. It can be seen that the thermal annealing at 130°C does not
damage the cell, rather there is a slightly improvement of V. due to the enhanced passivation of a-SiOx:H and
to the higher conductivity of ITO after annealing. No S-shape arises even after annealing at the highest
temperature. We believe that this is due to the reduction of air exposure during the manufacturing steps and to
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the HF dipping of the sample before MoOx deposition. Having removed any barrier from the a-SiOx:H/MoOx
junction, the positive effect of thermal annealing on surface passivation and ITO conductivity is then
appreciable. The thermal annealing at 250°C, however, compromises the solar cell operation probably because
of the damage caused to the MoOXx layer.
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Figure 5.18: J-V characteristics of Cell 10 before and after thermal annealing at 130°C (30 min) and 250°C (2 min).

5.6 Efficiency of 16.6% is reached

A last cell (Cell 11) is manufactured with the same optimized structure as Cell 10 and completing the structure
with 1.5 pum thick aluminium layer deposited on ITO on the rear side in order to decrease the series resistance
and guarantee a better electric contact. The electrical characteristics measured on a cell with 4.8 cm? area under
AM 1.5G light and dark condition are reported in Figure 5.19. The values are: Vo:=675mV, Jsc=31.7 mA/cm?,
FF=77.4% and efficiency=16.6%. In Figure 5.20 (right) the External and Internal QE and the overall
reflectance of cell are shown. The comparison between normalized IQE of MoOx-based Cell 11 and IQE of
standard a-Si:H HJ cell reported in Figure 5.20 (left) undoubtedly show the better performance of the MoOXx
cell in the wavelength range below 700 nm.
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Figure 5.19: J-V characteristics of Cell 11 that reach 16.6% efficiency under AM 1.5G light and dark condition in linear scale(left)
and under dark condition in semi-logarithmic scale (right).
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Figure 5.20: Comparison between normalized IQE of Cell 11 and classical HJ based on a-Si:H (left side). Internal and External QE
and reflectance of Cell11 that reach 16.6% of efficiency (right side).

The cell is then thermally annealed at different temperatures to investigate the temperature effects. The selected
annealing temperatures are: 100, 130, 150, 180, 200, 225 and 250°C for a duration of 5 min, and the most
significant J-V curves are reported in Figure 5.21. The effect of thermal annealing at temperatures between
100 and 130 °C is a slight increment of V. and a slight reduction of Js, while after annealing at 150 °C V¢
and Js are slightly reduced. In this temperature range probably the improvement in ITO conductivity and
crystalline silicon surface passivation is compensating the little MoOx degradation. After 180°C annealing
both Vo and Jsc appear to be compromised, decreasing to 635 mV and 27.4 mA/cm? respectively, and the
efficiency lowers down to 13.5% with a FF of 77.7%. For higher annealing temperatures the effect is
destructive: at 250°C the Vo has decreased to 545 mV and the FF to 58.3%.
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Figure 5.21: J-V characteristics in light (left) and dark (right) of thermally annealed Cell 11 at different temperature, showing that
for temperatures above 150°C the performances of the cell are compromised.

The effect of thermal annealing on Quantum Efficiency is mainly controlled by changes in the front cell
reflectance. Figure 5.22 shows a strong change in reflectance after annealing at 180°C, which is mainly due to
the changes in the optical proprieties of ITO, as seen in Figure 4.22 (right) of chapter 4.3.1. In this case ITO is
deposited at 100°C and the changing of optical proprieties of ITO occurs at temperature between 150 and
180°C. This explains the changes in EQE curves appearing after annealing above 150°C. The effects of
samples thermally annealing above 150°C on EQE are an increase in the low-wavelength range and a decrease
in the NIR range in comparison to the samples thermally annealed below 150°C, which compensate each other
and give an almost constant Jsc.
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Figure 5.22: EQE, IQE and reflectance of Cell11 at different annealing temperatures. Above 180°C a transition in the optical
proprieties of ITO takes place that changes the overall reflectance of the front cell.

With Cell11 is established that thin layers of sub-stoichiometric MoOx are successfully used as selective holes’
collectors in association with intrinsic an a-SiOx:H passivation buffer in the front side of a heterojunction solar
cell. The overall higher transparency of the heterojunction in comparison to the typical HJ solar cells based on
doped a-Si:H/intrinsic a-Si:H emitter layers has been demonstrated. The measured efficiency of 16.6% can be
further improved by the use of a textured silicon wafer which can help reducing the overall cell reflectance
and increase the light trapping inside the device.
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Conclusions

In this thesis, an improvement to the state of the art of heterojunction (HJ) solar cells has been achieved by
substituting currently industrial standard hydrogenated amorphous silicon (a-Si:H) layers with better
performing material in terms of transparency and thermal stability. This problem was approached in terms of
materials’ analysis and synthesis to obtain high transparency and stability for massive industrial production.
After an introduction on characteristics, working principle and manufacturing steps of silicon crystalline HJ
cells, the work was focused on the properties of a-Si:H that constitutes the passivation layer (if intrinsic) and
the selective contacts (if doped) of the HJ solar cells. During this study it came to light that, despite the high
efficiency reached by HJ solar cells, it is still possible to improve certain aspects to increase efficiency. In
particular this research focused two main weak points of a-Si:H layers: the high light absorption in the UV-
blue region of sunlight spectrum, which reduces the total amount of light energy that can be converted in
current, and the limited thermal stability, as it does not allow to overcome the deposition temperature, typically
of about 200°C. Furthermore, during the a-Si:H layers deposition process, hazardous and toxic gases are used.
To go beyond these drawbacks, two material were investigated to replace a-Si:H in HJ solar cells:
hydrogenated amorphous Silicon sub-Oxide (a-SiOx:H) and non-stoichiometric Molybdenum Oxide (MoOXx).
Thanks to the industrial deposition process compatibility between a-Si:H and a-SiOx:H, starting from the
deposition parameters of the former material, a set of optimized deposition parameters for the latter was
investigated and defined. A higher transparency of a-SiOx:H film in comparison to a-Si:H was demonstrated:
the optical gap achieved was about 1.9 eV for a-SiOx:H film, wider than the 1.7 eV that commonly
characterizes the a-Si:H.

The passivation properties and the thermal stability of a-SiOx:H films were investigated as well as the
interaction between UV light soaking and thermal annealing. Indeed, despite just after deposition the silicon
surface was better passivated by amorphous silicon in comparison to a-SiOx:H layer, after thermal treatments
the passivation properties of a-SiOx:H layer were found higher than a-Si:H layer. This behaviour is due to its
structural characteristics which presents a big amount of hydrogen incorporated inside the film and bonded at
the surface, and to its higher thermal stability. Worth to note is the overall effect of UV exposure and thermal
treatments that is exploited during ITO sputtering deposition process which increases strongly the passivation
properties of a-SiOx:H film. Indeed, the considerable effective lifetime value of 7.4 ms was achieved on n-
type wafer passivated on both side with a-SiOx:H and covered with ITO, in a structure that simulates a
complete HJ solar cell. To understand the causes of this behaviour that is attributable to the rearrangement of
hydrogen within the film, a study by means of FTIR spectra analysis on this material was performed.
Furthermore, a thorough study at different hydrogen dilutions of the effect of CO, addition in the mixture of
precursor gases of a-Si:H film to obtain a-SiOx:H was performed to understand the different behaviour of this
two amorphous films at different treatments as thermal annealing or ITO coverage.

Two sisters HJ solar cells were manufactured on a p-type wafer, being the passivation buffer on the light
exposed side made in one case with a-SiOx:H and in the other with a-Si:H, in order to compare their
transparency and their passivation properties. The selective contacts were made using doped a-Si:H. The result
was that the cell with a-SiOx:H as passivation buffer achieved 3.1 ms of effective lifetime against 1.1 ms of
the other cell and an implied Vo of 751 mV against 730 mV of the other cell. These results were obtained with
a complete solar cell structure, without the metallization layers, and it is remarkable that the implied Vo of 751
mV, achieved with the suggested passivation, is comparable with the state of the art values reported on surface
passivation of p-type doped c-Si wafer. Unfortunately after the metallization and the laser firing process
(performed to obtain an ohmic base contact on p-type c-Si wafer), the V. measured was 678 mV instead of
751 mV and 660 mV instead of 730 mV, due to the damages suffered by passivation after laser firing process.
Furthermore the External Quantum Efficiency (EQE) of cell passivated with a-SiOx:H showed a current higher
than the other cell of 0.5 mA/cm? (that can be increased up to 1 mA/cm? optimizing the layers thicknesses).
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Using together doped and intrinsic a-SiOx:H as front selective contact and passivation layer, two complete HJ
solar cells were manufactured on p and n-type silicon wafers. The higher transparency of a-SiOx:H in
comparison to typical HJ solar cell was demonstrated in both cases. The relatively low efficiency of 16.4%
obtained on n-type wafer was limited by several factors such as some damage suffered by a-SiOx:H passivation
layer due to the deposition of doped ic-Si as rear selective contact as well as the not textured surface, which
decreased strongly the light absorption. The same problems were found on p-type wafer, where the efficiency
was further decreased by an undesired S-shape in the 1-V characteristics.

Besides the a-SiOx:H used as passivation buffer layer and the n-doped counterpart, the adoption of
Molybdenum sub-Oxide (MoOx) as alternative materials for the making of selective contact was also explored.
The attractive characteristics of MoOx is the possibility to obtain a highly transparent and efficient holes
selective contact, without using hazardous and toxic gases. The optical characterization of MoOXx layer was
performed to understand its optical gap which resulted of about 3.5 eV strongly higher than 1.7 eV of a-Si:H
optical gap, while the actual presence of a non-stoichiometric phase was verified by XPS measurement. The
work function was characterized by means of UPS measurement and resulted of 5.1 eV. After its
characterization, the MoOx was introduced as selective holes collector, in association with an a-SiOx:H
passivation layer, inside a HJ solar cell based on n-type silicon wafer. It is worth to notice that to the best of
our knowledge, although MoOx is largely studied, and many MoOx-based solar cells are manufactured, MoOx
is always associated with an a-Si:H passivation layer. After optimization of the emitter layer based on
ITO/MoOx/a-SiOx:H/n c¢-Si structure, a complete cell was made and characterized. The strong higher
transparency of MoOx/a-SiOx:H layers in comparison to typical HJ solar cell based on a-Si:H films was
demonstrated. Thanks to a special care during fabrication steps, in the electrical characterization the S-shape,
frequently observed in literature, was missing. A good efficiency of 16.6% was obtained with a Voc of 675 mV
on a not textured wafer. This relatively low V. value has its roots in the not optimized ITO deposition process
at low temperature and the absence of an adequate thermal treatment to improve the surface passivation
provided by a-SiOx:H buffer layers. This leaves a wide margin of improvement in the future solar cells.
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Appendix A

Technology for optoelectronic devices production

During my Ph.D work, to perform the experiments and the measures, the most of the time has been spent in
the laboratory. Working in a laboratory can be dangerous and some rules and behaviours must be respected,
for these reasons the first stage of my work was a training to learn how to work in the laboratory and which is
the behaviour to working in a cleaning room. A lot of time has been spent to learn the working operations of
different equipments and to become able to use them. | learned to manage different thin film deposition systems
to deposit semiconductor, metal and dielectric layers. In particular, to deposit thin films of intrinsic and doped
amorphous Silicon Hydrogenate (a-Si:H) or intrinsic amorphous Silicon Hydrogenate sub-Oxide (a-SiOx:H),
| learned to use the Plasma Enhanced Chemical Vapour Deposition (PECVD) system, while to deposit thin
metal layers (as example of Chromium, Aluminium, Silver and Gold) | used the thermal evaporation technique.
With the sputtering techniques, I have deposited thin films of Indium Tin Oxide (ITO) as well as some metals
as Chromium or Titanium-Wolfram alloy and dielectric layers as Al,Os film.

In order to pattern these thin layers | learned the photolithographic techniques in the yellow room. Among
these, | employed the spin-coating technique to deposit a structural or sacrificial photoresist layers and the
Mask Aligner system to transfer the shape of the mask on the photoresist layers as well as the wet chemical
steps to develop the photoresist. After the photoresist patterning, to transfer the shapes on the thin films |
learned to use the wet chemical etching for metal films and the dry etching by means Reactive lon Etching
(RIE) system for amorphous silicon films and ITO layers. About wet chemical, I also acquired the standard
procedure for the crystalline silicon wafer cleaning which is made in a wet bench exactly designed for this
purpose. The cleaning process is made by means of three solutions: NH3 + H,0, (SC1 solution), HCI + H20-
(SC2 solution) and a 5% HF where the wafers are alternatively dipped.

During this learning stage, exploiting the knowledge learned, | made several optoelectronics devices as array
of amorphous silicon light sensors or amorphous silicon temperature sensors [161]. Furthermore, by
photolithographic steps of SU8-2005 photoresist, | made, on silicon crystalline wafer, the mold to fabricate
microfluidic channels in PDMS soft matter by casting and molding technique. The channels that | made are 5
pum height and 8, 10 and 15 pm width with a length of few cm. After the channels were sealed in a PDMS
structure, they have been filled with nematic liquid crystal (NLC) in vacuum and at 80°C. In this way a flexible
light waveguide has been built exploiting the liquid crystal (LC) inside the microfluidic channels as core and
flexible PDMS as cladding [162] [163] [164] [165] [166]. The light propagation inside this exotic light-guide
presents interesting properties: due to the homeotropic alignment between NLC and PDMS surface, their
disposition has a pseudo-radial symmetry that allows light propagation independent to its polarization [167]
[168] notwithstanding the strongly optical anisotropy, typical of LC. The homeotropic alignment is confirmed
by the microscopic analysis under cross polarization and by numerical simulation [169] [170] [171] [172]. To
obtain useful optoelectronics device such as for example an integrated optical switch, some simulations and
preliminary experiments have been performed to introduce two electrodes at the edges of the light-guide to
change, by means of electric field, the molecular alignment of LC inside the channel [173] thus modulating its
refractive index reaching a cut-off condition if the average refractive index inside the guide becomes lower
than the cladding one. After the training stage, | continued to work on these topics concurrently to my Ph.D
work.
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