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Abstract

The solar photovoltaics (PV) market has been booming since the late 1990’s with an
impressive 40% average annual growth rate and rapid growth has continued even in
the last four years despite the bottlenecks in silicon feedstock availability. , which
have determined a slow down in the decline of PV module prices. As an economic
alternative to silicon a great deal of attention has been devoted to Cu(In,Ga,.)Se,
(CIGS) thin film based solar cells, whose development lead to demonstrate in 2010 a

record efficiency of 20.3% on a 0.5 cm® laboratory cell.

The activity discussed in this thesis was performed in the frame of PED4PV project
(“Industria 2015 programme of the Italian Ministry of Economic Development)
aiming at the low cost production of thin film CIGS-based solar cells on conventional
glass substrates as well as on alternative substrates suitable for building integration
(such as ceramic and cement tiles) by using the relatively new, highly efficient, but

yet largely unexplored technology called “Pulsed electron deposition™.

This thesis reports about the set up of the technological processes that complement
PED growth of the multilayer structure in the fabrication of the solar cells and their
characterization. In particular the optimization of the Mo back contact deposition by
sputtering is detailed, and the activity devoted to support Marazzi S.p.a and CTG
S.p.a. in the development of ceramic and cement substrates, respectively, is
described. A relevant part of the work has been devoted to the characterization of the
cells. Current-voltage, capacitance-voltage and infrared thermography measurements
gave the PED group the feedbacks necessary to improve the multilayer structure
properties up to achieve an efficiency of 15.5% on lab-scale solar cells completely
prepared at IMEM by depositing CIGS from a stoichiometric quaternary target at low

temperature (270 °C) and without any post-growth treatment.
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Introduction

The first form of renewable energy dates back to 1767, when Horace-Benedict de
Saussure fabricated the first solar collector, able to absorb heat energy, by covering
an insulated box with three layers of glass. The photovoltaic (PV) effect was
described for the first time by A. E. Becquerel in 1839. In detail, he observed that a
silver-chloride electrode immersed into an acidic solution and connected by a metal
wire to a platinum electrode was able to generate a photocurrent upon illumination
[1].

The discovery of photoconductivity in selenium, by Willoughby Smith in 1873,
allowed the manufacturing by William Adams and Richard Day of the first solid-state
photovoltaic device in 1876. Such device, based on the concept of the rectifying
junction, was made of selenium crystal coated with platinum contact. Two decades
later, in 1894, Charles Fritts used a thin layer of gold as electrical contact in place of
platinum, obtaining in this way the so called Schottky barrier, able to favor the
separation of the excitons formed at the selenium/gold interface in elementary
charges. For many years the photovoltaic effect did not gain the interest of
researchers: Only after the Second World War, solar power equipments became
popular, first in the USA, in consequence of the development of both good quality
semiconductor wafers and reliable methods aimed at manufacturing p-n junctions for
applications in solid state electronics. From then on, there was a huge demand of
solar energy equipment that brought to the manufacturing of the first solar cell based
on silicon wafer, designed and fabricated in 1954 by Bell Labs by Pearson, Chapin,
and Fuller, showing a conversion efficiency of about 6%. The year after, Western
Electric began to sell commercial licenses for silicon PV technologies, but an
estimated cost of ~$200 per Watt-peak (Wp) made these cells not commercially
appealing on a large scale for many years. In 1958, since solar energy was exploited
as power supply space exploration equipment such as satellites and space stations,

novel semiconducting compounds such as gallium arsenide, indium phosphide,
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cadmium selenide and cadmium telluride, were intensely studied for PV applications
since their conversion efficiency resulted to be higher than that of silicon. This date
corresponds to the beginning of commercial use of solar energy. During the period
between 1959 and 1970 the major discussion was focused on the strategies aimed at
optimizing the gain in efficiency of solar cells and the reduction of costs for their
manufacturing. Up to that time, the efficiency of the solar cells was only 14% and,
considering their high manufacturing cost, it was not still convenient to exploit solar
power in place of conventional sources for the production of electricity. However in
the 1970's, Exxon Corporation designed an efficient solar panel whose manufacturing
cost was lower than that of the conventional solar cell architecture produced at that
time. This was likely the major technological milestone reached in the history of
renewable energy.

In the 1970s the energy crisis experienced by the western oil-dependent world,
caused by the Arab-Israel Yom Kippur War of 1973 and the Iranian Revolution of
1979, led to a sudden growth of interest in alternative energy sources, attracting great
funding for research and development in those application areas. Different strategies
have been explored for producing photovoltaic devices. In particular, alternative
materials such as polycrystalline and amorphous silicon have been studied, organics
have been widely employed in order to study innovative PV devices and the device
architectures have been optimized (e.g. use of thin films). Regarding to this latter
aspect, other different architectures as tandem and multiple band gap structures have
been developed in order to increase the photovoltaic efficiency. During the eighties
there was the evolution of large scale solar energy plants. This evolution culminated
with the development of the largest plant, able to produce more than 20 kilowatts, in
1999. During the last decade of 20" century, an enormous investment was made in
utility-scale solar plants, also incurring often in some technical inconveniences. At
present day, the largest solar energy plant ever built is the Golmud Solar Park in

China, with a capacity of 200 MW. This record is arguably surpassed by India’s
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Gujarat Solar Park, a collection of solar farms spread in the Gujarat region able to
produce a total capacity of 605 MW.

The current PV market consists of a range of technologies, including wafer-based
silicon and a variety of thin-film technologies. These technologies have been
classified into three main generations. The classification criteria base on their
possible chronological future application. Currently, we are in the era of first
generation photovoltaic technology (1G), well projected towards the near future third
generation technology, being the second generation (2G) based on thin film
technology under researchers’ interest [2]. Figure 1 shows the theoretical maximum
efficiency achievable by each PV generation as a function of the production cost
projections, although both the efficiency and the cost values are obviously

approximate.
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Figure 1: Theoretical efficiency of the three PV generation vs the production cost projections. The horizontal

lines represent the main theoretical efficiency limits [3].

On the other hand, the real efficiencies of the best research solar cell, from 1975 to

2010, are reported in figure 2. Here a famous graph, edited by the U.S. National



Renewable Energy Laboratory (NREL) shows evidently that the evolution of the

different PV technologies leads to an optimization of the device properties.
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The evolution of photovoltaics lies in decrease of production cost ($/W), achievable
by eliminating unnecessary production steps and superfluous materials in the
manufacturing of solar cells. For this reason, great attention is focused on the
fabrication and engineering of solar cells in the form of thin film layer based devices.
The second generation solar cells are then based on single-junctions, avoiding thus
material waste. The challenging task in the context of second generation solar cell
manufacturing consists in maintaining the performance obtained by solar cells based
on silicon wafer (1G). In the Thin Film solar cells, the absorber layers are generally
polycrystalline films deposited or formed on electrically active or passive substrates,
such as soda lime glasses, plastics, ceramics, steel, or metallurgical silicon. Among
the most promising materials for second generation there are amorphous-Si (a-Si),
polycrystalline-Si (p-Si), Culn(Ga)Se, (CIGS), CdTe/CdS. In particular CIGS and
CdTe, show a peculiar direct band gap allowing to absorb the solar radiation much
more efficiently than crystalline silicon. This high absorbing efficiency makes using
only 1-10 um thick films as active material possible in solar cell structures. As a
result, the main advantage achieved using thin Film Technology is represented by the
low manufacturing cost, due to the low cost of both processing and materials.
Currently, the efficiency and fabrication cost per unit area are already comparable to
those of first generation solar cells. However, the main disadvantages showed by
such technology are the long-term instability, due to chemical reaction of the surface
absorber layer with O, and water vapor, scarce reproducibility technical difficulty in
achieving the required uniformity over large areas and, above all, the requirement of
a multi-stage fabrication process for photoreactive thin film manufacturing [5-6].
Worldwide research efforts has allowed to obtain solar cells with a record efficiency
(m) of 19.4% and 16.7% for CIGS and CdTe based solar cells, respectively [7-8].
Recently, at the ZSW (Zentrum fiir Sonnenenergie- und Wasserstoff-Forschung ) a

CIGS device with active area of 0.5 cm® and a record efficiency of 20.3% has been
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obtained by thermal-co-evaporation method [9]. Several companies such First Solar,
Globalsolar, Nanosolar, Solopower, Honda, etc, have developed and produced
modules able to produce several gigawatt per year, employing commercial CIGS
based cells with efficiencies of 13.5% [10].

The state of art efficiencies extracted for solar cells based on several crystalline and

amorphous photoreactive materials are summarized in Table.1.1.

S.No Solar cell N(%) Ref.
1 CIGS 20.3 [9]

2 CdTe 15.8 [11]
3 CZTS 10 [12]
4 GaAs multijunction 41.1 [13]
5 Si 24.5 [14]
6 Polymer 7 [15]
7 DSSC 11 [16]

Table.1: Highest efficiencies of state of art solar cells based on different materials.

CIGS based solar cells are the most promising in terms of performance in the context
of Thin-Film Technology (table 1). The highest performance, combined with the
fundamental capability of processing the material by means of a single stage
technique, both concur in making CIGS one of the most promising candidates to
enhance the renewable resources use for energy production. The importance of
materials and device processing is clearly obvious in view of low production cost. In
this respect, preparation of CIGS based devices via Pulsed Electron Deposition

12



(PED) allows to avoid the selenization step for the preparation of the active thin layer
in solar cells. The study of CIGS based solar cells properties, fabricated using PED
technique, plays an important role in view of an all-PED thin films solar cell

manufacturing.
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1. CIGS based solar cells

1.1 CIGS based solar cells architecture.

The basic structure of a Cu(In,Ga)Se2 thin-film solar cell is depicted in Figure 1.1

vAg
Structure of ﬁﬂQ[}h
CulnGaSe; £ Vv A
Solar cell

Ni/Al contacts

\

Zno:Al + ZnOi

— " n-type CdS

- p-type
CulnGaSe,

Mo

Glass
Figure 1.1: basic structure of a Cu(In,Ga)Se2 thin-film solar cell [1].

The most commonly used substrate is soda-lime glass, 1-3 mm thick, covered by a
thin molybdenum film (300 nm-1um thick) acting as the backside ohmic contact. The
Na content in soda-lime has been shown to be useful for enhancing the solar cell
performances, as it diffuses through the Mo film and increases open circuit voltage
[2], as well as p-type conductivity and average grain size [3]. The heterojunction is
constituted by a p-CIGS layer (thickness ranging between 1.5 and 2.5 pm) and a
transparent conducting oxide (TCO, usually Al-doped ZnO), buffered by a thin layer
of CdS (or ZnS, ZnMgO) and a layer of undoped ZnO. As remarked above, CIGS is a
p-type semiconductor with a carrier concentration of about 10'® cm™ [4], while Al-
doped ZnO is a n-type semiconductor with a carrier concentration of 10*cm™ [4].
This asymmetric doping causes the space-charge region to extend much more inside

the CIGS film than into the ZnO layer. The front contact is generally composed by Al
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or alternate nichel (N1)/Al layers. Finally, an antireflecting coating (100-200 nm thick

layer of MgF,) aimed at avoiding light losses due to the semiconductor-air interface.

Al contact
[
Zn0:Al - 250 nm @ RT - PED
ZnS - 70 nm - PED

NaF -30 nm @ 80 °C - PED

Mo
500 nm @ RT - DC-Sputtering

Glass substrate

Figure. 1.2: CIGS based solar cell with a Zns buffer layer in place of CdS [5].

The device architecture described above is considered as a benchmark in literature.
Of course, different variations have been proposed in order to overcome some
operating and technological limitations. In this respect, an alternative structure has
been considered and compared to the standard cell in this work thesis too (Figurel.2).
In fact, the CdS buffer layer, deposited generally by chemical bath deposition, can be
replaced by a zinc sulfide (ZnS) thin layer, deposited by PED. In this way,
remarkably, an all-PED process has been employed to fabricate the entire solar cell,
thus allowing an in-situ fabrication and the related control of materials quality. In
addition, the use of Cd is undesirable for its environmental impact and commercial
potential. Moreover, the quantum efficiency of CdS/CIGS solar cells drops at shorter
wavelengths due to optical absorption loss occurring in the CdS layer. Conversely,

ZnS has a wider energy band gap than CdS, so it can enhance the blue response of
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the photovoltaic cells. So far, there are only few works reporting about high-

efficiency CIGS devices where the CdS buffer layer is replaced by ZnS [6-7].

1.2 CIGS material properties.

Polycrystalline Cu(In,Ga;)Se, (CIGS) is a II-III-VI, is a nonstoichiometric
compound with intrinsic p-type semiconducting properties. CIGS is composed by
four elements: copper, indium, gallium and selenium. CIGS shows a typical [8]
chalcopyrite structure deriving from the group IV class of tetrahedrally bonded
semiconductors (Figure 1.3), similar to zincblende (ZnS) one, according to the

Grimm-Sommerfield rule.

Different compounds can be obtained by varying the stoichiometry in the chemical
formula Cu(InyGa,,)Se, from 1 (pure (copper indium selenide, CIS) to O (pure

copper gallium selenide, CGS).

:
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Figure 1.3: Chalcopyrite CIGS structure.

CIGS has a tetragonal unit cell with a ratio of lattice parameters c/a close to 2,
showing thus a tetragonal distortion arising from the different strength of the Cu-Se,
In-Se and Ga-Se bonds. The band gap is tunable by varying the gallium
stoichiometric value, ranging from 1.04 (CIS) to 1.68 eV (CIG).
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The pseudo-binary phase diagram, where a is the CIS chalcopyrite structure, 0 is a
high-temperature (HT) phase with the sphalerite structure, and B is an ordered defect

compounds (ODC) phase, is reported In Figure 1.4.

Interestingly CIGS shows a high tolerance against defects, making it so valuable for
photovoltaic applications. This is because of both its tolerance for off-stoichiometric
compositions and the electrically neutral nature of its structural defects. Typical
average compositions of device-quality films have 22 to 24 at.% Cu, which fall

within the single-phase region at growth temperature (500°C).
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Figure 1.4: CIGS pseudo-binary phase diagram [4].

Finally, it is worth noting that the chalcopyrite phase field is increased by the addition
of Ga or Na [9]. As a result, the Na inclusion in the CulnSe2 structure causes a
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replacement of InCu antisite defects by Na atoms, thus reducing the density of
compensating donors [10] The calculated effect of Na inclusion is therefore
consistent with the increase of compositional range in which single-phase
chalcopyrite exists and shows an higher conductivity, as experimentally observed.

The high absorption coefficient (o> 10’ cm™") and the p-type behavior obtained when
CIGS is grown in an excess of selenium (with a hole concentration of 10'°-10"" cm™
and a record in charge carrier mobility of 200 cm?/Vs) , make CIGS films very
promising as absorber layers in thin film solar cells, so that conversion efficiencies

exceeding 20% were demonstrated in laboratory device prototypes[11].

CIGS morphological features are essentially connected to the growth technique used
for thin film deposition. In fact, CIGS thin films show a typical polycrystalline
morphology whose physical properties are strongly affected by the presence of grain
boundaries. It is reported that morphology is crucially influenced by many factors,
such as the bilayer precursor film features, the selenization parameters (e.g. flux
during selenization) [12] and the precursor deposition technique [13]. Thus,
optimizing CIGS growth procedure may represent a key step to make thin film solar

cells competitive in the energy production market.

1.3 CIGS growth processes

For photovoltaic purposes, CIGS film has been deposited onto different substrates
such as metalized Soda Lime Glass, steel, ceramic, polyimide. Among the different
deposition processes developed for the production of CIGS solar cells, thermal co-
evaporation [14], sputtering/selenization [15] and electrodeposition [16] have so far
emerged as the preferred candidates for industrial scale-up, due to the right
compromise given in terms of production cost and performance. However all these
techniques still present serious limitations and drawbacks which are causing a delay

in the industrial take-off of CIGS solar cells.

19



1.3.1 Thermal co-evaporation

In particular, the thermal co-evaporation, which allows high efficiency solar cells to
be obtained, is a three stage process carried out in line, under vacuum conditions,
involving four precursors (Cu,In,Ga,se), each one being deposited by means of an
independent Knudsen cell. The glass substrates move in line over the top of the

elemental sources, four in total, with a speed of 1 cm/min (Figurel.5).

Heater

\ Substrate
-,

Load-Lock Chamber

Shutter

Vacuum Vacuum

Figure. 1.5 Scheme of line co-evaporation process system [17].

During the first step of the process, In-Ga-Se are deposited onto Mo coated soda lime
glass at 350°C, thus obtaining (InGa),Se; compound, then a second deposition of Cu
and Se at 500°C follows. Finally in third stage In,Ga and Se are deposited in order to
obtain CIGS films [17] . It is worth noting that multi-stage co-evaporation, that gave
20.3% lab-record efficiency [11], is generally considered to be unsuitable for mass
production because of its complexity and poor composition reproducibility in large

manufacturing systems.
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1.3.2 Sputtering

Sputtering of metal precursors followed by a post-growth selenization step appears to
be a more feasible route for industrial scale-up, but the unavoidable selenization stage
[18-19] is a major issue in terms of environmental impact (highly toxic H,Se is
usually used) as well as the operation costs linked to high temperature processing still

represent a weak point for such technique [20].

In order to overcome the limitations associated with multi-stage deposition, several
single-stage processes based on sputtering and co-evaporation have been proposed as
more cost-effective alternatives. Reported efficiencies for lab-scale cells are typically
lower than 12.5%, even if in ref [21] a conversion efficiency of 15.9% in the case of a
single stage co-evaporation process, carried out at a substrate temperature (T,) of

550 °C, is reported.

High quality thin films can be deposited by means of sputter coating technique. This
process typical PVD method discovered in the middle of 19" century. At present
time, the control of environmental conditions allows to enhance the film quality. The
method exploits a gaseous plasma accelerated towards the cathode. In practice, the
cathode represents a target constituted by the reference material. Neutral charged
atoms can be extracted and collected on a suitable substrate by hitting this target. The
plasma is generated using an inert gas (typically Argon) and a magnetron. Collisions
between electrons and gas atoms are favored by strong electric and magnetic fields,
thus generating the plasma. Sputter source can by supplied by direct current (DC)
and alternate current at radiofrequency (RF). RF sputtering systems are used to
produce highly insulating oxide films while DC power supply is dedicated to deposit
pure metals and, more in general, conductive compounds.

CIGS can be obtained by a two steps process. First, CIG is deposited by co-sputtering
copper, indium and gallium at room temperature or near room temperature. The co-
sputtering allows obtaining a stacked multilayer metallic structure, characterized by a
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high degree of crystallinity and very smooth surfaces. CIGS formation is then favored
by an annealing procedure in presence of selenide vapor. The selenization step is
performed at high temperature supplying the selenium in a gas phase (H,Se or
elemental Se). The temperature assisted incorporation of selenium (adsorption and
subsequent diffusion in CIG films) occurs in terms of formation of intermediate
metal-selenide binary compounds. Unfortunately, a phase separation of different
stoichiometric CIGS compounds occurs, due to the complexity of reaction occurring
during the selenization process, so the control of such a deposition process is actually

difficult [22].

1.3.3 Electro-deposition

Vacuum technologies are often considered not desirable for the production of a low
cost technology. Non vacuum processes are what worldwide researchers pursue in
order to reduce costs. Such methods allow to produce good quality CIGS with a low
material waste. CIGS produced by non-vacuum methods, when used as absorber
layer in PV application, is gave a record conversion efficiency of 13.95% [23].
Among the non-vacuum processes, electrodeposition seems to play a crucial role for
the deposition of CIG precursor. In general, electrodeposition of Cu-In-Ga alloys is
carried out onto Molibdenum substrates from aqueous solutions containig the
precursors (e.g. CuCl, InCI3 and Ga(NO3)3*7H20). By applying a static potential
between a saturated calomel electrode (SCE) and a platinum counter electrode, CIG
films can be produced [24]. However, also electro-deposition requires a high

temperature selenization process that leads to the drawbacks mentioned above.
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1.3.4 PED technique

Pulsed Electron deposition is a typical ablation (non-equilibrium extraction of the
target material) process in which a pulsed (100 ns) high power electron beam
(approximately 1000 A, 15 keV) penetrates approximately 1 pum into the target, thus
provoking a rapid evaporation of target material and subsequent formation of a
plasma state. In detail, the electron flux extracted by the plasma passes through a hole
and then is driven towards the target by means of an alumina tube with a diameter of
few mm. The high potential difference applied between the cathode and the target
holder accelerates this flux.

In this way, very high current density in the beam (about 10° A/cm® ) and
subsequently very high power density (up to 10° W/cm® ) are obtained. The ablation
facilitates stoichiometric composition of the plasma, thus preserving the target
stoichiometry in the deposited films.

The cathode, operating in pulsed mode, is made by a metal tube in which electrons
are generated via ion impact or photo effect. The electron flux is driven towards a
narrow exit and controlled by a trigger circuit, avoiding thus discharge voltage [4].
The acceleration system designed for PED allows obtaining an intense pulsed
electron beam. A fast evaporation of the material target hit by the high power density
beam and the subsequent formation of a plume composed by ablated material occur.
The penetration depth of the electron beam inside the target is about 1 um, due to the
energy losses provoked by scattering and Coulomb interactions. Nevertheless this
penetration length is ten times greater than absorption length of laser radiation,
resulting in a deposition rate for PED at least ten times greater than that obtained by
Pulsed Laser deposition technique.

As regarding the plume properties, keeping in mind that it expands in the maximum
pressure direction, generally some theoretical models are able to predict the

optimized distance between substrate and target in order to obtain uniform films over
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wide surfaces (5-6 cm) with a good control. At present time, the basic phenomena
and the physics of the discharge are not completely understood. Some studies have
shown that the generation of particulates interfere with optimal film growth.
Nevertheless, The influence of ambient pressure and accelerating potential on the
number and size of particulates appearing on the surface of films can be controlled
acting on the ambient pressure and accelerating voltage, thus reducing the size of
particulates below 100 nm [4]. So the control of deposition parameters allows to
manufacture good quality films with controlled defects. Moreover, the possibility to
control the formation of particulates could make PED useful for generating sub-
micron sized materials.

The scheme of the PED system installed at IMEM laboratory in Parma is shown in
fig. 1.6. The system is composed by a vacuum chamber equipped with an electron
source (pulses of 100 ns and power density of 10° W/cm®) and a water-cooled Pfiffer
turbo-molecular pump (1200 1/s), an heater based on IR-lamps properly designed to
keep a uniform 700°C temperature along 60 cm used for the annealing in reduced
atmosphere, being the annealing aimed to remove contaminants (oxide), a glass tube
with inner diameter of 2-4 mm for focusing the electron beam, a target holder made
of copper (the angle between the electron beam and the holder is 45° in order to
optimize the impact onto the target with the minimum shadowing effect), a trigger
circuit for frequency regulation and the gas-flow control system to provide the

necessary amount of gas to ignite the plasma in the hollow cathode.
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Fig 1.6 PED scheme of the system installed at the IMEM-Cnr laboratory

The system is suitable for the deposition of CIGS films with [112]-oriented grains at
low growth temperatures (250°+300°C), using a stoichiometric quaternary target.
Also the substrate temperature is lower compared to those required by sputtering and
co-evaporation techniques The system clearly allows to obtain an efficient single

stage process which is highly desirable for low cost production purposes.

As a matter of fact, PED is a versatile technique for the fabrication of solid state

materials-metals, semiconductors and insulators.
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The physics of solar cells
2.1 Solar radiation spectrum.

The radiative energy output from sun derives from nuclear reaction into its nucleus.
At second time scale, about 6x10'" Kg of hydrogen are turned to helium, with a net
mass loss of about 4x10° Kg, which is converted according the Einstein’s relation

(E=mc?) to 4x10%°7.

Figure 2.1: Worldwide distribution solar energy [1].

The amount of energy reaching the surface of the Earth every hour is greater than the
amount of energy used by the Earth's population over an entire year. Incident solar
radiation on Earth’s atmosphere is quite constant, but radiation on Earth’s surface
varies (Figure 2.1). This variation depends on: latitude of the locations, season, and
time; local variations in the atmosphere (for example pollution or clouds) and
atmospheric effects like absorption and scattering. All these elements concur to create
variations in the overall incident power, in the spectral content of the light incident on
Earth, if compared to its content in atmosphere, and in the angle of light incident on

the surface. These variations of solar radiation sometimes are too much pronounced.
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Desert regions tend to have lower variations due to the lack of local atmospheric

phenomena such as clouds. Equatorial regions have low variability between seasons.
2.1.1 Air Mass

Air Mass is defined as the actual path length of light through the atmosphere
normalized to the shortest possible path length (that is, when the sun is directly
overhead). Air Mass quantifies the reduction in the power of light as it passes through
the atmosphere and is absorbed by air and dust. Air Mass is defined as: AM=1/cos6,
where 0 is the angle formed by light compared to the vertical (zenith angle). Air Mass
is 1 if the sun propagates vertically in the atmosphere . Two parameters in solar cells
efficiency (power and spectrum of incident light) vary in function of Air Mass
coefficient. For this reason, a standard spectrum with a well-defined power density
has been introduced with the aim of having uniformity in experimental results
concerning solar cells measures (at different time and locations). We define the
standard spectrum at the Earth's surface as AM1.5G, (the G stands for global and
includes both direct and diffuse radiation) or AMI1.5D (which includes direct

radiation only).

AMI1.5D intensity radiation can be approximated by reducing the AMO spectrum,
which is equivalent to the spectrum emitted by a 6500 K black body (1353 W/m?), by
the absorption and scattering contributes of atmosphere: AM1.5D is then equal to 768
W/m’ and AM1.5G to 970 W/m’ (Figure 2.2 ) [2].However, the standard AM1.5G
spectrum has been normalized to 1 kW/m2, due to the convenience of the round

number and the fact that there are inherently variations in incident solar radiation.
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Figure 2.2: Comparison between the spectra of a 6500K black body (green) and the solar radiation outside
the Earth's atmosphere (red) and on the Earth’s surface (blue) [2].

2.2 Introduction to the Basic principles of solar cells.

Solar cells convert solar energy into electricity, in a more or less efficient way.
Active materials suitable for this purpose are semiconductors in their basic structure
based on p-n junction. The solar cell in its current design has been developed by
Chaplin, Fuller and Pearson [3] in 1954, using a diffused silicon p-n junction.
Subsequently, solar cells based on cadium-sulfide have been developed be Raynold
[4]. Over the years, solar cells have been made using other semiconductors
(Germanium, III-V, II-VI), recurring to different material and device configurations
such as single crystals, polycrystalline or amorphous materials, organics deposited in

the form of thin films, forming homojunctions or heterojunctions.

A simple and conventional solar cell structure is showed in Figure 2.3 in detail, the

cell consists of:

a) active absorber layer made of a semiconductor material, generally with a p-

type charge transport;

b) buffer layer generally made by a n-type semiconductor;
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c) anti-reflecting coating layer(AR);

d) back and front metallic contacts for collect the generated electrons and holes

front electrical contact layer
{in grid pattern)

terminal F

antireflection
layer P

lii; |
nn
ahsorber
layer

e

back junction layer back electrical

cantact layer

@ 2005 Encyelopsdia Britannica, Inc.

Figure 2.3: Schematic solar cells structure [5].

The absorption of solar radiation in solar cells is characterized by a threshold photon
energy hw,. The photons with energy higher than how, can be absorbed, while the
photons with lower energy are either reflected or transmitted. Incident photons with
appropriate energy (higher than energy gap of semiconductor materials) are absorbed,
favoring the promotion of a neutral excitation, called exciton, constituted by electron-
hole pairs. Current generation is obtained upon the exciton dissociation induced by
the internal electric field present at the junction, which on its turn drifts the free
electrons and holes towards the n- and p-material respectively (Figure 2.4).

An electrical current, called L. (i.e. short circuit current) is generated when the charge
carriers reach the contacts at the extremity of the p-n junction before recombining.

At the same time, the charge separation creates a voltage between the electrodes of
the solar cell. Such voltage, under open circuit conditions, is named “ open-circuit

voltage” (V).
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Fig 2.4: schematic band structure of p-n junction solar cell [6].
2.3 Basic operation principles

2.3.1 Ideal I-V characteristic

The solar cells is assumed to have ideal I-V characteristics. The equivalent circuit is
shown in (Figure 2.5). By the electrical point of view the solar cell is equivalent to a
current generator in parallel with a diode. When illuminated, it produces a
photocurrent proportional to the light intensity. That photocurrent is divided between
the variable resistance of the diode and the load with a proportion depending on the
optical power level of incident light and the value of the load resistance. For high
load resistances, the photocurrent tends to flow mainly through the diode, resulting in
a higher voltage drop between the cell terminals and a smaller current flowing

through the load. The diode thus provides the photovoltage [7].

+° N

%
]L N ]D[ODE

O

Figure 2.5: Equivalent circuit of ideal solar cell.
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In (Figure 2.6) is shown the typical J-V curve of the solar cell in the dark (green line)

and the light-generated current (red line).

JV
Dark

Light

sC

Figure 2.6: Ideal J-V curves for a solar cell in the dark (green) and during the illumination (red) indicating
the short-circuit current Jsc and the open-circuit voltage Voc.

The J-V curve can shift towards negative current density values due to the effect of
light. By illuminating the cell, a light generated current I is subtracted to the dark
current flowing into the diode (I piopg), so that the total current flowing between the

device terminals, I, becomes:

gV ,
I= Iﬁ(expnf{b?—i)— L= lapas =1t (2.1)

where q is the is the elementary electron charge, n is the diode ideality factor (n=1 in
the ideal case, 1<n<2 in presence of generation-recombination centers), T is the
absolute temperature and K, the Boltzmann constant. The dark saturation current I is

given by:

('qﬂnnf aDpni\ (2.2),
.irc. = +
) L?‘!NA L*pNJ
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where D, (D,) is the electron (hole) diffusion constant, n; the intrinsic concentration
of the material, L, (L;) the electron (hole) diffusion length in the p- (n-) region, Ny
(Np) the net acceptor (donor) concentration in the p- (n-) region. The presence of the
I, in eq. 2.1 indicates that the I-V characteristic is shifted so that in both 1* and 3™
quadrants the product VI is positive, thus indicating power consumption, while in the
4™ quadrant VI is negative, which indicates that power can be delivered from the
junction to a load. From I-V curves it’s possible to extract the three main parameters
characterizing this power generation: the short-circuit current (Isc), the open-circuit

voltage (Vo) and the fill factor (FF).

2.3.2 Short-circuit current

We define Isc as the current flowing through the solar cell when the junction is short
circuited, i.e. the voltage across it is zero. It is worth noting that the short circuit
current corresponds to the light-generated current for an ideal solar cell (which is
engendered by the generation and collection of light-generated carriers) in the case of

very moderate resistive loss mechanisms.

The short-circuit current is influenced by several factors, such as:

— the 1lluminated solar cell area;
— the power of the incident light (i.e. density of photons per unit time);

— the incident light spectrum, usually standardized to the AM1.5 spectrum;

— optical properties, i.e. absorption of the active material and reflections at the solar
cell interfaces;

— the collection probability of the solar cell, expressed as a normalized factor,

depending essentially on the passivation of surface and the minority carrier lifetime.
Collection probability describes the probability that a light generated carrier,

absorbed in a certain region of the device, is collected by the p-n junction and
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therefore contributes to the light-generated current. Such probability depends on the
distance between the p-n junction and the charge generation center compared to the
diffusion length, that is the average distance over which a recombination of hole-
electron pairs occurs. Collection probability also depends on the surface properties of
the device. The collection probability of carriers generated in the depletion region is
1, as the electron-hole pair are quickly swept apart by the electric field and are
collected. The collection probability drops as the distance between the generation
center and the junction increases. If the carrier is generated at a distance from the
junction which is larger than the diffusion length, then the collection probability of
this carrier approaches to zero. Similarly, if the carrier generation occurs closer to an
interfacial region where the recombination rate is high, then the carrier will
recombine in that region, thus reducing the collection probability. An overall picture

of the above mentioned collection probability features is given in Fig.2.7.
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Figure 2.7: collection probability behavior as a function of distance in device. The maximum

collection probability is found into the depletion region [2].

The collection probability in conjunction with the generation rate in the solar cell
both determine the light-generated solar cell current. The equation for the light-
generated current density (J), with an arbitrary generation rate (G(x)) and a

collection probability (CP(x)), is given by:
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Ju= fq‘_L G(x)CP(x)dx = g Jﬂ U a(A)Hy exp( — a(A)x) dA]CP(x)dx (2.3),

where:

q is the electronic charge;

W is the thickness of the device;

a()) is the absorption coefficient;

H, is the number of photons at each wavelength.

It is clear that a non-uniform collection probability will cause a spectral dependence

in the light-generated current.

2.3.3 Open-circuit voltage

The open circuit voltage, denoted as V., is the voltage for J=0, that is the maximum
voltage available from a solar cell under illumination. If the reverse saturation current
Iy increases, then the V. value decreases. An expression for Vg is obtained from the

equation (2.3) by setting J=0:

n?TmGL | 1) 4

Vor =
Q

The Voc depends on the ratio between the saturation current I of the solar cell and
the light-generated current I;. In this respect, I, experiences strong variations due to
its dependence on the n;” factor, being able to increase by many orders of magnitude
and it is also influenced by recombination in the solar cell (see equation 2.2), while I,
shows only small variation. So the variations in Voc are strictly connected to the

material properties.

It possible to define the Voc in an alternative way from the carrier concentration, as

described in ref. [8], obtaining the so called “Implied Voc
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_ KsT {(NA + im}ﬁnJ (2.5)

oe
7 n;

where kgT/q is the thermal voltage and An is the excess carrier concentration. Finally,
it is worth noting that while the short-circuit current decreases with increasing band

gap, the open-circuit voltage increases as the band gap increases.

2.3.4 Fill factor

The “Fill Factor”, defined as the ratio between the maximum power delivered by the

cell and the product of Ji.and Vg, is given by:

T
FE = mvm (2.0)
jSﬂ'VDID

where J, and V,, are the current and voltage maximizing the power generated by the

cell, whose product defines the maximum power (P.x) (Fig.2.8).

current, power

voltage Voc

Figure 2.8: Cell output current (red line) and power (blue line)as function of voltage. The cell short-circuit
current (ISC)and open-circuit voltage (VOC) points, as well as the maximum power point (Vmp, Imp) are
shown too. The fill factor (FF) is given by the ratio between the large light rectangle (VOC XISC) and the
smaller dark one [2].
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Graphically, the FF is a measure of the "squareness" of the I-V characteristic (Figure

2.8). The FF is one of the parameters chosen for ‘calibrating’ the stability of solar
cells. The maximum theoretical FF from a solar cell can be obtained from the
derivative of the power generated by a solar cell with respect to the voltage.

Moreover, the FF has been empirically determined as follows [9]:

VGG In 1:1-::_-)5 | 0 ?2} (2 7)

FF =
.+1

The above expression shows that a higher FF corresponds to a higher voltage.
However, large variations in open-circuit voltage are relatively uncommon for
different materials, while the variation in maximum FF can be significant for solar

cells based on different semiconductors.

2.3.5 Efficiency

The efficiency is the most commonly used parameter to express the performance of a
solar cell. Efficiency is defined as the ratio of energy output of the solar cell to the
input energy from the sun, that is determined as the fraction of incident power which
is converted to electricity. Efficiency depends on the spectrum and intensity of the
incident sunlight and the temperature of the solar cell.
It has to be kept in mind that terrestrial solar cells are measured under AM1.5
conditions (more specifically under AM1.5G spectrum) at a temperature of 25° C.
Solar cells intended for space use are measured under AMO spectrum.
The expression of the efficiency of a solar cell is defined as:

=TS BT (2.8)
In terms of conversion efficiency, there are two competing effects regarding the

enhancement of solar cell performance. On one hand, in fact, the lower the band gap
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is, the more low energy photons the cell will absorb; as a result Jsc will rise.

However, low band gap diodes will have a large dark current due to the n;

dependence of the reverse saturation current, as shown by equation (2.2). So the

optimization of the band gap is required due to the competition between these

phenomena.

2.3.6 Characteristics resistance.

The characteristic resistance (Ry,) of solar cells is shown in Figure 2.9.

Current

inverse of slope is characteristic

resistance \

"
Rop = Tob
CH mp
Voltage

vﬂ[‘.

Figure 2.9: Characteristic resistance of a solar cell [2].

It is defined as the output resistance of the solar cell at its maximum power point. If

the resistance of the load is equal to the characteristic resistance of the solar cell, then

the maximum power is transferred to the load and the solar cell operates at its

maximum power point. It is a useful parameter in solar cell analysis, particularly

when examining the impact of parasitic loss mechanisms.

R, can be approximately expressed as the ratio between Voc and Igc:

p, = Ve (29)

'irS' C
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2.3.7 Effect of parasitic resistances.

In real devices, resistive effects reduce the efficiency of the solar cell due to power
dissipation in the parasitic resistances. The most common parasitic resistances are the

series resistance (R,) and the shunt resistance (Ry;) as shown in Figure 2.10.

series resistance Curment
NN

Rs f 3

shunt
I CT) ! resistance Violtage
RSH

Figure 2.10: Parasitic series and shunt resistances in a solar cell circuit [2].

If parasitic resistances are included, the diode equation (2.1) becomes:

IT'._V—R:E
I'=lg00s+ Loy — Ip = I {g nKgT — 1

VIR, . (2.10)
- L

+
Bsh

Series and shunt resistance depend on the geometry of the solar cell, at the operating
point of the solar cell. Since the value of resistance will depend on the area of the
solar cell, when comparing the series resistance of solar cells with different areas, it is
useful to express it as an area-normalized resistance (expressed in Qcm?). This area-
normalized resistance can be extracted by replacing the current with current density

in Ohm's law, as shown below:
R (Qem? = ; (2.11)

Series resistance in a solar cell arise from three phenomena:

¢ the movement of current through the solar cell;
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¢ the contact resistance between the metal contact and the active semiconducting
materials

e the resistance of the top and rear metal contacts.
The main impact of series resistance is to reduce the fill factor, although excessively
high values may also reduce the short-circuit current. Significant power losses caused
by the presence of a shunt resistance, Ry, are typically due to manufacturing defects,
rather than poor solar cell design. Low shunt resistance causes power losses in solar
cells by providing an alternative current path for the light-generated current. Such a
diversion reduces the amount of current flowing through the solar cell junction, thus
reducing the voltage across the solar cell (Figure 2.11 a). The effect of a shunt
resistance is particularly severe at low light levels, since there will be less light-
generated current. Therefore, the loss of current occurred due to the shunt resistance
has a larger impact in respect to Rs. In addition, at lower voltages, where the effective
resistance of the solar cell is high, the impact of a resistance in parallel is large. The
effect of Rgy, on the I-V curve is shown in (Figure 2.11 b). An estimation of the shunt
resistance value of a solar cell can be carried out from the slope of the I-V curve near

the short-circuit current point.

4.0 4.0
35 35 1000 Q-cm?
01 3.0 4
>0 150 Q-cm?
52.5 1 g2_5
E20 £, o
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Figure 2.11: Effects of (a) increasing series resistance and (b) reducing parallel resistance on the light I-V
characteristics of solar cells.
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2.3.8 Effect of temperature.

As it happens for all semiconductor based devices, solar cells are sensitive to the
environmental temperature. An increase of temperature reduces the band gap of a
semiconductor, thus affecting most of the semiconductor material parameters. The
decrease in the band gap of a semiconductor with increasing temperature can be
viewed as an increase of the electrons energy in the material. In a solar cell, the
parameter most affected by an increase in temperature is the open-circuit voltage. The

impact of increasing temperature is shown in the figure below (Figure 2.12).

4

lsc increases
slightly

high el

temperature
cell

-
Yoc decreases

Figure 2.12: Effect of temperature on the IV characteristics of a solar cell [2].

The open-circuit voltage decreases with temperature because of the temperature

dependence of . The equation for I from one side of a p-n junction is given by:

I, = qa 2o (2.12)

LNp

where q is the electronic charge, D is the diffusivity of the minority carrier, L is the
diffusion length of the minority carrier, Np, is the doping density and n; is the intrinsic
carrier concentration.
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In (2.12) many of the parameters have some temperature dependence, but the most
significant effect is due to the intrinsic carrier concentration, n;. The intrinsic carrier
concentration depends on the band gap energy. The expression for the intrinsic carrier

concentration is given by:

nt = 4(2*?5?) (m i )3/2 m(_% ) — ( Hu) (2.13)

where T is the temperature, h and k are Plank’s and Boltzmann’s constants, me and
mh are the effective masses of electrons and holes, respectively, Ey is the band gap
linearly extrapolated to absolute zero and B is a constant which is essentially
independent of temperature.

Substituting these equations back into the expression for Iy, and assuming that the

temperature dependencies of the other parameters can be neglected, n; is given by:

n? = 4(2"':§T) (s m)2 exp (~ 222) = B30 (- 222) 19

where B' is a temperature independent constant. The large variation of I, can be
understood if one thinks that for silicon solar cells near room temperature, I

approximately doubles if temperature increases by 10 °C.

The impact of Iy on the open-circuit voltage can be calculated by substituting the

equation for I into the equation for Voc as shown below:

KT (I\ KT KT¢ q gu) (2.15)
== — — | = — == —| — !
V.. . ln(fc..- . — [InI..—InIg] . l\lnfs,: InB" —yInT + T

where Egy = qVgo. Assuming that dVoc/dT does not depend on dIsc/dT, dVoc/dT can

be found as:
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d[;oc_ Voc = Va0 'i_‘" (216)
Y q

2.3.9 Ideality factor

The ideality factor of a diode is a measure of how closely the diode follows the ideal
diode equation. In practice, there are second order effects so that the diode does not
follow the simple diode equation and the ideality factor provides a way of describing
them. The ideal diode equation assumes that all the recombination occurs via band to
band or recombination via traps in the bulk of the device, that is out of the junction
depletion region. Using that assumption the ideal diode equation is expressed in

eq.(2.17) by n=1:

F=.F,3.(exp v 1) 1, (2.17)

Tl.i[{bT

However recombination occurs in a different way in the case of solar cells. These
recombination phenomena produce an ideality factors deviating from the ideal one.
From the ideal diode equation it is possible to find the ideality factors corresponding

to a particular recombination phenomenon, as indicated in Table II.1.

Recombination Type Ideality factor Description

SRH, band to band (low 1 Recombination limited by minority

S carrier.
level injection)

SRH, band to band (high 2 Recombination limited by both
level injection) carrier types.
Auger 2/3 Two majority and one minority

carriers required for recombination.

Depletion region (junction) 2 two carriers limit recombination

Table 2.1: Recombination type of solar cells
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2.4 CIGS Thin Film Solar Cells

CIGS based thin film solar cells show highest efficiency in such a class of solar cells
because of several aspects, both regarding the physical properties and the
technological impact. In detail, the possibility of varying the band gap between 1.04
eV and 1.68 eV, obtained by varying the Ga composition, allows obtaining the
opportune band gap for enhancing the absorption of most of the photons in the solar
spectrum; then, the thermal expansion coefficient of CIGS well matches that one of
SLG; furthermore, the carrier concentration in CIGS can be varied by controlling its
composition, without recurring to extrinsic doping processes, favoring thus the
arising of an abrupt junction between CIGS and the window layer; finally, the direct
band gap allows the manufacturing of very thin absorber layers, typically 1.2-2,5 um,
that is 100 times thinner than Si based solar cells.

The first point is of paramount importance, as the efficiency of cells depends on Ga
content. In principle an optical band gap of about 1.55 eV would be desirable, even if
it has been demonstrated that record efficiency can be found for lower band gap
CIGS based cells. In particular, for gallium concentration beyond x~0.26,
corresponding to a band gap of 1.22 eV, then the efficiency decreases because of an
increase of defects density due to Ga inclusions.

The prototype record showing the record efficiency(19.5-20.3%) is made of a series
of layers, listed starting from the substrate to the antireflective layer, as depicted in
Fig.2.12: SLG/Mo/CIGS (2.5-2.75 pum)/CdS (50-60 nm)/i-ZnO(90nm)/ZnO:Al
(120nm)/Ni-Al/MgF, (120nm). The film composition contains 0.8<Cu/(In+Ga)<0.95,
x~0.3 and band gap of 1.21-1.14 eV. The large grain size showed by CIGS favors the

enhancement of efficiency, while smaller grains reduce it up to about 15% [10].
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Fig.2.13: scheme of a high efficiency prototypal CIGC thin film solar cell.
It has been demonstrated that CIGS based cells with a low ideality factor and

saturation current Iy exhibit higher efficiency [11-12]. Moreover, typical values for
Rs and Rsh are 0.2-0.3 Qecm® and 10 KQecm’, respectively [11-12]. Large area
prototypes show that CIGS based cells exhibit a lower efficiency (13%) in the case of
about 50 cm” sized cells [13].

In view of the development of prototypes conceived for implementing the building
integration, further study on large area devices, fabricated in particular using

nonconventional substrates such as ceramics and cement, are required.
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3 Experimental techniques

3.1. Introduction

The experimental section is devoted to the introduction of all experimental techniques
regarding the steps that have been directly developed in this work thesis.

In detail, in section 3.2, Sputter Coating Technique employed for the back contact
(molybdenum) deposition, will be introduced. Photolithography, used for the
manufacturing of shadow masks (deposition of front contact) or for defining the
contact area, will be treated in Section 3.3. Section 3.4 will treat briefly the cleaning
procedure adopted for the control of substrate (SLG) properties and cleanliness, that
is Hydrogen Plasma Etching. The electrical characterization for the analysis of device
performance and properties, consisting in current-voltage (I-V) and capacitance-
voltage (C-V) measurements, will be discussed in section 3.5. Section 3.6 will be
focused on thermographic analysis of solar cells, aimed to display the presence of
shunts, that is detrimental factors in terms of device performance. Then, section 3.7
will treat briefly the technique employed for the film thickness measurements,
performed by means of a mechanical profilometer.

Finally, it is worth noting that no reference to cell fabrication on these substrates
because the surface quality achieved was not completely compatible with thin film

solar cell deposition.

3.2 Sputtering technique.

DC sputtering has been used for the molybdenum back contact deposition. Sputtering
is a thin films growth technique which allows both metallic (DC and magnetron
sputtering) and insulating (RF sputtering) materials to be deposited. This technique is

a vacuum process consisting in the transport of the material to be deposited (metal or
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insulating) from a source, called target, to a substrate (soda lime glass, ceramic,
cement, steel, semiconductor substrates) [1].

The apparatus used here is a DC system where vacuum is provided by a diffusive
pump that allows a background pressure of 10 mbar to be reached [2].

An inert gas is then introduced into the chamber, (generally Ar which has an atomic
mass comparable with that one of common metals), to achieve a pressure value
between 10" mbar and 10 mbar. The inert gas is ionized by applying a voltage
between the target (cathode) and sample holder (anode), so that the free electrons in
the chamber are accelerated. As a result, the reaction Ar + ¢ —Ar" + ¢ + e takes
place, producing positive ions Ar’. The second electrons produced upon Ag
ionization contribute to repeat the above process, until a gas breakdown occurs and a
discharge glow, that is a plasma, is produced. Second electrons play another
important role in sustaining the formed plasma, in contrast with the voltage drop
between cathode and anode followed by the discharge process. Typically, discharge
glows are produced for voltages of about 1KV in presence of gases at low pressure.
The target surface is then bombed with positive ions created and accelerated by the
potential difference itself (Figure 3.1 a). In this way. The collisions between ions and
the target cause an increase of atomic thermal energy amplifying the oscillatory
motion inside the crystal lattice.

When the kinetic energy (E.) of Ar ions is greater than the energy bond (E,) of atoms
in the crystal lattice, these ones are expelled from target (Figure3.1 b). The energy of
the expelled atoms is included between 1 eV and 10 eV and is greater than that
obtained by evaporation methods (where in order to obtain the same kinetic energy
values it’s necessary to operate at temperature greater to 10* °C). In this way, films

with a better adhesion on the substrate are deposited [2].
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Fig.3.1: a) Schematic sputtering vacuum deposition system b) Sputtering from a linear collision cascade [3].

In order to make the process efficient, a compromise between the electrodes spacing
(L) and the Ar pressure is required. In fact, if L is the anode-cathode spacing and P is

the gas pressure inside the chamber, the condition required to sustain the plasma is :
L*P>0.5 (cm*Torr) 3.1)

where P is expressed in Torr. Also the deposition rate R depends on gas pressure, but
this time a high chamber pressure imply a low deposition rate, as qualitatively R can

be expressed as [4]
R=1/L*P (3.2).
In particular, the mean free path of atoms A at a pressure P is generally expressed as:
A~5%107/P(Torr) (3.3),

so the condition for sustaining the plasma, considering an electrode spacing of some
centimetres, generally corresponds to a mean free path causing hundreds collisions
before reaching the target, resulting thus in a reduced deposition rate. All these
features imply that the choice of this technique allows a thin film deposition only at
low deposition rates. Other techniques such as magnetron sputtering , if required,

allow to deposit films at higher deposition rate.
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3.3 Photolithography

Photolithography, generally named optical lithography or UV lithography, is a
technologic process adopted to transfer some pattern on the surface of a
semiconductor. In particular, photolithography exploits light in order to transfer a
geometric shape drawn on a mask to a thin layer made of a light-sensitive material
(photoresist, PR, or simply resist) covering the surface of a substrate or the surface of
a semiconductor upon some chemical treatments. The pattern in the etching resist is
created by exposing it to light, both using a mask projecting the image on the resist or
directly. Subsequent etching procedures allow obtaining the desired shape on the

surface [5].

Photolithography is extremely important due to its very high resolution suitable to
create very small sized patterns, up to tens of nanometers (that is below micrometric

scale), with a precise control over both shape and size [5].

As far as the PR is concerned, generally this material is a light sensitive liquid used to
form thin film. There are several types of PRs. The main property of a PR is that it
changes chemically when exposed to a high energy light source. The chemical
reaction taking pace on its surface is different in various resists, but generally, all
resists become either more (positive resist) or less (negative resist) acidic.

For positive resists, the resist is exposed with UV light wherever the underlying
material is to be removed. In these resists, exposure to the UV light changes the
chemical structure of the resist, rendering it more acidic, so that it becomes more
soluble in the developer (in principle alkali solutions). The exposed resist is then
washed away by the developer solution, leaving windows of the bare underlying
material. Negative resists behave in just the opposite manner. Exposure to the UV
light causes the negative resist to become polymerized, and more difficult to dissolve.
Therefore, the negative resist remains on the surface wherever it is exposed, and the

developer solution removes only the unexposed portions. Masks used for negative
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photoresists, therefore, contain the inverse (or photographic "negative") of the pattern
to be transferred. In this work thesis, a popular positive PR, S-1813 (Microposit), has
been used.
The steps involved in the photolithographic process are wafer cleaning, photoresist
application, soft baking, mask alignment, exposure and development, and finally
hard-baking.
In the first step, the wafers are chemically cleaned to remove particulate matter on the
surface as well as any traces of organic, ionic, and metallic impurities (the cleaning
procedure will be described in the next section).
After cleaning, the PR is deposited on the substrate using spin coating technique.
The Spin coating produces a constant thickness of PR, Tpg, across the sample. The
thickness of the PR is inversely proportional to the square root of the spin coater
speed (expressed in RPM) [6]:

Tpr~I/NRPM  (3.4)
Since the total energy needed for exposure is dependent of the thickness of the film,
for high resolution a thin and smooth film is necessary.
After PR deposition, soft-baking makes the PR sensitive to UV light by removing the
solvent component of the PR. Because the solvent is now mostly removed, the
thickness of the PR is usually decreased by about 25 % [6]. A short prebake will
prevent UV light from reaching the photo active component of the PR due to an
excess of solvent remaining in it. Over-baking the sample, instead, will increase the
sensitivity to UV light and, in severe cases, may destroy the photo active component
and reduce the solubility of the PR in the developer. for s-1813 soft-baking is carried
out at 110°C.
One of the most important steps in the photolithography process is mask alignment.
A mask or "photomask" is a square glass plate with a patterned emulsion of metal
film on one side. The mask is aligned with the substrate, so that the pattern can be

transferred onto its surface.
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The next step is exposing the sample to UV light, using a mask to create both
exposed and unexposed portions of PR. The areas that are exposed to the UV light
will undergo the chemical reaction which allows the photoresist to be soluble in the
developer. This process is of paramount importance in photolithography in order to
let it be an efficient process. In this respect, it is important to expose the PR correctly
in terms of the right amount of time. If PR is exposed for a short time, then it will not
react enough with light and there will be some areas of resist not removed after the
development procedure (Figure 3.2 a). On the other hand, long exposure could make

the protected areas exposed due to diffraction and focus resolution (Figure 3.2 b).

T 11

e, T e T 700
7 A e

Exposed areas

Substrate

Under exposure

Figure 3.2: Drawbacks caused by under exposure (a) and long lasting exposure (b) to UV radiation.

The development allows obtaining the removal of unexposed PR. Again, the choice
of the right development-time is important in order to overcome some limitations. In
fact over-development causes the removal of less acidic parts too, even if they are

removed slower. This causes the effect depicted in Figure 3.3.
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Figure 3.3: drawbacks caused by incorrect development-time.

Developers originally often contained sodium hydroxide (NaOH), but Metal-ion-free
developers such as tetramethylammonium hydroxide (TMAH) are now used. For S-
1813, the developer MF321 is used.

Hard-baking is the final step in the photolithographic process. This step is necessary
in order to harden the photoresist and improve adhesion of the photoresist to the
wafer surface.

3.4 Plasma Etching: surface cleaning procedure.

Plasma cleaning involves the removal of impurities and contaminants from surfaces
through the use of an energetic plasma created from gaseous species. Gases such as
argon and oxygen, as well as mixtures such as air and hydrogen/nitrogen are used.
The plasma is created by using high frequency voltages (typically kHz to >MHz) to
ionize the low pressure gas (typically around 1/1000 atmospheric pressure), although

atmospheric pressure plasmas are now also common [7].

In a plasma, gas atoms are excited to higher energy states and also ionized. As the
atoms and molecules 'relax' to their normal, lower energy states they release a photon

of light, this results in the characteristic “glow” or light associated with plasma.
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Different gases give different colors. For example, oxygen plasma emits a light blue

color.

A plasma’s activated species include atoms, molecules, ions, electrons, free radicals,
metastables, and photons in the short wave ultraviolet (vacuum UV, or VUV for
short) range. This 'soup', which incidentally is around room temperature, then

interacts with any surface placed in the plasma.

If the gas used is oxygen, the plasma is an effective, economical, environmentally
safe method for critical cleaning. The VUV energy is very effective in the breaking of
most organic bonds (i.e., C-H, C-C, C=C, C-0, and C-N) of surface contaminants.
This helps to break apart high molecular weight contaminants. A second cleaning
action is carried out by the oxygen species created in the plasma (O,", 0,7, O3, O, O,
O, ionized ozone, metastable excited oxygen, and free electrons). These species
react with organic contaminants to form H,O, CO, CO,, and lower molecular weight
hydrocarbons. These compounds have relatively high vapor pressures and are
evacuated from the chamber during processing [6]. The resulting surface is ultra-

clean.

If the part to be treated consists of easily oxidized materials such as silver or copper,
inert gases such as argon or helium are used instead. The plasma activated atoms and
ions behave like a molecular sandblast and can break down organic contaminants.
These contaminants are again vaporized and evacuated from the chamber during

processing.

3.5 Electrical characterization: I-V and C-V measurements.

The current-voltage characterization was performed to test the rectification properties
of the heterojunctions and the efficiency of the cells. The measurements were carried
out by a Keithley 2635 Source Measure Unit which allows to generate current in the
10"°-10° A range and to measure the voltage drop at the ends of the device. The
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automatic acquisition of the IV data is driven by a home-made software. The IV
characteristics are obtained by increasing the current step by step and by measuring
the corresponding voltage values. The program allows the operator to determine,
through the fitting of the IV characteristic, the saturation current and the ideality
factor. Moreover by the analysis of the slope of the forward characteristic it is
possible to have information about the main transport mechanisms through the

junctions.

The measurements were performed both in the dark and under illumination using a
Abet sun 2000 solar simulator (1.5 AM 25°C). From the IV characteristic under
illumination we determined the open circuit voltage, the short circuit current, the fill

factor and the efficiency of the cell.

Capacitance versus voltage measurements were carried out to obtain information
about the free carrier concentration profiles in the CIGS active layer, that is in the

less doped region of the n+ZnO/CdS/p-CIGS heterojunction.

It is well known that for a n+/p heterojunction, the free carrier acceptors profile p(x)

1s given by:

p(x)=2e/q [d(1/CH/AVT" (3.5)

where C is the capacitance of the junction, e the dielectric constant of CIGS and x

[(x=W(V), W=depletion layer width] the distance from the junction interface .

However, C depends not only on the free carrier density, but also on the deep levels
present in the space charge region of the junction. Indeed, when the deep levels are
able to respond to the sinusoidal test signal, the measured capacitance C increases

owing to the induced charge variation at the crossing point between the deep level
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and the Fermi level. The increase of capacitance is proportional to the deep level
concentration and depends on the energy level position into the gap. In these
conditions the p(x) profiles, determined on the basis of the previous formula, are no
more correct and reliable p(x) profiles can be determined only provided that
measurements are performed by using a test frequency 2n® much higher than the
carrier emission rate of the deep levels . Taking into account that the emission rate
increases exponentially with increasing temperature, the above conditions can be
obtained by decreasing the cell temperature and/or by increasing the test signal

frequency.

In order to check the presence of deep levels in the depletion region of the junction
and to fix the test frequency, preliminary capacitance versus frequency measurements
(500 Hz-5 Mhz) at different temperatures were carried out. When no deep level or
deep levels in very low concentration are present, the capacitance vs frequency
remains constant and the capacitance (and as a consequence the p(x)) can be correctly
measured at any frequency. In case of strong variations of C vs f, as it is commonly
observed in CIGS —based solar cells, it is necessary to perform the measurements at
low temperature and high test frequency, in a range of frequency where the
capacitance remain constant and the time response of the deep levels is much longer

than the period of the sinusoidal signal.

3.6 Transfer Length Method for contact resistance analysis.

Contact resistance Rc is considered an important figure of merit to evaluate the
quality of an ohmic contact. If the specific contact resistance is not negligible and the
current density through the area of the contact is not uniform due to the current
crowding mechanism, the current tends to flow in the region with lower resistance.

So an accurate measurement of the contact resistivity p. is required.
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This measurement can be performed by using the so called Transfer Length Method
(TLM) [8]. To this aim a set of parallel contacts are prepared on the CIGS film and
the resistance is measured between adjacent contacts. According to this method, the
measured resistance R is given by:

R=2Rc+p,L/'W (3.6)
where Rc is the contact resistance, p;is the sheet resistivity of the CIGS film, L is the
distance between two contacts and W is the contact width.
R is then a linear function of L, so Rc can be obtained from equation (3.6) by
extrapolating the R vs L straight line to L=0. Similarly, from the slope dR/dL it is
possible to estimate p, while for R=0 one obtains (Figure 3.4):

L=-2RcW/ p=-2\p. py/ ps=-2A (3.7)

where p, is the contact resistivity and A=\(po/Nps).

R,

i

2R,

—2A L

Fig 3.4: resistance values extrapolated using Ohm’s law from recorded I-V curves vs. contact spacing [9].

3.7 Thermography.

Thermography is a technique suitable to be employed with the aim of analyzing
shunts in solar cells [10]. Shunts in solar cells are a detrimental factor, dramatically
reducing the device efficiency, consisting in structural defects where a strong power
dissipation (and a consequent temperature increase) occurs due to a local increased

current flow. The origin and the nature of shunts will be treated in detail in section 7.
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The principle on which thermography operates is based on the fact that the matter
emits radiation when its temperature is higher than 0 K [10].
The amount of emitted power depends on the temperature of the object, according to
Stefan-Boltzmann equation:

W =¢ecT4 (3.8)
where W is the emitted power, ¢ is the emission coefficient of the object, ¢ the
Stefan-Boltzmann constant and T the temperature of the object expressed in Kelvin.
It is clear that the higher is the object temperature, the more thermal energy is
emitted. So, by collecting infrared images, it is possible to build a temperature map of
a sample, showing the local distribution of temperature over the sample surface.
Even if infrared radiation is invisible to the human eye, due to its long wavelength,
infrared images can be produced by using an infrared camera detecting the radiation
and converting, then, it into an electric signal. The signal is then processed to produce
an image where different colors correspond to different temperatures.
It is clear that infrared radiation can be collected by the camera from the ambient, so
that some radiation can be reflected from the sample surface. For an opaque material,
the emission coefficient ¢ and the reflectance p are linked by the formula:

e+p=1 (3.9),

so a higher emission coefficient results in a better infrared image, being the
reflectance reduced for high emission coefficients[8]. Moreover, for a better imaging

it is required that the emission coefficient is uniform over the whole surface too.

3.8 Thickness measurements: profilometry.

The thin film thickness and the surface roughness were measured using a contact
mechanical profilometer.
Contact profilometers are generally made of a diamond stylus that is first positioned

in contact with the sample surface and then laterally moved while measuring the
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vertical stylus displacement as a function of position, which allows the surface
roughness to be determined. A typical profilometer can measure vertical features with
a resolution that can exceed 1 nm. The lateral resolution is controlled by the scan
speed and is limited by the diamond stylus radius that in different systems ranges
from 20 nm to 50 pm, The stylus tracking force can range from less than 1 to 50 mg.
This technique is direct and it does not require any modelization for data analysis,
Film thickness can be determined by measuring the height of the step obtained by

locally removing the film to be measured.
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4.Back contact molybdenum on SLG substrate

4.1 Molybdenum back contact

Cu(InxGa; x)Se, (CIGS) thin film solar cells usually use molybdenum as the back
contact electrodes in solar cell devices. The properties of thin film Mo is crucial for
the performance of the solar cells based on CIGS[1].

The Mo is a transition element (group 6) with atomic number 42. In pure form Mo is
a silver grey metal with Mohs hardness of 5.5. It has a melting point of 2623 °C, and
it has one of the lowest coefficients of thermal expansion( 5x10° K') among

commercially used metals [2].

I.-”.::—!?\I .
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Figure 4.1: Molybdenum crystal structure body centered cubic [3].

A variety of metal/CIGS contact have been investigated, considering Mo [4-8], Au[4-
6-8,9], Pt[ 4-5,8], Al [6,10-11], Ni [6,7,9], Ag [6] and Cu [6]. Mo, Pt, Au and Ni back
contacts show fairly reproducible low contact resistance to CIGS. However Au and Pt
show a significant diffusion into CIGS film at 600°C, while the Mo at the same
annealing treatments temperature has a much lower diffusion through CIGS absorber
layer. Mo is preferable compared to Ni, Al, Pt because it is resistant to corrosion due
to Se an S. The resistivity of Mo layer is one order of magnitude higher than bulk (5.5
x 10° Q-cm).

Generally Mo back contact form a Schottky barrier to the CIGS absorber, but [12] it
was shown that during CIGS deposition the Mo/CIGS contact becomes ohmic
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because of a reaction between Mo and Se which leads to the formation of a MoSe,
layer.

It was reported that properties of Mo films deposited by dc-magnetron sputtering
depend on the sputtering parameters used such as Ar pressure and sputtering current
[13,14,15]. In particular Mo films sputtered with high argon pressure are dense and
under tensile stress, they adhere well to the glass but they have high resistivity, while
those sputtered at low argon pressure are under compressive stress, they show porous
microstructures, they have low resistivity but they adhere poorly to the SLG
substrate. Thus single Mo layers don’t show at the same time good adhesion and low
resistivity. Scofield [13] proposed a procedure to realize two-layers Mo films
changing Ar pressure during sputtering deposition. The first layer was deposited at
high Ar pressure (10 mTorr) to obtain a good adhesion onto SLG substrate, while the
second layer was deposited at low pressure (I mTorr) to have a film with low
resistivity. These bilayer films passed the tape-test for adhesion and have low

resistivities (12- 15 uQ cm).

Mo thin films were deposited also using sputtering RF by Jubault et al [16] who
confirmed the importance of a high pressure deposited adhesive layer in DC mode,
while RF sputtering permits to overcome elimination problem for a wide range of
pressure. Furthermore, the influence of the pressure over the physical properties of
the molybdenum was stronger in DC sputtering, while in RF sputtering, electrical and
optical properties of the films are less influenced by the process parameters.

Mo films obtained by e-beam evaporation [17-18] show a dense, tightly packed,
small-grain microstructure which results in lower CIGS solar cell efficiencies
compared to sputtered Mo due to the reduced Na diffusion from the SLG to the CIGS

absorber.
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4.2 Experimental details

Mo thin layers were prepared onto 2.5 cm x 2.5 cm X 1 mm soda lime glass (SLG)
substrate using an Edwards Auto 306 DC sputtering system at different working Ar
pressures, currents and powers. Before metallization SLG substrates were cleaned by
sonicating in soap and deionized (DI) water, rinsing in hot acetone and ethanol and
drying in nitrogen flux. Finally the SLG surface was treated with H, plasma at 60
mTorr for 10 minutes.

The distance between the Mo target (99.95 % Testbourne Ltd, 3- inch diameter, 12.7
mm thick) and the SLG substrate was 15 cm. The following process was used for
deposition of all Mo thin layers. The sputtering chamber is evacuated by rotative +
diffusive pumps system to 6 x 10 mbar. The Ar was then introduced into chamber
using a needle valve that allowed the pressure to be maintained at the desired value
during the deposition process. We have deposited several Mo layer varying working
Ar pressure from 4.4 x 10 ~ mbar to 2.1 x 10 mbar, and varying current sputtering
from 0.4 A to 0.95 A. Sample thickness was not measured directly, but based on
calibration run was deposited a nominal thickness of 171 nm for Mo thin film

monolayer and 360 nm for Mo thin film bilayers.

4.2.1 Mo film thickness measurement

Mo thickness layer was carried out using wet chemical etching, using
photolitography pattern test. The films deposited was measurement using Alpha step
profiler. On a 25 x 25 mm SLG substrate , by photolitography,a pattern has been
realized; it will be after removed by chemical etching.

So we removed a part of Mo film and it was possible to measure the thickness
between the Mo film and the glass. The necessary steps to realize test films are

shown in fig. 4.2.
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Figure 4.2: Steps measurement Mo film thickness
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We made chemical attack proofs on a Mo film using different solutions to define the

best attack resolution for a complete Mo removing.

1) HCI 37% + H,O solution ratio 1:1
2) HNO; 65% + HCI 37% solution ratio 1:1
3) Br, 0.2 M + KBr 0.1 M solution ratio 1:1

Solutions 1 and 2 weren’t adequate because the first didn’t shown a significant
chemical attack, the second one shown an etching rate higher than 3,but at same time
it has provoked a photoresist deterioration causing the complete Mo film removal on
the total surface. Number 3 revealed to be the best. Etching rate ~1 nm/sec allows to

remove Mo from the area which is exposed at photolithographic processes.
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Figure 4.3: Etching time Vs thickness Mo film
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3 -2 2
Ar pressure —» 4.4x10 mbar 1.3x10 mbar 2.1x10 mbar
Current

!

390 nm
0.4 A 0.1 nm/s
08 A 200 nm 385 nm 660 nm
) 0.4 nm/s 0.3 nm/s 0.2 nm/s
215 nm 400 nm
0.95 A 0.5 nm/s 0.35 nm/s

Table 4.1: Deposition rate measured during the metallization and thickness of the Mo film determined by

profilometry. For all the samples a nominal Mo thickness of 170nm was deposited.

At a given Ipcs (e.g. 0.8 A), incresed Ar P [13].increasing P the thickness increases in

2
consequence of the film porosity increasing At a given pressure (e.g. 1.3x10 mbar)

the deposition rate increases with Ipcs .

The morphological and structural characterization of Mo layers deposited with
different Ar pressures and different currents was carried out using atomic force
microscopy and Philips PW 1850 a diffractometer (XRD) with Goebel
monochromator with resolution 0.001°.

The layer sheet resistance was measured using four probe measurement system in the
van der Pauw configuration [19].

The Mo thickness layer was carried out using an alpha-step profilometer. The

adhesion of Mo layer to SLG substrate assessed using tape test.
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4.3 Results and discussion
4.3.1 Structural and morphology Mo thin layer

The first Mo thin film monolayer sample was deposited at high Ar pressure (1.3 x 10°
> mbar) at 0.95 A DC sputtering current (Ipcs), without heating, to have a good
adhesion onto SLG substrate. The Mo thickness film is 400 nm. Preliminary Bragg-

Brentano measurements were carried out and the intensity of the Mo main peak was

determined.
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Figure 4.4: XRD spectra Mo thin film prepared at 1.3 x 107 mbar with sputtering current of 0.95 A.

Figure 4.4 shows the XRD of a Mo thin film with (110) preferred orientation typical
of cubic system [13]. Also other orientations in particular (221) and (220) are present
and confirm that film obtained are Mo. The secondary phases are not present and in

particular we do not observe MoO; which would make insulating film [20].
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Figure 4.5: Cross-section HAADF STEM images of CIGS solar cell made IMEM (a) and (b) Mo film
bilayers.

The microstructure and morphology of Mo film bilayers deposited was examined by
high-angle-annular-dark-field scanning transmission electron microscopy (HAADF

STEM).

In fig. 4.5 is shown a section of CIGS/Mo/SLG structure. It was deposited a bilayer
film Mo back contact. The first layer was deposited at 1.3 x10 > mbar Ar pressure
with a normal thickness of 50 nm. The second layer was deposited varying the Ar
pressure during the deposition up to a value of 4.4 x10 ~ mbar up to a thickness of

350 nm.

TEM cross-section images reveal:
¢ good adhesion of first Mo layer on SLG substrate.
¢ CIGS/Mo interface with no defects

® Good columnar structure of Mo films
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Mo films grown at different Ar P show a different structure and morphology due to

differences in film porosity during deposition.

Real thicknesses are 118 nm (1 layer) and 440 nm (second layer) according with
thickness measures obtained at the profilometer. Dimensions of grains are from 20 up

to 45 nm.

4.3.2 SLG substrate cleaning

Although bilayer Mo films are used as the first layer deposited at high Ar pressure
favours Mo adhesion, back contacts were not found to systematically adhere to the
SLG substrate. To achieve a reproducible and reliable Mo adhesion we considered

different substrate preparation methods.

Two different cleaning procedures were used (table 4.2):

Treatment 1: substrates were rinsed in hot polar aprotic acetone and polar protic
ethanol, sonicated in water soap solution, washed in deionized water and finally dried
in blowing nitrogen. This procedure is expected to eliminate the possible presence of
organic traces on glass surface by the use of organic solvents (polar aprotic acetone
and polar protic ethanol).

Treatment 2: substrates were, sonicated in water soap solution, washed in deionized
water, rinsed in hot polar aprotic acetone and polar protic ethanol and finally dried in
blowing nitrogen. This process is characterized by the initial use of water with soap
in an ultrasonic bath, followed by rinsing in hot organic solvents, contributes to
eliminate organic residues on the surface, taking advantage of the high ethanol

volatility during drying.
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Treatment A

Treatment B

rinsing in hot Acetone
rinsing in hot ethanol
sonicating in soap solution

sonicating in deionized

water

drying in N,

sonicating in soap solution

sonicating in deionized

water
rinsing in hot Acetone
rinsing in hot ethanol

drying in N,

Table 4.2: Treatments used to prepare the SLG substrates

2

Samples were then metallized in an Ar pressure of 1.3x10 mbar using Ipcs=0.8 A. A

non-treated sample previously metallized was considered for reference.

Sample Name (A) (B) (©)
Treatments None Treatment 1 Treatment 2

Incs (A) 0.5 0.95 0.95

Tape test --- Fail Pass

Table 4.3: Summary of treatments on SLG Vs Mo film adhesion

The Mo film does not adhere at all on the untreated sample (Figure 4.6 A), a major

problem that prevents adequate adhesion being the presence of organic contamination

on the surface. For sample B the adhesion is not sufficient to pass the tape test

(Figure 4.6 B), while in sample C , adhesion was very good, even if it was found that

results were not fully reproducible and metallization must be performed not later than

few days after sample cleaning.
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Figure 4.6: Mo film adhesion onto samples A, B and C.

Aiming at overcoming this problem, the aging effect was studied considering samples
treated following different procedures where, after the same preliminary cleaning
(sonication in soap solution followed by sonication in deionized water), sample were
treated according to processes reported in Table (4.2). After fixed time intervals
substrates were then Mo metallized by a bilayer film (Ipcs=0.95A), where the first
layer was deposited in 1.3x 10 mbar and the second in 4.4 x 10~ mbar Ar pressure.
Adhesion was assessed by tape test soon after metallization. Figure 4.7 shows that up
to 3 days after treatment good adhesion is obtained for all the samples. When time
between treatment and metallization increases tape test on samples C ad D fails,
while after 60 days adhesion is still very good only for the hydrogen treated sample.
This suggests that usual and cheap solvent cleaning is effective in giving good Mo
adhesion if substrates are metallized soon after cleaning, while hydrogen plasma
treatments is the best suited for stable SLLG substrates that can be successfully

metallized even two months after treatment.
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Sample Treatment

C rinsing in hot acetone for 30 s
rinsing in hot ISOH for 30 s

drying in blowing nitrogen

D rinsing in hot ISOH for 30 s

drying in blowing nitrogen

E Drying in blowing nitrogen

H; plasma (600s, 100mTorr, 100W)

F Drying in blowing nitrogen

O, plasma (600s, 100mTorr, 100W)

Table 4.4: Processes used after preliminary cleaning

B TreatmentC

B TreatmentD

B TreatmentE

Pass B TreatmentF
(-
QO
(7]
(b}
e
©
4y}
=

Fail
1 3 7 14 30 60

Days after SLG treatment

Figure 4.7: success or failure of tape test for adhesion on samples treated as described in text. Intermediate
results between “pass” and “fail” represent partial removal of the Mo film.
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4.3.3 Influence of the working Ar pressure

The influence of the Ar pressure on Mo film morphology has been discussed above,
pointing out that a low Ar pressure gives a compact layer, while high Ar pressure
results in a porous film. We studied by AFM the surface morphology of Mo films
deposited at different Ar pressure. Figure 4.8 shows the AFM images of three Mo
films grown at different work pressures (see Table 4.5), at constant current (0.8 A). It

is noticeable that surface roughness increases with Ar pressure (Figure 4.9), while

grain size decreases.

Sample (A) (B) ©)
Working pressure (mTorr) 33 9.8 15.7
dare la P, in mbar
Surface roughness (nm) 1.09 2.20 12.58

Table 4.5: Variation of the surface roughness as a function of the working Ar pressure.
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(A)

(B)

©

Figure 4.8: AFM images of Mo single layers obtained at different working Ar pressure: (A) 3.3
mTorr, (B) 9.8 mTorr, (C) 15.7 mTorr. Ipcs=0.95A, nominal thikness=170 nm

This leads to increasing porosity with the consequent increase of the film thickness.
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Figure 4.9: Roughness profile of Mo single layers obtained at different working Ar pressure: (A)
3.3 mTorr, (B) 9.8 mTorr, (C) 15.7 mTorr. Ipcs=0.95A

As consequence of the influence of the Ar pressure on Mo morphology, Ar pressure
is expected to affect also the Mo resistivity, which contributes to the cell series
resistance. The attractive force ( e.i. tensile forces between these grains) is inversely
proportional to the intragranular space. At pressure decreasing we have a lower
scattering of atomic species and so a film with a lower porosity because the area
among Mo grains is smaller. When we have high pressure, the Mo film porosity
increases and with it the thickness of obtained film too (about 600 nm)at the same
current deposition conditions and times. The porosity increase can cause impurities
incorporation of O2 and H2 and water vapour that can cause a structural

morphological film modifications.
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