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In the early 19t century, industrial revolution was fuelled mainly by
the development of machine based manufacturing and the increased use of
coal. Later on, the focal point shifted to oil, thanks to the mass-production
technology, ease of transport/storage and also the (less) environmental

issues in comparison with the coal!!

By the dawn of 21st century, due to the depletion of oil reserves and
pollution resulting from heavy usage of oil the demand for clean energy was
on the rising edge. This ever growing demand has propelled research on
photovoltaics which has emerged successful and is currently being looked
up to as the only solace for meeting our present day energy requirements.
The proven PV technology on commercial scale is based on silicon but the
recent boom in the demand for photovoltaic modules has in turn created a
shortage in supply of silicon. Also the technology is still not accessible to
common man. This has onset the research and development work on
moderately efficient, eco-friendly and low cost photovoltaic devices (solar
cells). Thin film photovoltaic modules have made a breakthrough entry in

the PV market on these grounds.

Thin films have the potential to revolutionize the present cost
structure of solar cells by eliminating the use of the expensive silicon wafers

that alone accounts for above 50% of total module manufacturing cost.

Well developed thin film photovoltaic technologies are based on
amorphous silicon, CdTe and CulnSe.. However the cell fabrication
process using amorphous silicon requires handling of very toxic gases (like
phosphene, silane and borane) and costly technologies for cell fabrication.
In the case of other materials too, there are difficulties like maintaining
stoichiometry (especially in large area films), alleged environmental

hazards and high cost of indium. Hence there is an urgent need for the



development of materials that are easy to prepare, eco-friendly and

available in abundance.

The work presented in this thesis is an attempt towards the
development of a cost-effective, eco-friendly material for thin film solar cells
using simple economically viable technique. Sn-based window and absorber
layers deposited using Chemical Spray Pyrolysis (CSP) technique have been

chosen for the purpose.

Chapter 1 of the thesis outlines some general aspects of photovoltaics,
with an elaborate description of thin film solar cells. Role of different layers
of thin film solar cell has been described here in detail. This chapter gives a
vivid description of various absorber layers which are presently in the
frontier areas of thin film based photovoltaic devices, both at research and
lab level. The necessity for finding out new and better alternatives for these
materials has been discussed in this chapter. Following this, a review giving
the importance, applications and history of Tin Sulfide thin films is also

presented.

Chapter 2 deals with various material characterization techniques
which have been used for the work, giving a concise account on the relevant
theory behind each technique. This chapter also consists of a brief
description on the fabrication, standardization and working principle of the
indigenously developed automated coating unit used for depositing thin
films for the work along with a note on the versatility of CSP technique. A
brief note on the thermal evaporation technique is also included in this
chapter as it has been employed in the work for the electrode deposition and

ex-situ metal diffusion.

In Chapter 3, deposition of uniform p-type and n-type SnS films using
CSP technique has been elaborated. Optimization of various deposition
parameters like distance between the spray head and the substrate,
substrate temperature, spray rate, concentration of the anionic and cationic

precursor solutions, their molarity, and atomic ratio for obtaining single-



phase, p-type, stoichiometric, SnS films with direct band gap have been
discussed in detail. By adjusting certain deposition parameters we could
also obtain n-type SnS thin films which facilitate the possibility of
fabrication of SnS homojunction. Conditions required for the deposition of
highly photosensitive SnS thin films are also described under this section.
Here we have comprehensively evaluated the results obtained from
structural, optical, electrical, transport, compositional and morphological
analyses of these samples employing various techniques. This chapter also
includes surface scanning of the samples performed using photo thermal
deflection analysis. The optimized deposition parameters required for
growth of other binary sulfide phases of tin such as SnS;, SnoS; are also

included in this chapter.

Chapter 4 deals with the engineering of structural, optoelectronic and
morphological properties of SnS films so as to make it more suitable for
photovoltaic device fabrication. Two entirely different techniques have
been adopted for this purpose. The first one is an ‘ex-situ” technique called
“Ex-situ diffusion” in which Sn atoms were thermally diffused into the SnS
films. This was done by depositing a layer of Sn metal over SnS films
followed by annealing of the Sn/SnS bilayer at 100°C in high vacuum for 30
min. The key achievement of this work is that, without altering the band
gap, properties could be optimized for proposed photovoltaic application.
Second half of this chapter deals with improvisation of properties of SnS
films employing an ‘in-situ” technique (by controlling the pH of the
precursor by adding NH4Cl) where we have avoided all the post deposition
treatments. From this study we could understand that there is an optimum
value for pH (~2) to obtain device quality SnS thin film. The remarkable
achievements include band gap engineering and reduction of resistivity by
three orders (to ~6x102 Q.cm) with considerable enhancement in the

crystallinity.

Exploiting the potential of a new material for photovoltaic

applications requires an extensive (and mandatory too) analysis of the



defect levels. In Chapter 5, Photoluminescence (PL) technique has been
employed to probe in detail, the origin of various defect levels in the SnS
thin films. Various defect levels within the band gap could be identified
and we could propose a comprehensive energy band diagram of SnS thin
films for the first time. The potential of these tailored SnS films for
fabricating photovoltaic junction was demonstrated through trials on
junction fabrication having the structure, ITO/n-type Window layer/p-
SnS/electrode. The work has been found to be promising as we could obtain

photovoltaic shift when illuminated with sunlight.

Chapter 6 gives in a nutshell, the main results and conclusions arrived

at. The future outlook has also been briefly discussed.
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1.1 Introduction

Life of the sun can be practically considered to be infinite and it is
radiating its energy in all possible directions. A part of this energy is
falling on our earth too. When sunlight strikes a solar cell, the incident
energy is directly converted into clean electricity without any mechanical
movement, any fuel and any exhaust or other byproducts. Interest in
photovoltaics has grown rapidly during the past few decades. The
importance of alternative / renewable energy sources is being fully
accepted due to its significance as energy source in replacing oil and coal
and the ecological reasons. Because of these reasons there is very strong
and focused research and development works in the field of photovoltaics

going on all over the world.
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Chapter - 1

Solar cell or photovoltaic cell is nothing but a p-n junction. When
photons with energy greater than or equal to the band gap of absorber
material impinges on the cell, electrons are excited from the valence band
to the conduction band in the absorber. Once electron-hole pairs are
created, the electrons cross the junction to go from p to n region while the
holes move from n to p region, releasing their energy before recombining
with each other. In other words, the electron-hole pairs, which are within
one-diffusion-length from the built-in electric field of the junction, are
separated giving rise to a ‘photo voltage” and photo current. The junction

can be usually homojunction, hetero junction or Schottky barrier [1].

Performance of any solar cell is intimately related to the properties of
the material of which they are made [2]. Even though materials that exhibit
properties suitable for photovoltaic applications are many, environmental
friendly material or devices capable of converting solar power to electrical
energy with moderate efficiency at low cost and possessing high stability

under operation are very few.

History of photovoltaics goes back to the nineteenth century, when
Becquerel discovered (in 1839) photo voltage produced by the action of
light on an electrode in an electrolyte solution [3]. Table 1.1 shows the

notable events in the history of photovoltaics since then.

) Department of Physics, (USAT



Significance of absorber layer in thin film solar cells

Table 1.1 Notable events in the history of photovoltaics.

Year | Scientist/ group Country Achievement Ref.
7839 | Becquerel France Discovers photovoltaic effect in liquid electrolytes 3
1873 | Smith UK Discovers photoconductivity of solid Se 4
1877 | Adams and Day UK The first observation of PV effect in solids 5
1883 | Fritts USA makes first large area solar cell using Se film 6
1954 | Bell Lab USA First 6% efficient solar cells : Si 7
1954 | Air Force USA First thin film solar cells : Cu2S/CdS 8
1955 |Hoffman Electronics | USA 2% efficient Si PV cells at $1500/W 9
1955 |RCA USA GaAs cell with 6% efficiency 10
1958 | NASA USA Launches Vanguard satellite with Si backup solar array 9
1960 |Hoffman Electronics | USA offers 10% efficient Si PV cells 9
1963 | Sharp Corp Japan produces first commercial Si modules 9
1966 | NASA USA Launches satellite with 1 kW solar cell array 9
1970 | Alferov, Andreev USSR First GaAs heterostructure solar cells "
1972 | IEEE First PV conference with a session on terrestrial applications 9
1973 | University of USA World's first solar powered residence built with CuzS (not ¢-| 9
Delaware Si!) solar modules
1974 Japan Project Sunshine initiated in Japan to foster growth of PV| 9
industry and applications;
1974 | Tyco USA grows 2.5 cm wide Si ribbon for photovoltaics, first alternative| 9
to Si wafers
1975 |Hovel USA First book dedicated to PV science and technology 9
1979 USA First thin-film solar cell > 10% using Cu2S/CdS 12
1981 KSA 350 kW Concentrator array installed 9
1982 CA,USA First 1 MW utility scale PV power plant with Arco Si modules| 9
on 2-axis trackers
1984 CA, USA 6 MW array installed in Carrisa Plains 9
1985 |UNSW Australia Si solar cell exceeds 20% efficiency under standard sunlight 13
1985 | Stanford Univ. USA high-efficiency Si solar cells: Si solar cell > 25% under 200X | 9
concentration
1986 | Arco Solar USA First commercial thin-film power module, the a-Si G4000
1987 Australia Fourteen solar powered cars complete the 3200 km World Solar
Challenge race with the winner averaging 70 kph
1988 | IBM USA GaAs heterostructure cells having 13% efficiency reported 14
1994 |NREL USA GalnP/GaAs 2-terminal concentrator > 30% 9
1996 | EPFL Switzerland | Photoelectrochemical —Dye-sensitized solid/liquid cell achieves| 15
1%
2005 CIGS introduces in the market 16
2007 |U niversity of claims to achieve new world record in Solar Cell Technology | 9
Delaware without independent confirmation - 42.8%
2011 | Baden-Wuerttemberg | Germany Cu(InGa)Se: thin-film solar cell reaches 20.3% efficiency 17
2010 | Solar Impulse Switzerland | Aircraft completes first solar-powered night flight 18
2012 |NREL USA Certified World Record for Polymer Solar Cell Efficiency (8.6%) | 19
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Apart from all the aforesaid efforts and initiatives, electricity from
solar cells is still unaffordable for the common man. In this scenario the
thin film solar cells made of eco-friendly and cost effective novel and
abundant materials can make significant contribution and hence needs

treatment with due importance.

1.2 Thin film solar cells
1.2.1 Why thin film solar cells

Over recent years, the photovoltaic market has been booming
enormously with sales almost completely dominated by crystalline silicon
similar to that of micro / digital electronics. Wafer costs account for over
50% of the total module cost. One way of eliminating this major cost
component is to replace wafers by thin films of semiconductors deposited
onto a supporting substrate (more commonly, glass). The sustained boom
(10 years of 40% /annum compounded growth) is causing demand for Si
wafers to outstrip the capacity to supply, creating a market entry
opportunity for a number of competing thin film technologies [20]. These
(thin film semiconductors) fall into two main classes; one based on Si in
amorphous, nanocrystalline and polycrystalline phases and the other
based on polycrystalline chalcogenide (Group VI) semiconducting

compounds [21].

Since the volumes associated with the wafer based approaches are
increasing rapidly, thin film technologies have to grow quickly just to
maintain their present market share (total combined share is less than
10%). There is a higher barrier for market entry for thin-film technologies
due to higher capital costs per unit output for thin film manufacturing

facilities. Manufacturing of the conventional wafer based modules is
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commonly divided in to four separately financed operations: Si purification,
crystal growth and wafering, cell processing, and cell encapsulation.
However, in a thin film operation, all these operations effectively are

‘bundled’ into one process [20].

Rapidly escalating demand for Si wafers is creating a supply
shortage that will moderate the growth of the wafer-based output over the
coming 2 years at least. This gives thin film products an opportunity to
increase market share and to establish its credentials on a market
previously not all that interested in such devices, at least partly due to the
undeniably superb reliability and durability demonstrated by the wafer
based approach [20].

Although the basic physics of thin film devices is the most complex,
they offer two main advantages [22]. (1) as the thickness of the active
layers will be less than that of crystalline Si device by two or three orders
due to high optical absorption, the material cost shall remain a small part
of the total cell cost and (2) thin film deposition process can be easily
adapted for large area deposition, without affecting the continuous
‘production line” processing. The tasks of developing large-scale
procedures and building the machines to produce thin film solar cell
arrays in a continuous process are formidable (as these are not available
‘off-the-shelf’ as in the case of Si technology), once the process and
technology are developed, these machines should be able to provide

enormous output and hence result in low unit cost.

1.2.2 Structure of thin film solar cells

Thin film solar cell can be fabricated using different materials

deposited in thin film form [22]. In general, thin film solar cell consists of a
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substrate, transparent conducting oxide (TCO), buffer layer, absorber
layer, anti reflection coating and metal contact. Each of these layers has
different physical and chemical properties and hence affects the overall
performance of the device in some form or other. Since each layer has
different crystal structure, microstructure, lattice constant, electron
affinity /work function, thermal expansion coefficient, diffusion coefficient,
chemical affinity, carrier mobility, mechanical adhesion, etc; there can be
stress, defects and interface states, surface recombination centers, inter
diffusion and chemical changes at the interface causing electrical and opto-
electronic property changes [1]. Therefore utmost care has to be taken in
order to select materials for these layers. A brief description on the

function of various layers of a thin film solar cell is given below.

1.2.2.1 Absorber layer

Performance of hetero junction thin film solar cell is basically
dependent on the choice of the optimum absorber material because light
absorption and the generation of the carriers take place in the absorber
layer material. Band gap of the absorbing material must be small enough
to allow absorption of an appreciable portion of solar spectrum and at the
same time large enough to minimize the reverse saturation current
density. Direct band gap semi conductors (1.2-1.7 eV) with high absorption
coefficient are preferred for the purpose [2]. Also the diffusion length of
the minority carriers must be large enough so that the generated carriers
can reach the contacts without much loss. Therefore, in general, p-type

semiconductors are used as absorber layers.

Present thin film modules are based on amorphous Si (either in a

single junction or multiple junction configurations), as well as on the
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chalcogenide compounds CdTe or CulnS; (CIS). Thin film modules based
on polycrystalline Si is a more recent market entrant. The module
efficiency of various thin film modules [25] in 2006 (the year we took up

the present study) is shown in Figure 1.1
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Figure.1.1 : Nominal energy conversion efficiency range of various thin-film
modules (data from [25]) darker top region indicates range for
product meeting specifications.

1.2.2.2 Buffer Layer

Primary function of a buffer layer in a hetero junction is to form a
junction with the absorber layer and at the same time it should be capable
of admitting maximum amount of light to the junction. Minimal
absorption and recombination losses and transportation of the photo
generated carriers with minimum electrical resistance are the key
functions of this layer [24]. Some of the requirements to be satisfied by a

material to be qualified for the selection as buffer layer are listed below.
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1) Wider band gap for maximum transmission in the visible

region
2)  Minimum lattice mismatched crystal structure
3)  Optimal band discontinuities resulting virtually no band offset

4)  Capability to hold larger doping density

1.2.2.3 TCO

The front contact in a solar cell must be able to carry the current of the solar
cell and at the same time it must be transparent for most of the incident radiation.
In most thin film solar cells a wide band gap semiconductor is used as
front / top layer [23]. Usually it is one of so called TCOs, such as ZnO,
In205/5Sn0O; (ITO), or SnOxF (FTO). In order to be transparent for visible
light the front contact required to have a band gap of more than about 3.3
eV which is the case for the mentioned TCOs. Absorption in the infrared is
an important issue for TCOs because of free carrier absorption just like in

metals.

A general requirement for the front contact is that its sheet resistivity

should be below 10 Q/o (specific area resistance).

1.2.2.4 Anti-reflective coatings:

“Reflection” losses are introduced by partial coverage of the front
surface by non-transparent contacts (i.e., metal contact fingers) or by
reflection at material interfaces. Experimentally, these losses are
minimized by the application of anti-reflective coatings. Coatings or
treatments for reducing the surface reflectance loss are referred to as anti
reflecting layers. They are formed by interposing a layer of intermediate

index of reflectance between the high and low index materials.
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1.3 State of art of various Absorber layers
1.3.1 Silicon based Absorber layers
1.3.1.1 Single-junction amorphous silicon (a-Si) :

a-Si solar cells have been used in consumer products such as
calculators and digital watches since the early 1980s. Although attempts have
been made to launch outdoor power modules in the market since the mid-
1980s only after 2000 that several companies, notably Kaneka and Mitsubishi
of Japan, have supplied single junction a-Si power modules in appreciable
quantities [26,27]. a-Si is deposited at low temperature in a way that allows
about 10% (atomic) H incorporation, the secret to this technology’s success
[28]. Hydrogen greatly improves quality of the material. A p-i-n junction
structure is used with the n and p-type regions creating a field in the intrinsic
layer (i-layer) due to their work-function difference [29]. Since the a-Si is not
very conductive, a key feature of the technology is the use of a transparent
conductive SnO, layer between the Si and the glass. The strength of a-Si
technology is its simplicity combined with the use of benign and abundant Si.
The technology also is able to capitalize on equipment development in the
active matrix display area, where similar deposition equipment is used. One
factor that explains the relatively slow uptake of a-Si technology, given its
early potential, is the light-induced degradation of material quality.
Manufacturers now rate product in terms of “stabilized” performance, which
is obtained after a field exposure of a month or two. However, stabilized
module efficiency is quite low, generally in the 4-6% range, as apparent from

Figure 1.1.

1.3.1.2 Multiple junction amorphous silicon devices

One way of accommodating the decreased material quality under

light exposure is to use thinner layers of a-Si. This is possible if two or
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more cells are stacked on top of one another. If the band gaps of the lower
cells are smaller than that of the upper cells, this also gives a performance
boost. The earliest approach to reduce the band gap from the quite high
values (typical value of hydrogenated a-Si 1.7 eV) was by alloying with
germanium. The US company “United Solar’ is the most successful current
proponent of this approach, marketing a module based on a 3-cell stack
with the two underlying cells made from a-Si alloyed with germanium.
This gives nominal module performance in the 6-7% range, comparable
to the best of the single junction a-Si approaches. A more recent approach
is to combine an a-Si top cell with a bottom cell consisting of a two-phase
mixture of amorphous and microcrystalline silicon. Band gap of the
lower cell is determined by the crystalline regions in this mixed phase,
and is similar to that of wafer-based cells (1.1 eV). Apart from the use of
two cells, which improves module performance to the 8-10% range, the
technology otherwise resembles that of a-Si, with its associated strengths
and weaknesses. Although these hybrid cells are not presently
manufactured, Japanese manufacturers, Kaneka and Sharp have

announced plans to supply such modules in the open market soon.

1.3.1.3 Crystalline silicon on glass (CSG)

There is also an alternative Si-based technology that involves high
temperature processing to convert an initially a-Si layer to a
polycrystalline layer. The resulting films have properties similar to those
of the polycrystalline wafers that now dominate the commercial solar
module market. The better quality of this material makes it more
conductive, eliminating the need for a TCO (reducing the cost) and
eliminating the a-Si stability problem [30]. Crystalline Si on glass (CSG)

technology includes several other features that further improve the
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ruggedness of the technology, including a fault tolerant metallization
approach and the use of higher grade borosilicate float glass, as compared
to the soda-lime glass used in normal modules. Accelerated life testing has
shown exceptional durability potential for this approach, even as

compared to the wafer-based approach [31,32].

1.3.2 Compound semiconductor based thin film solar cells
1.3.2.1 Cu,S cells

Stability and long term operation has proven to be a real problem for
several thin film technologies. The original ‘all thin film solar cell’
consisting of a junction between Cu.S/CdS showed promise of reasonable
efficiency and ease of preparation [33-37]. For a period of almost 20 years
dating from the late 50’s, this photovoltaic system was the only ‘all-film
cell” available. Solar cells with efficiency of ~10 % were also made with

Cu,S/CdiyZn,S thin films (y= 0.10, 0.16 ).

The complexity of this system arises from the variety of CuxS phases
that may exist at room temperature with quite different photovoltaic
properties and from the ability to change from one phase to another
during cell operation due to interaction with atmosphere or diffusion of
Cu onto the CdS. Optical degradation process was also reported on this
type of cells due to reversible photo-induced defect reaction, caused by

photo-excitation after Cu diffusion into CdS [38].

Many attempts to produce a stable cell rectifying these problems
looked promising but proved unsuccessful and further work on the system

was finally abandoned.
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1.3.2.2 Cu;0O cells

Even though, CuxO has a larger direct band gap compared to the
optimum value, due to its very low production cost [22] and non toxic
nature it has been thought attractive in spite of its low efficiency. Although
it was suggested that efficiencies of 10% could be achieved by careful cell
design, actual cell parameters were typically Voc =370 mV, Joc = 7.7 mA /cm?,
FF=57%, and efficiency = 1.6%. Just as the simple fabrication process of the
Cu,S/CdS cell could not make that cell practically useful because of its
inherent instabilities, the cost effective and simple fabrication process of

Cu/Cu20 cell could not make that cell practically useful.

1.3.2.3 CdTe Cells

When research work on thin film CuS/CdS cells came to an end
because of the unavoidable degradation associated with the Cu diffusion,
the question naturally arose as to what other p-type material could form
useful hetero junction with CdS. In the most efficient CdTe cells , CdSnSO,
is used as TCO and Zn,SnOy buffer layer is included to improve quality of
interface. Presently, two companies (First Solar and Antec Solar)

manufacture CdTe based modules.

A heterojunction device having n-type CdS window on top of p-type
CdTe base, appeared to be an attractive structure for photovoltaic
conversion because both materials lend themselves to different thin film
technologies, and their band-gaps (at 2.4 eV and 1.5 eV respectively) are
well suited for solar energy conversion. In spite of the fact that the CdS-
CdTe pair has a crystal mismatch of 9.7%, it appears to be the best
available combination of the II-VI semiconductors for photovoltaic

conversion [39]. Deposition of the CdTe cell can be done by variety of
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techniques including close-spaced sublimation (CSS), vapour transport,
chemical spraying, or electroplating. A summary of the general properties

of CdTe is available in reference [40].

In all the thin film solar cells based on junctions involving p-CdTe
polycrystalline thin films, three problems appear to be dominant:
recombination losses associated with the junction interface, difficulty in
doping the p-CdTe, and difficulty in obtaining low resistive contacts to the
p-CdTe [2]. Another key disadvantage associated with CdTe is the potential
health and safety issues that arise because of the toxic nature of Cd, both in
connection with manufacturing as well as large scale field use [41].
Although Cd-based modules are apparently banned in some countries such
as Netherlands, Japan, etc., proponents point out that the required Cd is a
by-product of Zn mining. Concentrating Cd in the photovoltaic modules is
thereby argued to be a positive step for the environment. Others point out
this argument can only be true if the Cd is used in a closed cycle [42]. Two of
the former key players in the CdTe area, BP Solar and Matsushita, have both
abandoned the technology, citing the effect of these environmental concerns.
The lack of abundance of Te is also pulling back this technology from taking

up the challenge of future energy source.

1.3.2.4 Cu (In,Ga)Se; cells

As photovoltaic research extended beyond the simple group IV
elemental Si, to group III-V compounds like GaAs, and then to group II-VI
compounds like CdTe, it moved to I-III-VI> compounds like CulnSe; (CIS)
with one more step of complexity. With the introduction of Ga to CIS to
get Cu(In,Ga)Se; (CIGS) the performance of the device enhanced
considerably (which resulted in widening of band gap to 1.3 eV and
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improvement on material quality). As of now, CIGS is a star performer in
the laboratory with 20.3% efficiency demonstrated for small cells [17], but
the module efficiency is only 13.4%. The main manufacturers of CIGS cells
are Wurth Solar, Avancis Solar (formerly Shell Solar) and Globel Solar.
There are several inherent difficulties for this material to commercialize.
Unlike other thin film technologies, which are deposited onto a glass
superstrate, CIS technology generally involves deposition onto a glass
substrate structure. An additional glass top-cover is then laminated to the
cell/substrate combination. Present designs require a thin layer of CdS
deposited from solution. Considerable effort is being directed for replacing
this layer due to the issues associated with the use of Cd, as previously
noted and also to avoid the wet process which is a bunch process not

suitable in a production line.

Fabrication and use of CIS solar cell raises several questions in the
areas of health and safety and the supply of key elements [43]. Hazardous
chemicals like HxSe and Cd are involved in the fabrication and structure of
these cells. HxSe is a highly toxic gas and it can be used safely only with
certain safety precautions. To minimize the risk associated with it, the gas

produced onsite should be recycled after use.

If cells enter into large scale production, availability of In might
become an issue. [44,45] Although it appears that there is sufficient
quantity of In to meet the growing demand of an effective solar cell
market, there could be a conflict between supply and demand. It will be
interesting to note that, all known reserves of indium is only sufficient to
produce solar cells that can provide electrical energy equal to that

presently produced by the whole available wind generators.
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1.3.2.5 Cu2ZnSnS, Cells

Cu2ZnSnS; (CZTS) is a novel p-type semiconductor that has been
receiving immense consideration nowadays because of its high latent
potential. CZTS containing only abundant and non-toxic elements is
reported to have a band gap between 1.45 and 1.6 eV [46-48] and a band
edge absorption coefficient above 104 cm [49]. Katagiri and co-workers
[50] prepared 6.78% efficient CZTS cells through sputtering process
followed by annealing in H,S. Later by vacuum processing CZTS solar
cells with 8.4% efficiency, has been achieved by Shin et al. [51]. This is the
highest efficiency reported for pure sulfide CZTS prepared by any method.
With the introduction of Se to CZTS (Cu2ZnSn(S,Se)s), scientists in IBM

have come up with an efficiency of 10.1% very recently.

1.3.2.6 Other Emerging Solar cell technologies

Apart from the activity outlined above with cell technologies based on
inorganic material, recent years have seen a burst of activity with organic
and mixed organic-inorganic cells. One general strand of activity in this
category is based on dye-sensitization of porous Titania films [52]. Attempts
to commercialize dye-sensitized cell were initially spearheaded by the firm
‘Sustainable Technologies International” of Queanbeyan, New South Wales
[53], with small numbers of modules appearing in some attractive building-
integrated systems. Presently the work at the laboratory level targets the
replacement of the liquid required in present devices by solid-state material.
The inverse light conversion process is fundamentally more challenging
with organic material, although laboratory progress is being reported. Main
challenge is to improve the energy conversion efficiency of the experimental

devices while simultaneously improving the stability and durability.
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1.4 Major challenges in thin film solar cell technology:
Significance of research on novel thin film photovoltaic
materials & Tin Chalcogenides alternatives

To achieve cost-effective thin film solar cells for large-scale
production of solar energy, the absorbing semiconductor material used in
the device needs to satisfty many requirements. First, the constituent
elements should be inexpensive, non-toxic, and abundant. Second, to
obtain high energy conversion efficiency, the material should have
appropriate optical and electrical properties such as a suitable optical band
gap, a high optical absorption coefficient, a high quantum yield for the
excited carriers, a long carrier diffusion length, and a low recombination

velocity [2].

As we found in the previous sections, there were many thin film
materials which are being investigated worldwide to compete with c-Si as a
solar energy conversion material. We saw that, the two main forerunners
alongside a-Si today are CdTe and CIGS. But there were material
disadvantages in the toxicity of Cd and the rarity of indium and tellurium.
Although tellurium is currently in low demand, up-scaled production of
CdTe could potentially produce a price spike that would exclude CdTe from
being an economic solar energy conversion material. In a-Si technology, the
source material is abundant, and unlike the case of c-Si, relatively
inexpensive low-temperature fabrication processes are available; however,
the PV conversion efficiencies in a-Si are limited to less than 10%, a fraction
of what CIGS can achieve. Toxicity is another major concern in the
production of a-Si due to the usage of poisonous gasses. CIGS is not,
however, without disadvantages as well. Indium is often cited as a material

that may cause CIGS to suffer a material supply issue because of the
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recently accelerated use of indium in opto-electronics for LCD displays.
Moreover, the deposition processes that produce the best efficiencies in
chalcopyrite films are difficult to control and scale up. For example, the
process that has produced the world record CIGS cells is a vacuum-based
co-evaporation fabrication method [17] involving a complex 3-stage
procedure that is difficult to monitor and control. Scaling this process up to
a manufacturing level may require new and more sophisticated techniques
than currently being employed. Alternative non-vacuum processes have
been developed to deposit CIGS on a manufacturing scale, but they are also
not without problems nor do they produce the same quality of film [54].
Typical commercial polycrystalline silicon solar cell modules operate at or
below 15% energy conversion efficiency [54]. As with any new technology,
questions about lifetime, durability and material safety still exist which are
reasons why currently thin-film solar cells only fill about 6% of the

worldwide photovoltaic market.

However, the roadblock to a substantial improvement of the above
mentioned aspects has prompted the research workers to take up two

major challenges:

a) to develop new photovoltaic materials which are also cheap,

nontoxic and easy to manufacture

b) to fabricate low-cost high-performance solar cells for
commercial mass production using non vacuum and simple

techniques

Currently efforts are being made at various laboratories all over the
world to develop new solar cell materials to improve the cell properties

either by its own merit or by improving cell deposition process/cell
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structure like the tandem structure. Careful selection of suitable alternative
materials for the existing technology is inevitable to bring thin film solar
cells to the “driving seat’. Factors that should be considered in developing

new semiconductor materials include

(i)  a suitable energy band gap that matches the solar spectrum to

maximize absorption of the incident solar radiation,

(ii)  ability to fabricate cells having acceptable efficiency using the
material using a low cost and /or eco-friendly deposition
method such that the “energy payback time” and the “energy

pay back ratio” are acceptable,
(iii)  abundance of the elements in the material and

@iv)  low environmental cost when a “cradle to grave” life cycle

analysis is made with respect to the extraction of the elements [2].

Theoretically maximum possible conversion efficiency that can be
achievable for different materials as a function of optical band gap is
shown in Figure 1.2. This was proposed by Leffersky et al. [55]. For this,
he used theories dealing with photovoltaic effect as well as
electromagnetic wave interacting with semiconductors to predict the
characteristics of a semiconductor which would operate with an optimum
efficiency as a photovoltaic solar energy converter. Existence of such an
optimum material results from the interaction between the optical
properties of the semiconductor which determine what fraction of the
solar spectrum is utilized and its electrical properties which determine
the maximum efficiency of conversion into electricity. Considerable
attention is devoted to the effect of the forbidden energy gap of the

semiconductor.
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Figure1.2: Band gap Vs theoretically achievable maximum conversion
efficiency.

From Figure 1.2, we can perceive that one of the Sn-chalcogenide, SnS is

occupying the apex position. The other suitable properties of Sn chalcogenide

for photovoltaic applications are investigated in the following section.

Among the tin chalcogenide thin films, SnS and SnS; are of most
importance because of suitable opto-electronic properties for photovoltaic
applications. Owing to optimum band gap, high absorption coefficient and p-

type conductivity SnS is a suitable candidate for absorber layer in thin film
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solar cells whereas because of the wider band gap and n-type conductivity,

SnS; is a competitive nontoxic substitute for window layer.

Despite of these promising properties, solar cells based on SnS
absorbers have not achieved conversion efficiency higher than 1.3% [56] while
theoretically such cells should be able to reach 24% efficiency [55]. This poor
performance may be due to defects and/or impurities in SnS layers that result
from the preparation methods used to make the films for cell fabrication. In
the present work, we are investigating these aspects (along with the
possibility of using CSP technique to deposit the film) in order to bring this

material in to the frontier area of photovoltaic research.

A brief review on the works done so far on SnS thin films is

presented below.

1.5 Review of SnS thin films

The goal of this section is to present a state of the art of SnS absorber
layers. However, in order to conceptualize the cell operation with such
absorbers, firstly the structural, electrical and optical properties of single

crystal and thin film SnS should be recalled.

Works on SnS dates back to the beginning of the twentieth century.
SnS was first reported by a German mineralogist Herzenberg in 1932 [57].
Since then, reports are available on the various structural, optical and

electronic properties of the material.

1.5.1 Structure of SnS

IV-VI group compound semiconductors fascinated attention in the

beginning mainly due to their unmatched applications in producing
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infrared rays and detection. Among the IV-VI semiconducting compounds,
tin chalcogenides exhibit orthorhombic structure with eight atoms per unit
cell [58-60] forming double layer planes normal to the longest axis. SnS
and SnSe are isomorphous and crystallize in an orthorhombic layer

structure [61].

According to Hofmann, SnS has orthorhombic structure that may be
described as pseudo-tetragonal as shown in the Figure. 1.3. Every Sn atom
is surrounded by three S atoms. The bond angles are nearly 90°. Figure 1.3
also shows clearly that SnS has a layer structure with double layers
perpendicular to the c-axis. SnS has unit cell with lattice parameters of
a = 4334 A, b =11.200 A, and ¢ = 3.987 A, which can be viewed as a
distorted rock salt (NaCl) structure. It is composed of double SnS layers
perpendicular to the b-axis with Sn and S atoms covalently bonded within
the layers and weak van der Waals bonds between the layers. The double
layer held by van der Waals forces in SnS is expected to give a chemically
inert surface with few surface states. This defect-tolerant surface might
reduce the carrier recombination loss due to defects at p-n junctions and at

grain boundaries.

&

Figure 1.3: (Left) distorted rock salt (NaCl) structure of SnS (Right) Layered
structure of tin chalcogenides.
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1.5.2 Phase diagram of Sn-S system:

An exhaustive report on various SnS minerals can be found in the
report by Kissin et al. [62]. A p-T-x diagram of the SnS system was
determined by Albers et al. especially in the region of the compound SnS
and is shown in Figure 1.4 [63]. This diagram is quite helpful in
understanding the feasibility of formation of binary sulfides of Sn like SnS,

SnuSs, SnS; even at low temperatures and suitable Sn:S ratio.
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Figure 1.4: p-T-x diagram of Sn-S system
1.5.3 SnS single crystals
Conventionally SnS single crystals have been prepared using direct

vapor transport technique [64] stoichiometric composition technique

[65], Physical vapor transport method [66] or Bridgman-Stockbarger
technique [67].

In the year 1961, Hass et al. [68] quantified some of the different
physical constants of p-type SnS single crystals by analyzing IR reflection

spectrum. From the analysis, they could measure the refractive index
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(no = 3.6x0.1), dielectric constant (19.5+ 2), effective charge on the atoms
(e* = 0.7 e) and the effective mass of hole as m*= 0.20mo of the SnS single
crystals. A dissociation energy of 3 eV was reported for the SnS molecule
by Ram et al. in 1973 [69]. In 1977, the results of Raman scattering and
infrared reflectivity measurements on SnS were published by
Chandrasekhar et al. [70]. Later, Chamerlain et al. [71,72] reported (as two
letters to the editor) the direct and indirect band gap of SnS single crystals
deduced from infrared photoconductivity studies. They observed an
indirect energy gap at 1.13+ 0.02 eV and 1.22 + 0.02 eV and a direct band
gapof1.43+0.2eV.

In year 1977 some important works on the Raman analysis of layered
SnS compound were reported. The zone centre phonons in the layer
crystal SnS was studied employing Raman scattering technique and
concluded that SnS behaves approximately like a two dimensional crystal
[73, 74]. To follow, a few reports on the detailed Raman analysis of various

binary sulfides of Sn were published [75, 76].

A detailed account of photo-acoustic and thermo acoustic of SnS
single crystal oriented in (0 0 1) plane was given by Nikolic et al. who
reported the phonon relaxation time and free carrier concentration of SnS
single crystals [77]. The influence of temperature and pressure on
electronic transitions in SnS was reported by Parenteau et al. [78]. In 1989
Elkorashy determined the optical constants of SnS single crystals like,
absorption coefficient, refractive index, extinction coefficient, dielectric
constants and reflectance [79]. A very important work carried out by
Ettema et al. in 1992 that resulted in the deduction of electronic structure of

SnS [80]. Nassary reported the electrical conductivity and Hall Effect

Spray Pyrolysed Tin Chalcogenide thin films: Optimisation of optoelectranic properties of SnS for possible phatovoltaic opplication o an absorber layer (



Chapter - 1

results of SnS single crystals grown using Bridgemann method over the
temperature range 141-521 K. Several physical parameters like thermo
electric power, ratio of mobilities, effective mass, relaxation time, diffusion
length and diffusion coefficient for majority and minority carriers were

successfully determined in this work [81].

A few material properties of SnS single crystal has been summarized

from the afore mentioned references and are given in Table 1.2.

Table 1.2: Material properties of SnS single crystals.

Conductivity type Usually p- type, S vacancies n-type, Sb doped
-type

Structure Orthorhombic Hergenbergite
polycrystalline
a=4.33 nm, b=3.98 nm, c=11.18 nm

Indirect band gap 1.13%* 0.02eVand1.22 * 0.02eV

Direct band gap 143 % 0.2eV.

Carrier concentration 5x10%7 cm-3

Refractive index 3.5

Resistivity 0.06 Q.cm

Hole mobility 54 cm?2V-s-1 (300 K); 2000 cm2V-1s-1 (77 K)

Effective mass of hole

0.4 my

Dielectric constant 14-19

Activation energy 0.28-0.3 eV

Absorption coefficient 2x 10%cm?

Density 5g/cm?

Melting point 1154 K
1.5.4 SnS Thin films

A review on the major works done so far on SnS thin films deposited

using different deposition techniques is outlined in chronological order in

E»)
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the following paragraphs. With the help of this information, performance

of the devices with SnS absorbers will finally be summarized.

1.5.4.1 Preparation techniques

SnS thin films could be prepared through various physical and
chemical means of thin film deposition such as vacuum evaporation [82],
radio frequency sputtering [83], electrochemical deposition [84,85],
atmospheric pressure chemical vapor deposition [86], plasma enhanced
chemical vapor deposition [87], brush plating [88], dip deposition [89],
chemical bath deposition [90] and chemical spray pyrolysis (CSP) [91].
Property of the material is found to vary drastically depending on the
mode of deposition and the deposition parameters. Some of them are

discussed below in brief.

(@) Thermal Evaporation

Thin films of SnS were prepared using thermal evaporation by El-
Nahass et al. In the work they investigated structural transformation upon
annealing in the temperature range of 432-573 K. An exhaustive report on the

various optical properties of SnS films was also included in this paper [92].

The substrate often plays a critical role in determining the properties
of the film deposited, especially when the deposition technique is thermal
evaporation. In a very significant work published in a couple of
international journals, Devika et al. have studied the effect of substrate
surface on the physical properties of vacuum evaporated SnS thin films.
The substrates investigated include, Corning 7059 glass, ITO coated glass,
Si-wafer, and Ag coated glass substrates. Over ITO, SnS films had very
high roughness, grain size and good electrical conductivity [93, 94]. In the
same year, they investigated effect of annealing on the vacuum evaporated
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SnS thin films and found that with increase in the annealing temperature,

the composition of the film changed due to re-evaporation of Sulfur [95].

Co-evaporation technique has been employed to deposit SnS films
and the material properties of the films were characterized by Reddy et al.
in the year 2006. They deposited SnS at different substrate temperature
and the films had grain size = 120 nm, resistivity = 6.1 Q.cm and activation
energy = (.26 eV. These films crystallized in orthorhombic crystal structure
with orientation along (0 4 0) plane. The films deposited at Ts =300°C were
highly crystalline and exhibited a dominant SnS phase along with traces of
SnS; and SnyS; phases. They were also successful in depositing nearly
stoichiometric, low resistive and single phase SnS films with an optical

band gap of 1.37 eV [96].

Miles et al. also deposited films of SnS on glass and SnO.: coated glass
substrates using thermal evaporation with the aim of optimizing the
properties of the film for using in solar cells. In particular they investigated
the effects of source temperature, substrate temperature, deposition rate and

film thickness on the chemical and physical properties of the films [97].

Polycrystalline SnS thin films, having thickness around 650 nm, were
grown out of high purity SnS powder at a substrate temperature of 250°C.
These films were then annealed at 200°C and 300°C for 2, 4, and 6 hours,
and at 400°C for 2 and 4 hours in argon ambience [98]. The direct band gap
of all these films was between 1.33 and 1.53 eV. They observed that except
for annealing at 400°C all the films were nearly stoichiometric in nature,
suggesting lower rate of desulfurization in that ambient. Carrier
concentration and mobility of these films were found to be ranging from

1015-10%6 cm-? and 0.8-31.6 cm?2 V-1 s respectively.
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(b) Two-step process
This is a comparatively novel deposition technique. The basic

principle here is the sulfurization of thin metallic tin precursor layers.

Reddy et al. reported a detailed study of the structural properties of
the SnS thin films deposited using the two-step process. Here the
sulfurization was done in vacuum furnace using a graphite box and the Sn
precursors layers were annealed at different temperatures (100-400°C) in

excess S ambience [99].

Later, Gordillo et al. synthesized SnS:Bi thin films out of this
technique [100]. The films were characterized through spectral
transmittance and XRD measurements to determine both, the optical
constants and structural properties. The studies revealed that the SnS:Bi
films tend to grow with a mixture of the SnS and BixS; phases. It was also
found that the SnS:Bi films present an absorption coefficient greater than
104 cm! and an energy band gap ranging from 1.37 to 1.47 eV, indicating
that this compound has good properties required for an absorber layer in

thin film solar cells.

Sn,Sy thin films were prepared by depositing Sn thin films using
vacuum deposition technique on glass substrates and then the films were
vulcanized for 45 min at 210°C, 240°C, or 270°C [101]. Optical and
electrical properties of the films vulcanized at different temperatures were
studied. With increasing vulcanization temperature, the direct energy
gap, hall mobility and carrier concentration of the films increase but the
resistivity reduced. However, the vulcanization temperature has little
effect on the conduction type and all the films showed p-type conduction.

Films vulcanized at 240°C, which are polycrystalline orthorhombic SnS
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films preferentially growing in the {111} direction, exhibited the best
performance. The films, with direct energy gap of 1.46 eV and a resistivity
of 25.54 Q.cm (thickness in the range of 200-800 nm), were highly uniform

and showed strong bonding to the substrates.

() Atomic Layer Deposition (ALD)

ALD is one of the techniques in demand for depositing thin films of
a few mono layers. Homogeneous and ultra thin films of various materials
can be coated on a variety of substrates using this technique. SnS was
grown using sequential exposures of Sn(Il) 2,4-pentanedionate (Sn(acac)z)
and H,S. In situ quartz crystal microbalance (QCM) studies showed that
the SnS ALD mass gain per cycle was 11-12 ng/cm? at 175°C on gold-
covered QCM sensor [102]. The growth rate was in the range 0.22-0.24
A/ cycle and ratio of mass loss to mass gain | Am,/Am; | from the H,S and
Sn(acac), reactions was ~0.32 at 175°C. Value of this ratio is close to the
predicted ratio from the proposed surface chemistry for SnS deposited by
ALD. The SnS ALD growth rate was also independent of substrate
temperature from 125-225°C. X-ray fluorescence studies confirmed that
Sn/S atomic ratio was ~1.0 for the SnS films. XPS measurements revealed
that the films contained oxygen impurities at 15-20 atomic percentage after
air exposure. The films had a band gap of ~1.87 eV which was higher than
the value of the bulk (~1.3 eV).

(d) Chemical Bath Deposition (CBD)

CBD is a simple and very popular technique for thin film deposition,
especially for the deposition of chalcogenide thin films. Pramanik et al.
[103] developed this method for the deposition of SnS thin films on glass

substrate at room temperature. The deposited films were amorphous and
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possessed n-type conductivity with an optical band gap of 1.51 eV. Latter,
Ristov et al. in 1989 [104] prepared p-type SnS thin films from SnCl, and
NayS precursors. An interesting observation they made was that, on
annealing this film for a short while above 280°C the conductivity changed

to n-type without any detectable change in the composition.

Lokhande et al. [105] reported the procedure for depositing various
metal chalcogenide thin films including SnS by employing CBD technique.
A much simplified technique for preparing good quality SnS films was
reported by Nair et al. [106]. Employing the process, they were able to
deposit uniform p- type films having thickness up to 1.2 um. These films
exhibited slight photosensitivity as well. In the same year, the same groups
highlighted the application of these SnS films as tubular solar collectors
owing to its high absorbance [107].

SnS thin films with porous structure were deposited by Leion et al.
on glass using Triethonalamine (TEA), Thioacetamide, SnCl, H,O and
aqueous ammonia as reactants and aqueous NH4Cl solution as buffer. The
samples were characterized using XRD and SEM. XRD results suggested
that the samples were polycrystalline with orthorhombic structure unit
while SEM results indicated that the film surface had bamboo leaf-shaped
morphology. These porous structures developed by them are in principle

much suitable for third generation photovoltaic devices [108].

AkKkari et al. investigated the influence of TEA concentration on the
properties of SnS films and optimized the deposition parameters [109].
These films were characterized with XRD, SEM and spectrophotometric
measurements. The obtained thin films with TEA concentration equal to

13.5M exhibited orthorhombic structure and direct band gap about 1.65eV.
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Hankare et al. [110] deposited SnS films on non-conducting glass
substrate at room temperature. SnCl, and Nax5:0;.5H>O were used as
source materials to obtain SnS films. These films were uniform, well
adherent and brown in color and were characterized using XRD, optical
absorption, electrical conduction measurements and SEM techniques.
Optical band gap of the samples was 1.0 eV. The films exhibited p-type

conductivity with an activation energy of 0.62 eV.

By employing multi deposition runs SnS thin films having the zinc
blend structure were deposited using CBD technique by Akkari et al. [111].
The precursors were aqueous solution containing 30 ml TEA, 10 ml
Thioacetamide, 8 ml Ammonia solution and 10 ml of Sn2* (0.1 M). XRD,
SEM, and spectrophotometric measurements were done on these films.
Crystallinity of the films improved with film thickness and band gap

energy was about 1.76 eV for film prepared after six deposition runs.

Guneri et al. [112] deposited SnS on glass substrates using CBD at
room temperature by keeping the substrates in the bath for 24 hours.
Crystallite size, lattice parameters, defective location, and texture
coefficient of the films were calculated from the XRD data. EDAX analysis
revealed that the films were nearly stoichiometric (Sn/S, 54.13/45.8). From
Hall measurements, it was found that the films exhibited p-type
conduction. Its resistivity and mobility were calculated to be 2.53 x 105
Q.cm and 8.99 x 105 cm?2/Vs respectively. The activation energy was
calculated to be 0.527 eV in temperature range from 353-573 K by
Arrhenius equation. Optical band gap values of direct and indirect
transitions were estimated to be 1.37 eV and 1.05 eV, respectively. After

this work, they reported the effect of deposition time on the structural,
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electrical and optical properties of SnS thin films at different deposition
times (2, 4, 6, 8 and 10 h) at 60°C [113]. All deposited films were
polycrystalline and had orthorhombic structure with small crystal grains.
But the microstructures had changed with deposition time, and were
nearly stoichiometric. Hall measurements showed that the obtained films
had p-type conduction and resistivity values of SnS films changed with
deposition time. Band gap measurement indicated that allowed direct,
allowed indirect, forbidden direct and forbidden indirect transitions, band
gap values varied in the range 1.30-1.97 eV, 0.83-1.36 eV, 0.93-1.49 eV and
0.62-1.23 eV, respectively for these set of samples.

Influence of the pH value (pH 1.5, 2.5 and 3.5) in CBD technique on
the growth and properties of SnS thin films were investigated by Kassim et
al. [114] They could obtain relatively uniform grain size, good coverage
and thicker films for lower pH value such as pH 1.5. Band gap values
were found to be 1.2-1.6 eV for the films deposited under various pH

values.

() Close-spaced vapor transport (CVT) method

In the year 2001, Yanuar et al. [115] made use of CVT for the first
time to deposit SnS thin films. The films were crystalline with an energy
band gap of 1.32 eV. These films exhibited p-type conductivity with hole
density 10%7/cm?.

(f) Chemical Spray Pyrolysis (CSP) Technique

Thankaraju et al. [116] deposited n-type SnS films by CSP technique
using SnCly and Thio-Urea on glass and FTO substrates at 350°C. But these
films were highly resistive and amorphous. They observed an indirect
band gap of 1 eV for these films. Interestingly their SnS films exhibited
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some photoconductivity (10 times the dark conductivity) as well. But since
then no further reports are available on the application level of this

photosensitive films deposited using spray technique.

SnyS; thin films were deposited by Salah et al. using CSP technique.
SnCl; and thio-urea were used as the precursor solutions and they
investigated the effect of substrate temperature on the material properties

of these films [91].

Reddy et al. [117] reported spray pyrolytic deposition of Sn,Sy films
on Sb doped SnO; glass substrates. They have deposited films at different
substrate temperatures and investigated its physical properties. They
found that films formed in the temperature range 300-375°C were nearly
stoichiometric, single phase SnS with average grain size of 0.36 pm. The
resistivity of the films was 30 Q.cm, band gap was 1.32 eV and net carrier
concentration was 2x10%> cm3. In another publication, the same group
reported effect of variation of the concentration of the precursor solution
on spray pyrolysed SnS thin films. They observed that, when molarity of
the precursor was in the region 0.09-0.13M, the films were nearly

stoichiometric and had a resistivity of 32 Q.cm [118].

Again, CSP technique was used by Rodriguez et al. to deposit SnS
films. SnCl> and N,N-Dimethylthiourea were used as precursors [119].
They deposited films at different substrate temperatures and these films
were characterized using several techniques. XRD studies showed that
substrate temperature affects the crystal structure of the deposited
material as well as the optoelectronic properties. The calculated optical

band gap value for films deposited at 320-396°C was 1.70 eV. Additional
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phases of SnS; at 455°C and SnO, at 488°C were also observed. The

measured electrical resistivity value for SnS films was ~1 x 104 Q.cm.

(g) Chemical Vapor Deposition (CVD)

Price et al. [120] deposited SnS films employing atmospheric pressure
CVD technique wusing Tri-n-Butyltin Trifluoroacetate and H)S as
precursors at 350 600°C under nitrogen. Exhaustive Raman analysis was

performed on the samples and the results were discussed.

Baron et al. employed Aerosol assisted CVD to deposit SnS thin
films. In this work, they used (PhS)iSn as the precursor solution and H.S
as the co-reactant. They found that at 500°C, uniform films of SnS was
deposited [121]. In the work they mainly investigated the mechanism of

decomposition of (PhS)sSn and the structure of the precursors.

Juarez et al. [122] deposited SnS thin films with the help of “Plasma
Enhanced Chemical Vapour Deposition (PECVD)” technique in the year
2002. Electrical and optical characterizations of the Sn,Sy thin films were
reported. They investigated effect of relative concentration of the precursor
vapour SnCl and HS, keeping all the other deposition parameters as

constant. They reported activation energy of 0.15 eV for the films.

Using simple tin Thiosemicarbazone complexes of the type Bz:SnCly,
(L=Thiosemicarbazones of Salicylaldehyde and 4-chlorobenzaldehyde) Bade
et al. deposited SnS thin films using aerosol-assisted CVD technique [123].
XRD pattern of these films revealed the formation of SnS regardless of
growth temperature and precursor type. SEM images showed that the
films had wafer-like morphology and the growth temperatures did not

have a profound effect on morphology.
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(h)  Electro deposition

SnS films for PV application were successfully deposited employing
electrochemical deposition technique and a detailed report on results of
electrical characterization were given by Sato et al. [124]. Works are also
available on the deposition of SnS thin films over flexible metallic
substrates. Khel et al. deposited SnS thin films on Al sheet through electro
chemical deposition (ECD) technique from aqueous solutions containing
SnSO; and Nax5;0s. The films were polycrystalline and orthorhombic
in structure. Composition was found to be S-rich in acidic pH and Sn-rich
at higher pH values. Relation between film properties and deposition
parameter was studied in this work to optimize the deposition

condition. [125]

SnS thin films were synthesized by Zaina et al., in aqueous media in the
presence of Triethanolamine using ECD method [126]. Effect of deposition
potential, Triethanolamine concentration, and deposition time on the
properties of SnS films was studied. The presence of Triethanolamine
showed improvement in reproducibility, adherence and crystallinity of the
films. XRD studies indicated formation of polycrystalline compounds.
Properties of the films varied with variation in deposition parameters.
The highest photo response was obtained for the film deposited at -0.80 V
in the presence of 0.06 M Triethanolamine. Films deposited at longer
deposition time showed higher photo response. Absorbance study
revealed that the band gap energy was about 1.20 eV with indirect

transition.

Jain et al. cathodically electrodeposited SnS thin films on SnO,-coated

conducting glass substrates, from an aqueous solution containing SnCls
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and Nax50; [127]. The films had Herzbergite orthorhombic crystal
structure. Flakes/needle-like crystal structures present in as-deposited
samples was due to the anisotropic growth of various crystal planes.
Interestingly they could observe that annealing of these needle-like
structures resulted in the growth of platelet-like structures. These films
were polycrystalline with an optical energy band gap of 1.4 eV. Using a
different set of deposition conditions Chen et al. reported the deposition of
SnS thin films onto the ITO glass substrates by employing the same
technique. Here aqueous solution containing SnSO; and Na5:0; with
pH = 2.7, Sn?*/503> = 1/5, deposition potential E = -0.72~-0.75 V
(vs. SCE), and the bath temperature at 30°C -50°C were used. They found
that, with increase in bath temperature, the films became more compact
with stronger XRD peaks. At the same time, the light absorption range of
the films shifted towards the longer wavelength side with the increase in

bath temperature [128].

Pulse-form electro-deposition technique was used by Cheng et al. to
deposit SnS films on ITO-coated glass substrates. The potential applied to
the substrates was of pulse-form with Von -0.75 V (vs. SCE) and off
potential, Vo was varied from -0.1-0.5 V [129]. Films were characterized
using XRD, EDAX, SEM and optical measurements. When V¢ was in the
range 0.1-0.3 V, the SnS films had the best uniformity and adhesion. Band
gap (direct) of the films was in the range, 1.23-1.33 eV. These films
exhibited p-type or n-type conductivity and their resistivity was measured
to be 16.8-43.1 Q.cm. Effect of annealing on the SnS thin films deposited
using pulse electro-deposition method were studied by Yue et al. [130].
The films were annealed at different temperatures in air for 1 hour. The

XRD pattern showed that the film were decomposed and oxidized
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completely at 250°C. Surface morphology and grain size changed with
annealing temperature. The magnitude of the direct energy gap changed
with the annealing temperature. They observed that annealing at 100°C,
resulted in good crystallinity and strong blue-UV emission. SnS thin films
of different thicknesses were deposited on TCO-coated glass substrates
using pulse electro-deposition by Anaya et al. [131]. The applied potential
pulses were -0.95V (Von) and +0.1V (Vog). Crystal structure of the
deposited films was orthorhombic with lattice parameters similar to that of
the mineral herzenbergite. A systematic increase in the band gap was
observed with increase in the film thickness. Dark conductivities of 60 and
510 nm thick films were 3.8 x 10-8 (Q.cm)?! and 6.72 x 10-7 (€2.cm)?!
respectively. They observed that the structural parameters such as lattice
constants and grain size showed a systematic change with film thickness.
Yue et al. prepared SnS films on ITO-coated glass with average grain size
of about 10 nm. [132]. These films had randomly oriented needle-like
crystallites of nearly equal sizes. The EADX analysis indicated that the
atomic ratio of Sn to S is 50.6:49.4.

I) Successive Ionic Layer Adsorption and Reaction (SILAR)

SnS nanocrystallites thin films were synthesized using SILAR
technique by Mondal et al. [133]. The films were phase pure and
polycrystalline with crystallite size approximately ranging between 8-11
nm. They noticed complete oxidation to SnO, due to heat treatment at
400°C in air for one hour and attributed the activation energy of 0.28 eV
obtained to that associated with deep acceptor levels due to excess tin
atoms. A modified SILAR technique was used by Gao et al. in which a
certain quantity of NHiCl was added to the precursor solution to deposit

SnS thin films having zinc blende structure [134]. These films were slightly
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Sn-rich and small amount of O impurity was present in them. No other
impurity such as nitrogen or Cl was found in the films. Dark conductivity

of the films was about 10-¢ (€2.cm)-1.

]) Other chemical/physical routes

Both p-type and n- type SnS thin films were deposited using
sputtering method for photovoltaic application in 1994 by Guang-pu et al.
[135]. Nano crystallites of SnS was fabricated by employing mild solution
routes by Qing Li et al. [136]. They investigated reaction of thiourea with
different tin sources in different organic solvents. Thin films of p-SnS were
brush plated on to SnO; coated glass substrate from aqueous solution

containing SnCl; and Na»S5;0; by Subramanian et al. [88].

Cifuentes et al. [137] deposited polycrystalline SnS thin films on glass
substrates using a novel procedure involving a chemical reaction between
the precursor’s species evaporated simultaneously. XRD measurements
indicated that the synthesized samples grew in several phases (SnS, SnS;
and SnySs) depending upon the deposition conditions. However, through
an exhaustive study, they found conditions to grow thin films
predominantly in the SnS phase with orthorhombic structure. Employing
microwave assisted chemical solution technique; deposition of SnS thin
was reported by Jayaprakash et al. The deposition was carried out in the

range of microwave power output from 160 to 720 W [138].

Thin films of SnS were prepared through nano-multilayer method on
glass substrate followed by rapid thermal processing at 300°C for 5 min in
Ar atmosphere [139]. These stoichiometric films had prominent

orientation along (0 4 0) plane. The film had optical energy band gap of

Spray Pyrolysed Tin Chalcogenide thin films: Optimisation of optoelectranic properties of SnS for possible phatovoltaic opplication o an absorber layer (



Chapter - 1

1.44 eV and p-type electrical conductivity with resistivity of 500 Q.cm. The

activation energy of the material was 0.035 eV.

1.5.4.2 Characterization of SnS thin films

In an important work published in Physical Review B in 1991, by
employing Mossbauer spectroscopy, Lefebvre et al. convincingly concluded
that, two oxidation numbers, II and IV existed for Sn in its binary compounds.
The difference between Sn!! and Sn!V was identified as mainly corresponding
to the variation of about 0.7 Sn 5s electrons. [140]. Nair et al. reported the
results of detailed XPS analysis performed on the SnS films. They also found
that annealing of these films at higher temperature for some long period

resulted in the conversion of SnS to SnO» phase [141].

Adsorption and sensing properties of micro porous SnS films have
been reported by Jiang et al. [142]. They found that electrical and optical
responses with respect to adsorption of specific guests, such as NHs, HoS
and alcohols, show high sensitivity, reversibility and fast reaction times
that are comparable to some commercial semiconductor sensors. This
made micro porous layered SnS potentially interesting in environmental,
industrial and biomedical monitoring. As a continuation of this work, they
(Jiang et al.) tried to highlight Meso-S5nS as a new class of thermo-tropic
liquid crystals. [143]. In an another report, they reported the
characterization results by employing tools like XRD, SEM, TEM, MAS-
NMR, Raman spectroscopy, UV-Vis spectroscopy, Mossbauer spectroscopy,
thermo gravitometry (TG), Differential Scanning Calorimetry (DSC) and
temperature varied XRD. [144]

The dispersion parameters of SnS films were determined and

reported by Safak et al. [145]. In this work, they could confirm that the
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parameters obtained by using unpolarized light were in agreement with
those reported for polarized cases. Moreover, a close similarity were

observed with E/ /b polarization for SnS.

An in-depth characterization of the Sn-S system deposited using
CVT technique was undertaken by Cruz et al. using XRD, XPS, and 19n
NMR characterization tools and the results were discussed. [146]. A study
of electron momentum density distribution in SnS by means of Compton
profiles was presented by Sharma et al. Ionic model calculations for a
number of configurations of Sn.S-. (0.0sx<2) were also performed

utilizing free-atom profiles [147].

With growing interest in SnS for solar photovoltaic device
fabrication, the barrier characteristics of this semiconductor with respect to
different metal contacts became increasingly important. Ghosh et al. [148]
studied barrier characteristics of polycrystalline SnS thin films metalized
with In, Al, Cu and Ag under different annealing conditions. Indium
formed ohmic contact to p-SnS under all annealing conditions. With the
other three metals, Schottky diodes were obtained and subsequently the
contact parameters were studied under forward bias using In top contact
under different annealing conditions. Although aluminum formed
Schottky contact to polycrystalline SnS, annealing at 350°C rendered it
ohmic. EDAX analysis confirmed desulfurization from SnS thin films due
to annealing. Breakdown voltage of the Al/SnS Schottky barrier diode
was determined and it decreased with higher annealing temperature,
supporting the increase in the doping profile with annealing temp. They
also studied the Photoluminescence spectra of SnS films and correlated to

surface trap centers generated due to annealing.
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Optical properties of SnS thin films grown on a glass substrate with
the help of CBD technique were investigated using Photo thermal
deflection spectroscopy [149]. The experimentally normalized amplitude
curves of the photo thermal signal vs. wavelength were compared to the
corresponding theoretical ones and hence determined the optical

absorption spectrum.

Mathew et al. [150] studied electrical transport and activation energy
of the traps in the forbidden band of SnS. Charge transport is controlled by
both diffusion and recombination at the depletion region. Two traps with
activation energies 0.036 and 0.133 eV were detected at a particular applied
bias. The traps showed a bias dependence for the activation energy; the
zero field values of the ionization energies were estimated at 0.14 and

0.27 eV respectively.

1.5.4.3 Doping

Resistivity of pure SnS thin film deposited using vacuum
evaporation is too high to make solar cell. In order to solve this problem,
doped SnS thin films were fabricated using dopants like Sb, Sb.O;, Se, Te,
In, and InoOs [151]. From the experimental results, Sb was found as the
best dopant source, as it reduced resistivity of SnS thin films reduced by
four orders of magnitude, and the photosensitivity was double. In
addition, the influence of Sb doping percentage on the electrical properties
of doped SnS thin films was also investigated and found that optimum
doping percentage of Sb was 1.3% ~1.5% in weight. After this work, effect
of doping of Sb,Os; on vacuum evaporated SnS thin films was studied in
detail by the same group [152]. They annealed the SboOs; doped SnS thin

films in hydrogen atmosphere at different temperatures and for different
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durations. Optimum doping content of Sb>Os; was found to be 0.2% in
weight and the resistivity of the doped SnS film was 42 Q.cm while that of
pure-SnS film was 99 Q.cm. In addition, the resistivity of Sb>Os doped SnS

film decreased as low as 24 €2.cm on annealing at 400°C and 3 hour.

Thin films of lead tin sulfide (PbSnS;) were deposited on glass
substrates at 100°C using thermal evaporation method [153]. SEM and
XRD studies revealed that the films were monophase and polycrystalline,
with average particle size approximately 28 nm and fundamental
absorption edge at 1.65 eV (direct allowed transition). Thermoelectric

measurements showed the materials to be p-type in nature.

Ag doped SnS thin films were deposited on ITO coated glass using
pulse electro-deposition by Yang et al. [154]. The doped films exhibited
good crystallinity with larger grain size and optical gap of 1.66-1.89eV and
high absorption coefficient (a > 5 x 10* cm?). By silver doping the
resistivity could be brought down to the order of 10 Q.cm and carrier
concentration of 101 cm-3 could be obtained. Jia et al. [155] employed a
different technique for doping Ag in to the SnS matrix. SnS and Ag films
were deposited on glass substrates by vacuum thermal evaporation
technique successively and then the films were annealed at different
temperatures (up to 300°C) in N> atmosphere for 2 hours in order to obtain
silver doped SnS (SnS:Ag) films. With increase in annealing temperature,
the carrier concentration and mobility of the films first rose and then
dropped, whereas their resistivity and direct band gap showed the
opposite trend. Annealing at 260°C yielded SnS:Ag films with the superior
properties; these samples had direct band gap was 1.3 eV, carrier

concentration up to 1.132 x 1017 cm3 and the resistivity of about 3.1 Q.cm.
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Copper doped SnS films with thickness of about 300 nm had been
grown on glass substrates using thermal evaporation technique by Zhang
et al. [156]. Different Cu doped SnS films were obtained by controlling the
Cu evaporation time to roughly alter Cu doping concentration in the SnS
films (from 5.7 to 23 atomic %). Then they were annealed at (temperature
of 250°C and pressure 5.0 x 102 Pa) for 90 min. With increase in Cu-
doping concentration, grain size of the films became larger but the
roughness decreased. Carrier concentration of the films increased sharply
while resistivity decreased with respect to the variation in doping

concentration.

1.5.4.4 Nano materials of SnS

Semiconductor nano crystals are of great interest because they
provide an opportunity to observe the evolution of material properties
with crystal structure, size and shape [157]. Semiconducting SnS nano
wires, nano rods, and nano particles were prepared by employing a
chemical technique by appropriately choosing different alkaline solution

as reaction media by Changhua An et al. [158].

SnS particles in the size range of 5.0-6.5 nm were prepared by
Li et al. [159]. Resorcinol-formaldehyde solution was added to these SnS
nano particles after which the mixture was spin-coated on a Cu foil and
carbonized at 650°C to prepare a net-like SnS/Cu composite thin-film

electrode for Li-ion batteries.

Growth of SnS films with large surface area was accomplished by
depositing it in a uniform nano wall structure over the entire substrate
using CBD method [160]. Photoconductivity increased with the increase in

film thickness for these “‘nano wall” SnS thin films. Nano crystalline SnS of
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various morphologies were prepared by Niwate et al. employing thermal
and solvothermal decomposition of BzsSnClg) (L = benzaldehyde
thiosemicarbazone) [161] TEM and SEM images revealed that
morphologies of SnS depend on the method of preparation and the growth

temperature.

Thin films and lawns of SnixPbiS nano rods were produced using
‘hot wall vacuum deposition method (HWVD)" by Bente et al. [162].
Roughness of the films measured by AFM was in the range 49.5-86.3 nm
depending on Pb concentration. The rods were about 500 nm high and 300
nm in diameter. They observed that the droplet at the tip of rods consisted
of tin and therefore it was concluded that the rods grew via a self-

consuming vapor-liquid-solid mechanism.

1.5.4.5 SnS solar cells

This section deals with the brief review of the works where SnS thin

films have been used for photovoltaic applications.

Ristov et al. deposited photovoltaic cells based on p-type SnS layer
by employing chemical routes. Using chemical deposition method from
two separate solutions, complete preparation of three types of cells was
done with SnS as the base layer. Difference among the three types was in
the window layer electrode. They employed chemical deposition
technique to deposit CdO and Cd»SnOs. The third cell was purely Schottky
barrier cell in which the window electrode was SnOx:F, prepared using CSP
technique. From the I-V, C-V and spectral characteristics measurements,
they observed that the cell structure, with Cd>SnO, film as the window

electrode, exhibited better performance [163].
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Sharon et al. reported conversion efficiency of 0.6% for a PEC cell
prepared using SnS films grown by passing H»S through an acidic solution

of SnCl, [164]

Noguchi et al. [165] successfully deposited SnS thin film by vacuum
evaporation technique and fabricated ITO/n-CdS/p-SnS/Ag structure. It
exhibited short circuit current density (Js) of 7mA/cm?2, an open circuit

voltage (Voc) of 0.2V, fill factor of 0.35 and a conversion efficiency of 0.29%

Another photovoltaic structure, SnO.:F/CdS/SnS/(CuS)/Ag, with
Voc >300 mV and Jic £ 5 mA/cm? under an illumination of 850 W/m?2
using a halogen lamp, was reported by Avellaneda et al. [166].
Photovoltaic behavior of the structure varied on heating: Voc ~ 400 mV
and J.c <1 mA/cm?, when heated at 423 K in air, but Voc decreases and Js
increases when heated at higher temperatures. They claimed that these

photovoltaic structures were stable over at least one year.

Gunasekaran et al. reported fabrication of solar cells with SnS using
photo chemically deposited CdS and Cdi..ZnS as buffer layer. [167,168]. SnS
absorber layer was deposited employing three-step pulse ECD technique. For
the CdS/SnS structure, the best cell showed an efficiency of about 0.2%, while
for the Cd1..Zn,S/SnS structure, an efficiency of 0.7% was obtained.

Reddy et al. deposited SnS films by CSP and successfully fabricated
ITO/n-CdS/p-SnS polycrystalline thin film heterojunction solar cell with
0.5% efficiency. Mathews et al. fabricated CdS/SnS heterojunctions by
depositing SnS using pulse ECD while CdS was deposited using CBD
technique. This cell had Voc of 110 mV, Jsc of 0.72 mA/cm? and fill factor
of 0.32 [169].
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SnS/ZnO heterojunction was fabricated by Wu et al. using Al as the
contact electrode [170]. Wide band gap InS-based thin film (InS:Oy(OH).)
was deposited onto SnO.:F-coated glass through ECD technique from an
aqueous solution using a two-step periodic-pulse voltage. This film was
then used along with SnS thin film to fabricate a novel heterojunction.
[171]. Performance parameters of these two structures were found to be
rather poor. Miyawaki et al. fabricated ZnS/SnS heterojunction cells, in
which, ZnS was deposited on p-type (electrochemically deposited) SnS
thin films. The heterojunction cells showed rectification properties with

very poor light activity [172].

SnS; and SnS nano particles were prepared via hydrothermal
method, and solar cells were fabricated with the help of dip-coating
technique using synthesized nano particles. Direct and indirect band gaps
of SnS; thin film were 2.6 eV and 2.2 eV, respectively and those of SnS thin
film were 1.2 eV and 1.0 eV, respectively. The solar cells produced Js of
1.1 pA/cm?and an Voc of 25 mV  [173].

SnS thin films with two different crystal structures, (orthorhombic
(SnS(or) ) and Zn-blende ( SnSizs) )) were synthesized using CBD technique
by Avellaneda et al. [174]. These films possessed p-type electrical
conductivity with band gaps of 1.2 and 1.7 eV respectively. The
photovoltaic structure, SnO2:F/CdS/SnSzs)/ SnSory with evaporated Ag-
electrode exhibited an open-circuit voltage of 370 mV, a short-circuit
current density of 1.23 mA /cm?, fill factor of 0.44 and conversion efficiency
of 0.2% under 1 kW/m?2 illumination. Improvement in the light generated
current density when the two types of SnS absorber films were used was

also presented in the paper. They also tested different evaporated
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electrode materials and Ag-electrode was chosen for the future device

fabrication.

Photovoltaic properties of the SnS/ZnO heterojunction were
investigated by Ghosh et al. [175]. In another report the same group
reported details of synthesis of SnS thin films via “galvanostatic electro
deposition” and fabricated CdS/SnS heterostructure for photovoltaic
applications [176]. They observed that the ITO/SnS/In structure exhibited
linear current-voltage characteristics, establishing ohmic nature of both
ITO/SnS and SnS/In junctions. Heterostructure ITO/CdS/SnS/In was
characterized under dark and illuminated conditions. They also calculated
several junction parameters like barrier height, diode ideality factor and
series resistance of the heterostructure were estimated using Cheung

model.

The n-type ZnO and p-type SnS were used to fabricate solar cells
with the structure of ITO/ZnO/SnS/Al. The cell parameters were,
Jsc = 1.38 mA/cm?2, Voc = 0.42 V, FF = 0.40. [177]. Heterostructure solar cells
were fabricated by depositing SnS on ZnSysOo3 by electro deposition. The
cell showed photovoltaic properties, although the efficiency was low [178].

The CdS nano-layer used as buffer layer of ZnO nano wire
arrays/CdS/SnS thin film solar cells was prepared through thermal
evaporation method [179]. They showed that CdS nano-layer plays a key

role in reducing the leakage current.

Although several research groups fabricated SnS-related solar cells, the
reported efficiencies were low. There is not much analysis available in

literature about the low efficiency of the SnS based solar cells. A few repots
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available on the failure analysis of the SnS based heterojunction are given

below.

One of the reasons for this low efficiency is the mismatch at the band
edges in the heterojunction. Sugiyama et al. reported the band discontinuities
of CdS/SnS and SnS/SnO:; hetero interfaces which were measured using XPS
and C-V measurements [180]. The valence band offsets were determined to be
approximately 1.5 eV for CdS/SnS and 3.5 eV for SnS/ SnO: interfaces
whereas the conduction band discontinuities for these junctions were
respectively found to be 0.4 eV and 1.0 eV. Using these values and the energy
band gaps of the corresponding layers, the energy band diagram was
developed and it was considered to be a TYPE-II heterostructure. The Fermi
level was found to be much closer to the valence band maximum for SnS,
whereas it appeared in the upper half of the band gap for both CdS and SnOs.
Energy band discontinuities in SnS/ZnMgO thin film heterojunction were
reported by Reddy et al. recently [181].

Using single-phase SnS films, band discontinuities at SnS/CdS and
SnO/SnS hetero-interfaces were measured employing XPS by Sugiyama
et al. [182]. Valence band offsets were detected to be approximately 1.5 eV
for SnS/CdS and 3.5 eV for SnO,/SnS interfaces. Using these values and
the energy band gaps of the corresponding layers, the energy band
diagram was developed. It indicated that the SnS/CdS heterojunction is of
TYPE-II form of heterostructure. This result indicated that SnS-related
solar cells with CdS as window layer do not have an ideal band structure

that could give high conversion efficiency.

Some of the cell performance parameters of SnS based heterojunctions

reported by various groups have been tabulated below.
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Table 1.3: Performance parameters of SnS based heterojunctions.

Voc

Isc

Heterojunctions (mV) | (mA/em?) FF (J/Io ) Ref.
ITO/SnS 471 0.30 0.71 ] 0.1 Wang et al., 2010
ZnO/SnS 120 0.04 0.33/0.003 Ghosh et al, 2009
SnO,:F/CdS/SnS/Cu,SnS;| 340 6.00 | --m-e | -mmee- Avellaneda et al., 2007
Cdog7Zng 13S/SnS 288 9.16 0.27 | 0.71 | Gunasekaran et al., 2007
Cds/SnS 260 9.6 0.53 | 1.30 Reddy et al., 2006
SnS,/SnS 350 15 |- | e Sanchez-Juarez et al., 2005
CdO/SnS 200 0.054 | ---eom | -omme- Ristov et al., 2001
Cd,Sn04/SnS 230 0.039 | ----o- | —omme- Ristov et al., 2001
SnO,:F/SnS 152 0.123 | ----m- | =mm-m- Ristov et al., 2001
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EXPERIMENTAL TECHNIQUES AND
CHARACTERIZATION TOOLS

2.1 Deposition techniques

2.2 Characterization techniques

2.1 Deposition techniques

After choosing material for the present work, the next important task
was to select an appropriate deposition technique. This technique should
be viable, cost effective, simple and should be suitable to scale to larger
areas. There are different techniques which have been employed by earlier
workers to deposit tin-chalcogenides which include both physical and
chemical routes. Some of them are vacuum evaporation [1], radio
frequency sputtering [2], electrochemical deposition [3,4], atmospheric
pressure chemical vapor deposition [5], plasma enhanced chemical vapor
deposition [6], brush plating [7], dip deposition [8], chemical bath
deposition [9] , and chemical spray pyrolysis (CSP) [10]. Among these,
CSP deposited films exhibited better device performance [11]. It is a very
effective technique suitable for the preparation of thin films, especially for
large area deposition [12]. Easiness of doping and tailoring stoichiometry
makes the technique highly suitable for the fabrication of photovoltaic
devices and hence we have chosen this technique to deposit thin films in

the present study. The following section describes briefly about the
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technique. We have indigenously automated the spray coating unit in our
lab and a brief description on the instrumentation used for the automation

of the unit is also presented here.

2.1.1 Chemical spray Pyrolysis

CSP is a potential deposition technique being considered in research
and industry to prepare thin and thick films of ceramic materials and
powders. Unlike many other film deposition techniques, this technique is
a very simple and cost-effective processing method (especially with regard
to equipment and energy requirement) for depositing thin films over very
large area. It offers an extremely easy way for preparing films of desired
composition and stoichiometry. CSP does not require high-quality
substrates or chemicals. The method has been employed for the deposition
of dense films, porous films, and for powder production. Even
multilayered films can be easily prepared using this versatile technique.
Spray pyrolysis has been used for several decades in the glass industry

[13] and in solar cell production [14].

Typical spray pyrolysis equipment consists of an atomizer, precursor
solution, substrate heater, spray rate controller and temperature controller.
A schematic of a typical CSP set-up is given in Figure 2.1. The following
atomizers are usually used in spray pyrolysis technique: air blast (the
liquid is exposed to a stream of air) [15], ultrasonic (ultrasonic frequencies
produce the short wavelengths necessary for fine atomization) [16] and

electrostatic (the liquid is exposed to a high electric field) [17].
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1. Air Compressor

2. Gas flow contrel valve

3 Manometer 00 e e e e e e e e e mmm——
4. Zolution reservoir 8. Temperature Controller

5. Solution flow centrol walve 9. Substrate Heater

6. Spray Head 10. Dimmerstat

7. Substrate 11. Exhaust Fan

Figure 2.1: Schematic of Spray pyrolysis set-up.

2.1.1.1 A brief review on CSP technique

Film deposition using spray pyrolysis will be discussed in this
review with due importance to the effect of deposition temperature and
precursor solution on film structure and properties. This will be illustrated

with some examples wherever necessary.

Various reviews concerning spray pyrolysis techniques have been
published. Mooney and Radding reviewed the spray pyrolysis method,
properties of the deposited films in relation to the conditions, specific films
(particularly CdS), and device application [18]. Tomar and Garcia
discussed preparation and properties of sprayed films as well as their
application in solar cells, anti-reflection coatings, and gas sensors [19].
Albin and Risbud presented a review of the equipment, processing
parameters, and optoelectronic materials deposited using CSP technique

[20]. Pamplin published another review on the use of spraying for
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preparing solar cells as well as a bibliography of references on the spray
pyrolysis technique [21]. Recently, deposition of thin metal oxide and
chalcogenide films using spray pyrolysis and different other atomization
techniques were reviewed by Patil [22]. Bohac and Gauckler discussed the
mechanism of chemical spray deposition and presented some examples of

sprayed Yttria-stabilized zirconia (YSZ) films [23].

Thin film deposition, using the spray pyrolysis technique, involves
spraying metal salt solution(s) onto a heated substrate (Figure 2.1).
Droplets impact on the substrate surface, spread into a disk shaped
structure and undergo thermal decomposition. Shape and size of the disk
depends on the momentum and volume of the droplet, as well as the
substrate temperature. Consequently, the film is usually composed of
overlapping disks of metal salt whose film is required on the heated

substrate.

The deposition parameters are very critical in deciding the material
properties of the films deposited using this technique. The following
paragraphs will give an overview of the significance of various deposition

parameters in view of the reports already published by earlier workers.

Spray pyrolysis involves many processes occurring either simultaneously
or sequentially. The most important of these are aerosol generation and
transport, solvent evaporation, droplet impact with consecutive spreading, and
precursor decomposition. Deposition temperature is involved in all mentioned
processes, except in the aerosol generation. Consequently, the substrate
surface temperature is the main parameter that determines the film
morphology and properties. By increasing the temperature, the film

morphology can change from a cracked to a porous microstructure. In
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many studies, the deposition temperature was reported as the most
important one in spray pyrolysis. Properties of deposited films can be
varied and/or controlled by changing the deposition temperature. For
instance, it influences optical and electrical properties of ZnO films [24].
Films with the lowest electrical resistivity and improved crystallinity were
deposited using an aqueous solution of zinc acetate at 490°C, while films
prepared at 420°C and 490°C showed high transmission (90-95%) in the
visible range. This was attributed to the decrease of the film thickness and
an increase in the structural homogeneity. Physical properties of fluorine-
doped indium oxide films were investigated with respect to deposition
temperature, dopant concentration, air flow rate, and film thickness [25]. It
was found that the deposition temperature had remarkable influence on
the structure of the films. The extent of preferential (4 0 0) orientation
increases with increasing film thickness. Terbia-doped yttria-stabilized
thin films were deposited using electrostatic spray deposition [26]. Surface
morphology was controlled by changing the deposition parameters and
solution compositions. By increasing the deposition temperature, the
morphology of the film was shifted from a dense to a highly porous

structure.

The precursor solution is probably the second important one in
deciding the film properties prepared using CSP technique. Solvent, type
of salt, concentration of salt, and additives influence physical and chemical
properties of the precursor solution. Therefore, structure and properties of
a deposited film can be changed / tailored by changing any one of the
above parameters of precursor solution. Chen et al. showed that
morphology of thin films can be changed considerably by adding

additives to the precursor solutions [27]. Structure of deposited TiO: film
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was changing from a cracked to a ‘crack-free reticular’ after the
introduction of acetic acid into the precursor solution. Change of
morphology was attributed to the modification of precursor solution
chemistry. Transparent SnO. electrodes were deposited through spray
pyrolysis using tetra-n-butyltin (IV) as precursor [28]. Deposition
efficiency and crystallinity of the films deposited at 340°C were improved
by adding H>O: to the alcoholic precursor solution. The authors proposed
two explanations for this effect. One was that H>O, decomposes easily on a
substrate to produce an oxygen atmosphere, which promotes the oxidation
of tetra-n-butyltin and reduces residuals within the film. The second
explanation was that H»O, and tetra-n-butyltin form tin peroxide
complexes with direct atomic bonding between Sn and O in the precursor
solution. This kind of structure is desirable for formation of SnO.. Of these,
the second explanation is more reasonable, because in the spray pyrolysis
process usually there is enough oxygen in air for the oxidation of salts.
Porous SnO; and SnO>-MnyO; films have been prepared using the
electrostatic spray deposition technique [29]. These films were used in
‘Taguchi type” hydrogen sensors. Grain size of the porous films ranged
from 1 to 10 pm. It was observed that the grain size increased with a

higher concentration of the precursor in the ethanol solvent.

Caillaud et al. investigated the influence of pH of the solution on the
thin film deposition and found that the growth rate depended on the pH
[30]. The rate was only significant if 3.5 < pH < 4.3. In this pH range the
vaporized precursors were the zinc acetate complexes. Formation of basic
salts, adsorption compounds, or precipitates slowed down the growth at
higher pH. At low pH, both the amount of zinc acetate and the growth rate

decrease until no more deposition occurs. Thin SnO; films for gas sensing
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applications have been prepared also by spray pyrolysis using inorganic as
well as organic precursor solution [31]. Smooth but not very uniform films
were obtained using a solution of (NH4)2.5nCls in water. On the other
hand, very uniform but relatively rough films were deposited using a
solution of (CH;COO).SnClz in ethylacetate. Suitable electric properties
were obtained for films deposited using organic solution. Sensitivity and
rise time were depending on the deposition temperature and the type of
precursor solution used. The best results were achieved by spraying an
organic precursor solution onto a substrate at ~300°C. In reference [32] the
effect of glycerol in aqueous nitrate solutions on the growth of YBaxCuzO7
(YBCO) films was reported. Superconductor films on YSZ substrates,
prepared from precursor solutions with glycerol, showed a sharp
superconducting transition, (T¢) as for bulk material (above 90 K), and a
strong c-axis oriented texture. On the other hand, surface of the film,
prepared from the aqueous precursor solution, was irregular and had a
lower T. than the bulk material. Authors suggested that glycerol improves
production of fine droplets, which improved the surface morphology of
the deposited film. It was observed that the growth rate of SnO, films
prepared from SnCls. 5H>O was higher while the resistance was lower in
comparison with those prepared from anhydrous SnCls [33]. The authors
suggested that, under identical conditions, the droplets containing
SnCly.5H>O require more thermal energy to form SnO, than those
containing SnCls. Thus the water molecules seemed to influence the
reaction kinetics, particularly the growth rate of the films. The influence of
process parameters on the sensitivity to humidity of SnO,-Fe;Os films was
investigated [34]. Nature of the iron salt influenced the sensitivity to

humidity of the samples. The films deposited from an alcohol solution
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containing Fe>(C204)s exhibited higher sensitivity than those from a
solution containing Fe(INH4)(SO4)2. This fact was explained by the higher
porosity of the structure obtained from iron oxalate, because during the
oxalate pyrolysis a lot more gaseous decomposition products are released
compared to the sulphate precursors. Kim et al. studied the influence of
additives on the properties of MgO films deposited using electrostatic
spray deposition [35]. A large number of separated particles were
observed on the surface of MgO films when pure tetrahydrofuran (THF)
was used as a solvent. However, smooth and particle free MgO films were
obtained when 1-butyl alcohol or 1-octyl alcohol was added to THF. The
authors suggested that the alcohols effectively restrain MgO nucleation

resulting from the vaporization of droplets.

Spray rate, angle of spray, height of the spray head from the heater /
substrate, carrier gas used for the spray, molarity and ratio of the
constituent precursor solutions, pressure of the carrier gas, etc are some of
the other major deposition parameters as far the coating technique is

concerned [36].

Indeed it is very difficult to control all these deposition parameters
in manual spray technique. Therefore, the technique has been automated
indigenously in our lab with the help of a company M/s. Hollmark,

Kalamassery, India.

2.1.1.2 Indigenously developed Automated Spray coating unit

A circular S.S plate having thickness 6 mm and 15 cm diameter has
been used as the hot plate after machining it finely. A single heater coil having
1.5 kW, embedded in a ceramic grove is then attached to this base plate to

facilitate resistive heating. This heater assembly is capable of providing a
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uniform temperature of 500°C (with a maximum variation of +5°C over the
surface of the hot plate) over the S.S hot plate. A proper insulation was then
given to this set-up using thermal bricks and rock wool. A K-type
thermocouple attached in a grove located near the top surface of the base
plate detected temperature on the substrate surface. During the spray,
substrate temperature was kept constant with an accuracy of +5°C using a

temperature controller equipped with 10 A on/ off relay circuit.

The designing of the dispensing unit for controlling the spray rate is
based on the principle of screw gauge and syringe action. By varying the
speed of the micro processor controlled stepper motor attached to the
piston of the container, dispensing rate was controlled. The motor shaft is
connected to a lead screw through a gear and the piston is attached to this
lead screw. Using this setup, the spray rate can be precisely controlled in
the range 1 ml/min to 20 ml/min. The container and the connecting tubes

are made of Teflon, a corrosion free material.

The spray head (Figure 2.2) consisted of an air nozzle placed at right
angle to the needle through which the solution is dispensed from the

container.

Figure 2.2: Photograph of the air blast type spray nozzle
used for the work.
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The spray head, heater and the substrate were kept inside a chamber
provided with an exhaust fan for removing the gaseous byproducts and

the solvent vapor.

Uniform coverage of large area was achieved by moving the spray head
over the substrate surface by employing a mechanism having two stepper
motors. The spray head could scan an area of 15 cm x 15 cm. There is also a
provision to control the speed of the X and Y scan’. X movement can be
varied from 50 mm/sec to 400 mm/sec. Usually we prefer slow Y-movement.

Typically a scan speed of 50 mm/sec was fixed for the Y direction movement.

The atomization technique adopted for the system is air blast.
Filtered air is used as the carrier gas. Required pressure is achieved using a
0.5 HP compressor and it is controlled and air is fed to the nozzle with the

help of a mechanical pressure gauge.

Picture of the automated spray coating unit used for the present

work is given in Figure 2.3.

Figure 2.3: The Indigenously developed Automated CSP unit used
for the work.
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2.1.2 Vacuum evaporation

For purposeful and controlled diffusion of metal atoms in to the SnS
matrix, we employed thermal evaporation technique. This technique was
employed to enhance / modify the material properties of the spray
deposited films. This deposition technique also has been used for coating

electrodes for the trial devices fabricated in the present work.

In this technique, molecules (of the evaporant material) coming out
from the heated material will spread out in all directions. But their velocity
distribution will depend on the nature of the source [37]. If a source can be
approximated to a tiny sphere compared to its distance from the receiving
substrate, then the emitted vapor stream will have the same velocity
distribution in all directions and hence resembling the emission from a
point source. Usually source is assumed to be a “point source”. For the
present study we have adopted “resistive heating” method to supply heat
of vaporization of materials. There are several types of practical heating
sources made from refractory metals such as tungsten, molybdenum,
tantalum etc. We used a 200 A molybdenum source in the form of a boat
supplied by HHV pvt. Ltd, India. Material to be evaporated is placed in
the boat and is converted in to vapor form by means of resistive heating.
The vapor atoms thus created are transported through vacuum of 2 x 10
Torr to get deposited on the substrate. At a steady state of evaporation
these vapor atoms or molecules will have an equilibrium vapor pressure

(p), which is given by the relation [37,38].

p= 2.1)
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Where N is the total number of vapor atoms or molecules V is the
volume of the enclosed chamber T is the absolute temperature of the
gaseous species and k is Boltzmann’s constant. These atoms or molecules
in the gaseous state will however collide with one another after a certain
mean free time (t) and the average distance of travel before suffering a

collision with another can be expressed by the relations.

1=(% nxczx/ij- (2.2)

where, | is the mean free path (mfp) in cm of the vapor species and o is the
conductivity of the film. From the above relations, it is seen that the lower
the equilibrium vapor pressure the more will be I and when p is very low
vapor atoms or molecules will travel a long distance without encountering
any collision ie. these will be moving in a straight path relatively
unhindered. The above equation for air at room temperature can be

written as

| = (2.3)

>
p
where, p is expressed in micron pressure. Thus in an evacuated system if
the residual air pressure at steady state is, say, 10+ torr, then
corresponding ! will be 50 cm and with lower p, mfp will still be larger.
Thus in a highly evacuated system, evaporated atoms or molecules from a
heated source will have high I and if | is greater than the length of the
enclosed chamber then there will not be any collision of the atoms or the

molecules and these will move unhindered.
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2.2 Characterization techniques

2.2.1 Thickness measurement- Stylus profilometer

Thickness is one of the most important parameter of a thin film to be
characterized since it plays an important role in the film properties unlike
in bulk material. Microelectronic applications generally require the
maintenance of precise and reproducible film metrology (i.e., thickness as
well as lateral dimensions). Various techniques are available to
characterize the film thickness which are basically divided into optical and
mechanical methods, and are usually nondestructive; but sometimes it can
be destructive in nature. Film thickness may be measured either by in-situ

monitoring of the rate of deposition or after the film deposition.

Stylus profilometer is an advanced tool for thickness measurement
of both thin and thick films. It is capable of measuring steps even below
100 A. This instrument can also be used to profile surface topography and
waviness, as well as measuring surface roughness in the sub nanometer
range [39]. The stylus profiler takes measurements electromechanically by
moving the sample beneath a diamond tipped stylus. The high precision
stage moves the sample according to a user defined scan length, speed and
stylus force. The stylus is mechanically coupled to the core of a linear
variable differential transformer (LVDT). The stylus moves over the
sample surface. Surface variations cause the stylus to be translated
vertically. Electrical signals corresponding to the stylus movement are
produced as the core position of the LVDT changes. The LVDT scales an ac
reference signal proportional to the position change, which in turn is
conditioned and converted to a digital format through a high precision,
integrating, analog-to-digital converter. The film whose thickness has to be

measured is deposited with a region masked. This creates a step on the
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sample surface. Then the thickness of the sample can be measured
accurately by measuring the vertical motion of the stylus over the step.
Thicknesses of the films prepared for the work presented in this thesis

were measured using a Dektak 6M stylus profiler.

2.2.2 Structural characterization
2.2.2.1 Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique that can
detect both organic and inorganic species and measure the crystallinity of
the solids. It is free from charging effects that can influence electron and

ion beam techniques [40].

Raman spectroscopy is based on Raman Effect, first reported by
Raman in 1928 [41]. If the incident photon imparts part of its energy to the
lattice in the form of a phonon (phonon emission) it emerges as a lower
energy photon. The down-converted frequency shift is known as Stokes-
shifted scattering. Anti stokes-shifted scattering results when the photon
absorbs a phonon and emerges with a higher energy. The anti-stokes mode
is much weaker than the Stokes mode and it is Stokes-mode scattering that

is usually monitored.

During Raman spectroscopic measurements a laser beam, referred to
as the pump, is incident on the sample. The weak scattered light or the
signal is passed through a double monochromator to reject the Raleigh
scattered light; the Raman shifted wavelengths are detected by a photo
detector. In the Raman microprobe, a laser illuminates the sample through
a commercial microscope. Laser power is usually held below 5mW to
reduce sample heating and specimen decomposition. In order to separate

the signal from the pump it is necessary that the pump should be a bright,
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monochromatic source. Detection is made difficult by the weak signals
against the intense background of scattered pump radiation. The signal-to-
noise ratio is enhanced if the Raman radiation can be observed at right
angles to the pump beam. A major limitation in Raman spectroscopy is the
interference caused by the fluorescence, either of impurities or of sample
itself. This fluorescent background problem is eliminated by combining
Raman spectroscopy with Fourier Transform Infrared Spectroscopy

(FTIR).

Raman is very sensitive to crystal structure. For example, various
crystal orientations give slightly different Raman shifts. The frequencies

are shifted due to the stress and strain in the thin film also.

In the present work, Raman analysis was performed in the back
scattering mode at room temperature using micro Raman system from
Jobin Yvon Horibra LABRAM-HR visible (400 -1100 nm) with a spectral
resolution of 1lcm-1. Argon ion laser of wavelength 488nm was used as the

excitation source.

2.2.2.2 X-ray diffraction technique

The most common technique for analyzing thin films as thin as
100 A is to use a ‘grazing incidence angle’ arrangement. Samples can be
analyzed using this technique in a non-destructive way. Glancing angle
XRD is used when the information needed lies within a thin top layer of
the material. We employed the ‘Seemann-Bohlin geometry’ [42] for the
present study. Incident x-ray is impinging on the fixed specimen at a small
angle, y (typically <1° to 3°) and the diffracted x-rays are detected by a
detector that moves along the focusing circle. This method provides good

sensitivity for thin films, due to para-focusing and the large diffracting
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volume, which results from y being small and x-ray path length in the film
being large (proportional to 1/sin y). By increasing the path length of the
incident x-ray beam through the film, intensity from the film can be
increased, while at the same time, the diffracted intensity from the
substrate can be reduced. Overall, there is a dramatic increase in the film
signal to background ratio. During the collection of the diffracted
spectrum, only the detector rotates through the angular range, keeping the

incident angle, the beam path length and the irradiated area constant.

XRD gives whole range of information about crystal structure,
orientation, crystallite size, composition defects and stresses in thin films
[43]. Experimentally determined data is compared with JCPDS file for
standards. The inter-planar spacing (d) can be calculated from the Bragg’s

formula,

2d sinf = n\ (2.4)

where, 0 is the Bragg angle, n is the order of the spectrum; A is the
wavelength of x-rays which is equal to 1.5405 A for CuK, radiation used
for the present study. Using d values, the plane (h k 1) can be identified
and lattice parameters are calculated with the help of following relations:
For the orthorhombic systems,

h* kK P

1
= 2.5
d, Va> b ¢ 29)

where a, b and c are lattice parameters. The grain size ‘L’ can be calculated

from the Debye-Scherrer formula,

L =k\/ (B. cos 6) (2.6)
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Where, k is a constant equal to 0.9 and f is the full width at half maximum
(FWHM) measured in radians. In the present study XRD measurements
was performed employing Rigaku (D.Max.C) x-ray diffractometer having
CuK,, (A=1.5405 A) radiation and Ni filter operated at 30 kV and 20 mA. All

samples were scanned in the range 10° to 60° with a scan speed of 5°/min.

2.2.2.3 Scanning electron microscopy (SEM)

In SEM, a source of electrons is focused in vacuum into a fine probe
that is rastered over surface of the specimen. The electron beam passes
through scan coils and objective lens that deflects the beam horizontally
and vertically so that the beam scans the surface of the sample. As
electrons penetrate the surface, a number of interactions occur that can
result in the emission of electrons or photons from or through the surface.
A reasonable fraction of the electrons emitted can be collected by
appropriate detectors, and the output can be used to modulate the
brightness of a cathode ray tube (CRT) whose x and y inputs are driven in
synchronism with the x-y voltage rastering the electron beam. In this way
an image is produced on the CRT; every point that the beam strikes on the
sample is mapped directly on to a corresponding point on the screen.
Linear magnification obtained can be calculated from the simple

expression [40]

M=L/I 2.7)

where, L is the raster’s length of the CRT monitor and I is the raster length
on the surface of the sample. SEM works on a voltage between 2 to 5 kV
and the beam diameter that scans the specimen in 5 nm to 2 pm. The
principle image produced in SEM is of three types: secondary electron

images, backscattered electron images and elemental x-ay maps.
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Secondary and backscattered electrons are conventionally selected and
separated according to their energies. When the energy of the emitted
electron is less than about 50 eV, it is referred to as a secondary electron
and backscattered electrons are considered to be the electrons that exit the
specimen with energy greater than 50 eV. Detectors of each type of

electrons are placed in the microscope in proper positions to collect them.

The SEM instrument JEOL, JSM-840 was employed to characterize
films in this work. Operating voltage of SEM measurements was 20 kV
and the surface morphology of the samples was compared at 25,000X
magnification. Compositional variation of the samples was analyzed using
energy dispersive x-ray (EDAX) analysis (operated at 20 kV), which is
attached with the SEM.

2.2.2.4 Atomic force microscopy (AFM)

AFM has the advantage of imaging almost any type of surface
(conducting, semiconducting, insulator). Binning, Quate, and Gober
invented the AFM in 1985 [44]. Their original AFM consisted of a diamond
tip attached to a strip of gold foil. The diamond tip contacted the surface
directly, with the interatomic van der Waals force providing the
interaction mechanism. Detection of the cantilever’s vertical movement

was done with a second tip.

Today, most AFMs use a laser beam deflection system, introduced
by Mayer and Amer, where a laser is reflected from the back of the
reflective AFM lever and on to a position sensitive detector. AFM tips and
cantilevers are micro fabricated from Si or SisNs. Typical tip radius is from

a few nm to few tens of nm [45].
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The “Nanoscope AFM”, which has been used to characterize films in
the present work, employs an optical detection system in which the tip is
attached to the underside of a reflective cantilever. A diode laser is focused
onto the back of a reflective cantilever. As the tip scans the surface of the
sample, moving up and down with the contour of the surface, the laser
beam is deflected off the attached cantilever into a dual element

photodiode.

The photo detector measures the difference in light intensities
between the upper and lower photo detectors, and then converts to
voltage. Feedback from the photodiode difference signal, through software
control from the computer, enables the tip to maintain either a constant
force or constant height above the sample. In the constant force mode the
piezo-electric transducer monitors real time height deviation. In the
constant height mode, the deflection force on the sample is recorded. The
latter mode of operation requires calibration parameters of the scanning
tip to be inserted in the AFM head during force calibration of the
microscope. In ‘non contact’ mode, the AFM derives topographic images
from measurements of attractive forces; the tip does not touch the sample.
AFMs can achieve a resolution of 10 pm. In the present work, AFM-
Nanoscope-E, Digital Instruments, USA was used in contact mode for the

measurements.

2.2.3 Electrical characterization

Conductivity of a semiconductor crystal is considerably affected by
lattice vibrations, impurities, strain, displaced atoms in the lattice, grain
boundaries etc. Conductivity can be expressed in terms of material

dimensions through resistivity or resistance (p or R). If L and B are the
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length and breadth of a rectangular shaped specimen and d is the

thickness [46] then,

P=— (2.8)

where p is the resistivity and its unit is Q.cm

c=— (2.9

p and o are constant for any particular bulk material at a fixed
temperature. However, for films, since these are dependent on thickness

and grain size unlike the bulk material.

_RB o (2.10)

where R is known as the ‘sheet resistance” which is expressed in ohm per

square.

If we assume L=B, then

P
=R=R 2.11
d s (2.11)

Which means that the resistance of one square of a film is its sheet
resistance Rs and it is independent of the size of the square; but this
depends only on resistivity and film thickness. If the film thickness is

known, then resistivity is given by,

p=d.R, (2.12)

2.2.3.1 Two-point probe method

Two probe method is a very easy technique to implement because

here only two probes are needed to be manipulated and also the resistivity

) Department of Physics, CUSAT



Experimental Techniques and Characterization Tools

range of the films under study is appropriate for this technique. This is
especially suitable to characterize low resistive materials. Each probe in the
two probe configuration serves as a current and voltage probe.
Theoretically the total resistance Rr between the two probes is given by

[40],

Rr= V/I =2 Rp+ 2.Rc+2.Rsp + Rg (213)

where, Rp is the probe resistance, Rc is the contact resistance at each metal
probe / semiconductor contact, Rsp is the spreading resistance under each
probe, and Rs is the semiconductor resistance. We assume Rc and Rsp to be
identical and by choosing suitable probes we make its contribution very
negligible.

Silver electrodes were painted on the surface of the film on a fixed
area which serves as electrodes for the two probe measurements. Width
and length of these line electrodes were 0.5 mm and 5 mm respectively
with uniform thickness (~1.5 pm), keeping a distance of 5 mm in between

the electrodes.

2.2.3.2 Four Probe method

This is the most common method for measuring resistivity of
compound semiconducting thin films and is especially suitable for
measurements in the low resisivity regime. It is an absolute measurement
without recourse to calibrated standards. The idea of four point probe was
first proposed by Wenner [47] in 1916 to measure the earth’s resistivity
and in 1954 Valdes [48] adopted this technique for the resistivity

measurements of semiconductors.
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Figure 2.4 is an illustration of a collinear four probe setup. Two
probes carry the current and other two probes sense the voltage. Use of
four probes has an important advantage over two probes. Although the
current carrying probes still have contact and spreading resistance (as
given in the above section) associated with them, that is not true for the
voltage probes because the voltage is measured either with a
potentiometer, which draws no current at all, or with a high impedance

voltmeter, which draws little current.

R = 2ms (V/I) (2.14)

where s is the distance between the probes,

Curmrent
Source

Voltmeter

Fig 2.4: Schematic diagram of four probe set-up.

2.2.3.3 Photosensitivity measurement

Photosensitivity is an indirect measure of the minority carriers in a
semiconductor produced on illumination with light. In the present work, it

is calculated as

@ = (It-Ip)/Ip (2.15)
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where, I is the current under illuminated condition and Ip is the current
under dark conditions. In this work, samples are illuminated using a

tungsten halogen lamp to measure photosensitivity.

In the present work, Keithley-236 source measure unit (SMU) was
employed for electrical characterization and photosensitivity
measurements by applying an electric field of 1000 V/m to the films. For
photosensitivity measurements, the samples were illuminated through the
glass substrate with a tungsten halogen lamp (white light) capable of giving
intensity of 60 mW /cm? over the sample surface. IR filter and a water column
were kept in between the light source and sample to avoid heating of the

sample.

2.2.3.4 Hot probe Technique

This technique is otherwise known as “thermoelectric probe” method. In
this method the conductivity type is determined by the sign of thermal EMF
or Seebeck voltage generated by a temperature gradient. Two probes contact

the sample surface: one is hot, the other is cold as shown in Figure 2.5.

~[v]=
Hot probe 1 Cold probe
O m—

® ——3» p-typesample
e. : Yp P

Figure 2.5: The hot probe set-up.
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Thermal gradients produce currents in a semiconductor; the majority

carrier currents for n and p-type materials are [40]

J, =-qnp P ar (2.16)
dx
dT

b = -anpPp E (217)

where q is the charge, n and p are the number of electrons and holes, p is the

dT
mobility of the charge carriers, d_ is the temperature gradient, P,<0 and P, >0

are the differential thermoelectric power.

dT
In Figure 2.5, . > 0, and the electron current in an n-type sample

flows from left to right. A part of the current flows through the voltmeter
causing the hot probe to develop positive potential with respect to the cold
probe [40]. Electrons diffuse from the hot to the cold region setting up an
electric field that opposes diffusion. The electric field produces a potential
detected by the voltmeter with the hot probe positive with respect to the
cold probe. Analogous reasoning leads to the opposite potential for p-type

samples.

Hot probes are usually effective in resistivity range of 103 to 10°
Q.cm. The voltmeter tends to indicate n-type for high resistivity material
even if the sample is weakly p-type, because this method actually
determines the n.pn or the p.p, product. With p.> pp, intrinsic or high

resistivity material is measured as n-type if n = p.
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2.2.3.5 Hall effect

The Hall Effect measurement technique is widely applied in the
characterization of semiconductor materials as it gives resistivity, carrier density,

type of carriers and mobility of carriers.

When a magnetic field is applied to a conductor perpendicular to the current
flow direction, an electric field will be developed perpendicular to the direction of
magnetic field and the current. This phenomenon is known as Hall Effect and the
developed voltage is called “Hall voltage”. The force acting on a charge (q)
moving with a velocity v in the presence of an electric (E) and magnetic (B) fields

is given by the vector expression,

F=q(E+(vxB)) (2.18)

For n-type and p-type samples, the electrons and holes respectively deflect
to the same side of the sample for the same current direction because electrons
flow in the opposite direction to holes and have opposite charge. The Hall

coefficient Ry is defined as

_V,d
T BI

R (2.19)

where, d is the sample dimension in the direction of magnetic field B, Vi is

the Hall voltage and I is the current through the sample [40] .

For semiconducting films on insulating substrates, the mobility is
frequently observed to decrease towards the substrate. Surface depletion
forces the current to flow in the low-mobility portion of the film, giving
apparent mobility lower than true mobility. Hall Effect measurements are
simple to interpret for uniformly doped samples. Non-uniformly doped
layer measurements are more difficult to interpret. If the doping density

varies with film thickness, then its resistivity and mobility also vary with
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thickness. It is to be noted that Hall Effect measurement gives average

resistivity, carrier density, and mobility.

Electrical resistivity and Hall coefficients of the films described in
this thesis were measured using four probe van der Pauw configuration
with AC modulation of magnetic field at room temperature using Ecopia
model No HMS-3000 (magnetic field = 0.57 T and capable of current

measurement in the range 1-25 mA).

2.2.4 Compositional analysis
2.2.4.1 Energy dispersive x-ray analysis (EDAX)

EDAX stands for energy dispersive x-ray analysis. This technique,
sometimes referred to also as EDS or EDX analysis, is used for identifying
the elemental composition of the specimen, on an area of interest. The
EDAX works as an integrated feature of a SEM and cannot be operated its

own without the latter [49].

During EDAX, the specimen is bombarded with an electron beam
inside the scanning electron microscope. The bombarding electrons collide
with the specimen atom’s own electrons, knocking some of them off in the
process. A position vacated by an ejected inner shell electron is eventually
occupied by a higher-energy electron from an outer shell. To be able to do
so, however, the transferring outer electron must give up some of its
energy by emitting an x-ray. The amount of energy released by the
transferring electron depends on which shell it is transferring from, as well
as which shell it is transferring to. Furthermore, the atom of every element
releases x-ray photons with unique amounts of energy during the
transferring process. Thus, by measuring the energy of the x-ray photons

emitted by a specimen during electron beam bombardment, identity of the
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atom from which the x-ray was emitted can be established. The output of
an EDAX analysis is an EDAX spectrum, which is a plot of how frequently

x-ray is received for each energy level.

M N
L . M

Kaq K Lq Lp
A 4 K A 4 L

(a) (b)

Figure 2.6 : Schematic of electron transitions responsible for the production
of (a) Ko, Kp (b) Lo and Lg x-rays.

EDAX spectrum normally displays peaks corresponding to the
energy levels for which the most x-rays had been received. Each of these
peaks is unique to an atom, and therefore corresponds to a single element.
The higher a peak in a spectrum, the more concentrated the element is in
the specimen. An EDAX spectrum plot not only identifies the element
corresponding to each of its peaks, but the type of x-ray to which it
corresponds as well. For example, a peak corresponding to the amount of
energy possessed by x-rays emitted by an electron in the L-shell going
down to the K-shell is identified as a K, peak. The peak corresponding to
x-rays emitted by electrons transition from upper levels to the K-shell is

identified as a K, Kp, Ky etc as shown in Fgure 2.6.

In this work, the compositional analysis and surface morphology

were studied using the SEM instrument model JEOL JSM-5600.
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2.2.4.2 X-ray Photoelectron spectroscopy

Detection and energy analysis of photoelectrons produced by
radiation whose energy exceeds their binding energy (BE) is the subject of
an extensively used technique known as photoelectron spectroscopy. X
ray photo electron spectroscopy (XPS) employs x-rays to produce
photoelectrons [51].

Figure 2.7 shows the schematic of process involved in the emission
of a photo- or Auger electron. XPS involves the removal of a single core
electron while Auger electron spectroscopy (AES) is a two electron process
subsequent to the removal of the core electron. Auger electrons are

produced in XPS along with photoelectrons.

00000 -
® e o

\ / Photo electron
X-Ray O . K

Figure.2.7: Process involved in photoelectron emission

In XPS the samples are irradiated with x-rays of known energy, hv and
electrons of BE E, are ejected, where E,<hv. These electrons have a kinetic

energy (KE) Ex which can be measured in the spectrometer and is given by,

Ex = hv - By @ (2.20)

where, @, is the spectrometer work function, and is the combination of
sample wok function, ®s and the work function induced by the analyzer.
Since we can compensate for the work function term electronically, it can

be eliminated, leaving
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Ex=hv - Ey (2.21)
OR

Ey = hv - Ex (2.22)

Thus by measuring the KE of the photo electrons we can determine
the BE of the electrons. The BEs is the characteristics of each element and is

a direct representation of the atomic orbital energies.

The exact BE of an electron depends not only upon the level from
which photoemission is occurring, but also upon the formal oxidation state
of the atom and the local chemical and physical environment. Changes in
either of the above will give rise to small shifts in the peak position in the
XPS spectrum- so called the ‘Chemical shifts’. Such shift is readily
observable and interpretable in XP spectra because, the technique is of
high intrinsic resolution (as core levels are discrete and generally of a well
defined energy) and is a one electron process. Atoms of higher possible
oxidation state exhibits a higher BE due to extra columbic interaction
between the photo-emitted electron and the core ion. This ability to
discriminate between different oxidation states and chemical environment

is one of the major strengths of the XPS technique.

XPS is a very much surface sensitive technique and surface sensitivity
of XPS is due to the low inelastic mean free path, (An) of the electrons within
the sample. For XPS the main region of interest relates to electron energies
from 100 - 1200 eV, which gives rise to a A value of 0.5 to 2 nm. However,
the actual escape depth of the photoelectron, A depends on the direction in

which they are travelling with in the same sample, such that

A =2Amcos 0 (2.23)
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where 0 is the angle of emission to the surface normal. Thus electrons
emitted perpendicular to the surface (6 = 0°) will arise from maximum
escape length, where as electrons emitted nearly parallel to the surface

(6 =90%) will be purely from the outermost surface layers.

The basic requirements for photoemission due to x-rays are:
1) A source of fixed-energy radiation (an x-ray source).
2)  An electron energy analyzer (which can disperse the emitted

electrons according to their kinetic energy, and thereby

measure the flux of emitted electrons of a particular energy).

3) A high vacuum environment (to enable the emitted
photoelectrons to be analyzed without interference from gas

phase collisions).

The schematic of an XPS set-up is given in Figure 2.8.

Electron
Energy
Analyzer
X-Ray
Source
' Sample
UHV
Chamber

!

Pumps

Figure 2.8: Schematic of XPS system.
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For the present study, X-ray Photo electron spectra were recorded
using ULVAC-PHI Unit (model: ESCA- 5600CIM). To obtain the depth-
wise information, outer layers of the samples were sputtered using 200

keV Ar ions and XPS spectra was recorded.

2.2.5 Optical properties
2.2.5.1 Optical absorption studies

Most of the semiconductors absorb strongly in the visible region of
the spectrum, having absorption coefficients of the order of 10¢ cm. The
characteristic feature of semiconductors in the pure state is that at a certain
wavelength, generally in the near or in the infra-red region, absorption co-
efficient drops rapidly and the material becomes fairly transparent at
longer wavelengths. This marked drop in the absorption is called
‘fundamental absorption edge’ or ‘lattice absorption edge’. Absorption of
light by different materials can induce various types of transitions such as
band to band, between sub-bands, between impurity levels and bands,
interactions with free carriers within a band and resonance due to
vibrational state of lattice and impurities. These lead to the appearance of
absorption peaks in the absorption spectra. Hence the spectral positions of
bands determine the types of transitions occurring during the process. In
the absence of any thermal energy (about 0°K), the only possible
absorption that can take place is the one from valence band to conduction

band when the incident radiation is of sufficient energy.

Electronic transition between valence and conduction bands can be
direct or indirect. In both cases, it can be allowed as permitted by the
transition probability (p) or forbidden where no such probability exists.

Transition probability follows the relation, which relates the energy band
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gap of the films and the absorption coefficient, (a) as a function of photon

energy, hv,[37,51,52]

()P = A (hv-Ey) (2.24)

where A is a constant and Eg is the optical energy band gap. Nature of
transition can be determined by plotting (ahv)r against photon energy. For
a suitable value of p, straight line behavior of the plot can be obtained and
extrapolation of which on to the energy axis gives the value of the energy
band gap of the material. The value of p = 2 and 3 represents the direct
allowed and direct forbidden transitions respectively. Further, the value of
p=1/2 and 1/3 represents the indirect allowed and indirect forbidden

transitions respectively.

In the present work, band gap of films was measured using optical
absorbance and transmittance of the films. Spectrum was recorded using

UV-VIS-NIR Spectrophotometer (JASCO V 570 model).

2.2.5.2 Photoluminescence

Photoluminescence (PL) spectroscopy is a contactless, nondestructive
method of probing the electronic structure of materials. Luminescence in
solids is the phenomenon in which (valence) electrons in solids are excited by
optical energy from an external source and the excited electrons de-excite
releasing the energy as light. These excited charge carriers return to ground
state through radiative or non-radiative transitions, by emitting photons or by
emitting heat via phonon interaction respectively. Phenomenon of de-
excitation of charge via photon emission is called PL [53]. There are mainly
two types of PL viz., intrinsic and extrinsic PL, depending on the nature of

electronic transition producing it.
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(i)  Intrinsic luminescence

Intrinsic luminescence is again classified into three: band-to-band,

exciton and cross-luminescence.

a)

b)

c)

Band-to-band luminescence: Luminescence owing to the band-
to-band transition, (i.e., through recombination of an electron
in the conduction band with a hole in the valance band), can be
seen in pure crystal at relatively high temperature. This has

been observed in Si, Ge and III,-V, compounds such as GaAs.

Exciton luminescence: An exciton is a composite particle of an
excited electron and a hole, interacting with one another. It moves
in a crystal conveying energy and produces luminescence owing
to the recombination of the electron and the hole. There are two
kinds of excitons: Wannier exciton and Frenkel exciton. The
Wannier exciton model describes an exciton composed of an
electron in the conduction band and a hole in the valence band
bound together by coulomb interaction. Wave function of the
electron and hole in Wannier exciton is much larger than the
lattice constant. Excitons in IIIb-Vb and IIb-VIb compounds are
examples for Wannier exciton. Frenkel exciton model is used in
cases where electron and hole wave functions are smaller than
lattice constant. The excitons in organic molecular crystals are

examples of Frenkel exciton.

Cross luminescence: Cross luminescence is produced by the
recombination of an electron in the valance band with a hole
created in the outer most core band. This is observed in
number of alkali and alkaline-earth halides and double halides.

This takes place only when the energy difference between the
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top of valance band and that of conduction band is smaller
than the band gap energy. This type of luminescence was first

observed in BaF,.

(i)  Extrinsic luminescence

Luminescence caused by intentionally incorporated impurities,
mostly metallic impurities or defects, is classified as extrinsic
luminescence. Most of the observed type of luminescence of practical
application belongs to this category. Intentionally incorporated
impurities are ‘activators’ and materials made luminescent in this way
are called ‘phosphors’. Extrinsic luminescence in ionic crystals and
semiconductors is classified into two types: unlocalized and localized. In
the former type, electrons and holes of the host lattice participate in the
luminescence process, while in localized type luminescence excitation

and emission process are confined in a localized luminescence centre.

a)  Unlocalized type: In semiconductors donors and accepters act as
luminescence activators. There are two types of luminescence
transitions i.e. the transition of a free carrier to a bound carrier and
the transition of a bound electron at a donor to a bound hole at an
acceptor. These kinds of luminescence lines and bands are usually

observed in compound semiconductors.

b) Localized type: Various kinds of metallic impurities
intentionally incorporated in ionic crystals and semiconductors

create efficient localized luminescence centres.
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Figure 2.9: Transitions occurring in PL spectra

Five kinds of transitions mostly occurring in the PL measurement are
shown in Figure.2.9. Band to band recombination (a), excitonic
recombination (b), bound excitonic recombination (c & d) and donor-

acceptor recombination (e).

The photon energy in a direct band gap semiconductor is [54]
hv=E;g=Ev.cccoooiiiiiiiiiii, (2.25)

where, Ex is the excitonic binding energy. In the case of donor-acceptor
recombination, the emission line has an energy modified by the Coulombic

interaction between donors and acceptors

hv=E;— (Ea+Ep) + €2/er.ccccoeiiiiiiiiniiiin (2.26)

where r is distance between donor and acceptor. The full width at half
maximum (FWHM) for bound exciton transitions is typically < kT/2 and

resemble slightly broadened delta functions.

Intensity and spectral content of PL emission is a direct measure of
various important material properties. In the present study PL is used to

determine the defect levels in the samples. It is particularly suited for the
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detection of shallow level impurities, but can be applied to certain deep
level impurities provided their recombination is radiative. In general, non-
radiative processes are associated with localized defect levels, whose
presence is detrimental to material quality and subsequent device
performance. Thus, material quality can be measured by quantifying the

amount of radiative recombination.

The main components of PL set-up are monochromatic light source,
normally a laser with energy higher than the band gap of the material, a
detector to detect the emitted luminescence from the sample and lenses for

focusing.

For low temperature PL measurements, the sample is placed inside a
cryostat and cooled to temperatures near liquid Helium. Low temperature
measurements are necessary to obtain the full spectroscopic information
by minimizing thermally activated non-radiative recombination processes
and thermal line broadening. Thermal distribution of carriers excited into
a band contributes a width of approximately kT/2 to an emission line
originating from that band. This makes it necessary to cool the sample to

reduce the width. The thermal energy kT/2 is only 1.8meV at T=4.2 K.

Using a scanned photon beam or moving the sample one can do ‘PL
mapping’ of the sample surface. The sample is excited with an optical
source (typically a laser with energy hv>Eg), generating electron-hole pairs
which recombine by one of several mechanisms described earlier. Photons
are emitted due to radiative recombination. Photons are not emitted for
the non-radiative recombination in the bulk or at the surface. For good PL

output, majority of the recombination process should be radiative.
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In the present work, PL measurements were carried out in the
temperature range 12 to 300°K with a closed cycle liquid Helium
cryostat (Janis Research Inc.). Temperature was maintained with an
accuracy of *1 K using a temperature controller (Lake Shore Model
321). The 632.8 nm line of a He-Ne laser (5 mW, Melles Griot) was used
as the excitation source. The laser beam was focused onto the samples
with a beam diameter of Imm. Emission spectra were analyzed using
spectrophotometer (Ocean optics NIR 512) having a InGaAs linear array
detector. Geometry of the experimental arrangement for low

temperature PL measurements used in the work is given in Figure 2.10.

Spectrometer with CCD detector
I
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Sample Within Cryostat L 7
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Figure 2.10: Schematic of the low temperature PL scanning system.

2.2.5.3 Photo thermal deflection spectroscopy:

Transport properties of semiconductors play a crucial role in
determining the capability of the material when used for fabricating
device. The knowledge of transport properties like minority carrier

lifetime (1), surface recombination velocity (V) and thermal diffusivity
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(Dw) are necessary for optimizing the entire device fabrication process.
Photo thermal deflection (PTD) technique offers a relatively simple non-
contact and non-destructive approach for measurement of Vs, 1. and Du.
This technique deals with indirect detection of heat generated by the
sample, due to non-radiative de-excitation processes, following the absorption
of light [55]. When the thin films are excited using the intensity-modulated
beam, there arises a deflection of probe beam path, which is detected using a
bi-cell PSD (photosensitive detector). A graph is plotted indicating the
variation of the generated deflection signal amplitude with respect to the
modulation frequency. A plot of log (signal amplitude) versus (chopping
frequency)'/2 shows the dependence of the signal on frequency. Nature of
variation of signal amplitude with chopping frequency depends on changes
in the composition and surface morphology of the film. Thus we can analyze
the graphs and study the origin of non-radiative process in the film. The
detailed explanation regarding the theory and modeling used have been
reported elsewhere [56]. The schematic sketch of the PTD set-up used in the

present study is given in Figure 2.11.
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Figure 2.11: Schematic sketch of the PTD set-up.
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2.2.6 Kelvin probe- Estimation of the work function

Kelvin probe force microscopy (KPFM) is carried out to map the
surface potential of the thin film with a spatial and voltage resolution [57].
KPFM allows us to quantify surface potential, which in turn, can be used

to estimate the work function of the sample. The measured local surface

potential difference ASP = (¢,, —¢,)/e, where ¢, is the work function of

the conductive tip and ¢, is the work function of the measured sample

and ‘e’ the electronic charge.

KPFM measurement was carried out on a system (Asylum Research
ME3PD AFM) using platinum-coated Si cantilever (Olympus AC240 TM,
resonant frequency ~ 70 KHz, spring constant of 2 N/m, tip height 14 pm
and tip radius ~ 30 nm). Topographic noncontact imaging was performed
in frequency modulation mode, while KPFM data was recorded
simultaneously in amplitude modulation mode. KPFM images of the
sample were acquired with the tip biased at 1 V with a scan rate of 0.2 Hz

on a typical scan area of 1 um x 1 pm.
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3.1 Introduction

As the research work aims at the fabrication of cost-effective, eco-
friendly thin film solar cells using readily available materials and easily
adaptable techniques, Sn chalcogenide based window and absorber layers,
deposited using Chemical spray pyrolysis (CSP) technique, were selected
considering the aspects mentioned in previous chapters. CSP is one of the
simplest and cost effective means of thin film deposition, especially when
large area deposition is required. Moreover, ease of doping and flexibility
of tailoring the stoichiometry make this technique more popular in the
field and it adapt well to our requirements of photovoltaic device
fabrication [1]. However, the deposition conditions are very critical for
this particular deposition technique. There are ‘n - number’ of parameters
to be optimized for depositing uniform, single phase thin films using CSP
technique. Once these parameters are optimized one can obtain very

uniform thin films over large area with good repeatability.
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There are very few works available in the literature on spray
deposited tin chalcogenide thin films. Thankaraju et al. deposited n-type
SnS films using CSP technique, from SnCl, and thio-urea (TU) on glass
substrates at 350°C. But these films were highly resistive and amorphous
[2]. Deposition of SnxSs mixed valency compound films was reported by
Salah et al. using SnCl> and TU as the components of the precursor solution
and they investigated effect of substrate temperature on the material
properties [3]. Reddy et al. reported spray pyrolytic deposition of Sn.Sy
films on antimony doped tin oxide (Sb-SnO,) coated glass substrates [4].
They deposited Sn.Sy films at different substrate temperatures and
investigated physical properties. Resistivity of these films was 30 Q.cm,
while the band gap and carrier concentration were 1.32 eV and 2x10%5 cm-!
respectively [4]. In another report the same group (Reddy et al.)
presented the effect of variation of concentration of precursor solution on
sprayed SnS thin films. Films obtained from solution of molarity in the
region 0.09-0.13 M were nearly stoichiometric and had resistivity of 32

Q.cm [5].

The aim of the present study is to prepare SnS films using CSP
technique and make it suitable for fabricating p-n junctions for thin film
solar cells. Knowledge of variation of structural, compositional and
optoelectronic properties of the material with deposition conditions are
very much essential for getting films optimized for photovoltaic device
applications. Therefore we deposited SnS films by varying the parameters
of CSP technique extensively. It is to be specifically noted that in CSP
technique, it is comparatively easy to tailor stoichiometry of the material
[6]. A detailed study on variations in structural, compositional, optical and

electrical and transport properties of Sn,Sy films due to changes in various
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deposition parameters were done as we could not find such an extensive

study on this important material from earlier publications.

Following sections of this chapter describe in detail, the process of
optimization of various deposition parameters of CSP technique so as to
deposit uniform SnS thin films. We used the indigenously developed
automated spray machine for the deposition of the samples throughout
this work and this was to ensure the film quality and repeatability. A
detailed description on the instrumentation and automation part of the
automated spray coating machine developed completely in-home can be

found in the previous chapter.

Major parameters affecting structural and optoelectronic properties of
thin films deposited using this technique are precursor solutions used, spray
rate, precursor concentration, substrate temperature, precursor ratio and post
annealing time. For studying the effect of spray parameters on the properties
of films, depositions were carried out by varying only one sparameter at a
time, keeping all other conditions the same. Structural, optical and
electrical characterizations of these films were carried out. In some cases,
studies on transport properties were also included. Results of these studies

are discussed in the following sections.

3.2 Preparation of Precursor solutions

Precursors used for spraying is very important and it affects the
film properties seriously. The solvent, type of salt, concentration, etc
can critically influence the physical properties of the films. Different
solvents had been used by various workers and were chosen with care.
Generally de-ionized water is ideal as the solvent. A few others had

tried alcohol as the solvent. Interesting results were obtained when
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different precursor solutions were used for the deposition. For example,
transparency of the as deposited ZnO films increased when ethanol was
used instead of water as the solvent for zinc acetate [7] and this work
was carried out in our own lab. Chen et al. [8] observed that surface
morphology of the films changed from cracked to crack free reticular
after introduction of acetic acid in to the precursor solution. The change
in morphology was attributed to chemical modification of the precursor

solution.

Usually metal halides are used as the inorganic cationic precursor
solution. The type of precursor used for spraying can also affect the film
properties. For example, when In;S; films were deposited using chloride
based and nitrate based precursors, properties of the samples differed
drastically. Films from chloride based precursors were crystalline and
highly photosensitive compared to those formed from nitrate based
precursors which are amorphous [9]. Also few reports are available, where
the workers have purposefully used organo metallic compounds as the

precursor solution [10,11].

Under this section, we will discuss the preparation of cationic and

anionic precursor solution for depositing Sn,\Sy thin films.

3.2.1 Cationic Precursor solution

Dihydrated Stannous Chloride (SnCl.2H>O) was selected as the
cationic precursor solution. The usage of SnCl, instead of SnCls reduces
material cost as well as deposition temperature required for the deposition
substantially [12]. This is very vital as far as the possible device level
application of the material is concerned. SnCl. 2H>O (Qualigens, assay =

98% , MW = 22525 ¢g) does not readily dissolve in water to give clear
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aqueous cationic precursor solution as it precipitates due to hydroxide
formation. To dissolve the salt we had tried different methods. The solution
was stirred for 5-6 hours using a magnetic stirrer and also varied the
temperature in the range 40°C-70°C. However, the results were negative and
all these procedures did not yield a clear aqueous solution. After a few trials
it was found that clear aqueous solution of SnCl.2H>O can be prepared by
completely dissolving SnCL.2H,O powder in few milliliters of high pure
concentrated (35% assay) HCl and then make up the solution using de-
ionized water so as to have the required molarity. A stock solution of
SnCL.2H>O (molarity 0.5 M) was thus prepared by dissolving 11.282 g of
SnCL.2H,O in 20 ml HCl and then made-up the solution to 100 ml by using

de-ionized water.

3.2.2 Anionic Precursor Solution

Thiourea (CS(NHy)2; (Nice, M.W =76.2 g, assay = 99%) was used as
the precursor solution for Sulfur in the present study. Stock solution of TU
(Molarity = 1M) was prepared by dissolving 7.62 g of TU salt in 100 ml of

de-ionized water.

Using stock solution, we can prepare precursor solution of desired

molarity by making use of the equation
M1 VI =T IX2 V2ieiiinininieieinininininiiesssssssssisrsrsrsrsrsrsssosorosssssssssssssssssses (1)

where, m; and vz is the desired molarity and volume of the precursor
solution, and my is the molarity of the stock solution. Substituting all these in
Eq. (1), one can find out the required volume v> of the stock solution to be
taken. For example, to prepare 15 ml of 0.1 M, SnCl> precursor solution, one
has to take 3 ml of the 0.5 M respective stock solution and then make up it

to 15 ml using de-ionized water.
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The complex compound formed in the solution while mixing metal

chloride and TU will be of the form [13].

SnCl,:TU : :1:2 — [Sn(TU),ICI,.H,0
SnCl,:TU : : 1:3 — [Sn,(TU),]CI,.2H,Oor Sn(TU),Cl

where, 1:2 and 1:3 stands for the ratio of the cationic precursor to anionic
precursor solution. On the substrate, pyrolytic reduction of these

complexes will takes place resulting in the formation of Sn,Sy thin films.

3.3 Optimization of the deposition parameters
3.3.1 Effect of Spray Rate

Rate of spray is an important parameter as it is directly related to the
growth/deposition rate and thereby the morphology of the thin films
deposited using CSP technique. Higher spray rate results in formation of
rough films. It has already been reported that films deposited at lower
spray rates are thinner due to higher re-evaporation rate [14]. Also there
are reports saying that properties like crystallinity, surface morphology,
resistivity and even thickness are affected by changes in spray rate. It is
generally observed that lower spray rate favors formation of better

crystalline films [14].

So far no groups have ever reported the effect of spray rate variation
in the deposition of Sn\Sy films to the best of our knowledge. Therefore,
initially it was vital to optimize the rate of spray required for depositing
uniform Sn,Sy, thin films. From our experience with manual spray
deposition, we could understand that uniform, pin hole free Sn,Sy films
have been started obtaining from substrate temperature (Ts) 250°C onwards.

So we maintained the substrate temperature at 250°C for the spray rate
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optimization studies. The Sn/S ratio in the solution was fixed at 1 by taking
0.2 M of SnCl; and TU . For this, equal volumes (15 ml) of solutions of SnCl,
and TU were mixed so that the total spray volume is 30 ml. The spray rate of
the deposited films was then varied as 1 ml/min, 2 ml/min, 4 ml/min and 6
ml/min. These samples were named as SR1, SR2, SR4 and SR6 respectively,

where 1, 2, 4 and 6 represent the values of ‘spray rate’.

3.3.1.1 Optical characterization

The (athv)? versus hv plot for different spray rates is given in Figure 3.1.
Linearity of the plot confirmed direct band gap of the material. It can be
seen from the plot that the band gap of the material remains unaltered
irrespective to the variation of spray rate. The band gap value obtained
was 1.03 eV. Small magnitude of band gap obtained may be due to the
possible presence of mixed valency compound like Sn,Ss at the present
(low) Ts. Higher thickness of the film can also be a reason for lower

magnitude of optical band gap.
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Figure 3.1: (ahv)” vs hv plot for samples deposited at different spray

rates.
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3.3.1.2 Structural characterization

X-ray diffraction (XRD) pattern of the samples SR1, SR2, SR4 and
SR6 are shown in Figure 3.2. All these samples had a prominent
orientation along (0 4 0) plane (26 = 31.90, d= 2.797 A) crystallized in
Herzenbergate orthorhombic structure of SnS. Adjacent to it at 26 = 30.53°,
a clear X-ray reflection peak was obtained corresponding to (1 1 1) plane of
SnS for all the samples. Peaks corresponding to the mixed valency
compound SnyS; phase were also present in all the films. This may be due

to the lower Ts used for film preparation [15].

Grain size of the films was then calculated from the peak at 26=31.9°
using the Debye-Scherer formula, D=0.9\/(B cos 0), where D is the
diameter of the crystallites forming the film, A is the wavelength of CuKq
line, {3 is the full width at half maximum in radians and 6 is the Bragg angle.
The grain size was found to be better for the sample SR2 (Figure 3.3).
Detailed observations from the XRD pattern are tabulated in Table 3.1.

n = é
C e o
“1 =M™  Rate=6 ml/min
E}
< R 4 ml/mi
ate =4 ml/min
2 ™
m Bl
c
[
= -
£ Rate =2 ml/min
= N . oy N
Rate =1 ml/min
r T Y
10 20 30 40 50 60

2 0 (degrees)
Figure 3.2: XRD pattern of samples SR1, SR2, SR4 and SR6.
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Table 3.1: Parameters obtained from the XRD pattern of the samples with
varied spray rate.

Sample 20 D spacing Phase  Plane Grain size
name (degree) (in A) (nm)
315 2.835 SnS | (111)
SR1 31.9 2.797 SnS | (040) 15.9
26.6 3.35 SmpSs | (111)
315 2.835 SnS | (111)
SR2 31.9 2.797 SnS | (040) 27.0
26.6 3.35 SmpSs | (111)
315 2.835 SnS | (111)
SR4 31.9 2.797 SnS | (040) 20.0
26.6 3.35 SmiSs | (111)
315 2.835 SnS | (111)
SR6 31.9 2.797 SnS | (040) 18.2
26.6 3.35 SmSs | (111)
280
260 <
3 2404
=
o 2204
N
0N
< 200 -
S \
O 1804
1604 4
140 T T T T T v L] b L] o L)
1 2 3 4 5 6

Spray Rate (ml/min)

Figure 3.3: Variation in grain size with spray rate.
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Therefore from the crystalline point of view, samples deposited at
low spray rate were preferred. However, smaller spray rate requires
higher deposition time for obtaining films of same thickness prepared at
higher spray rate and therefore not recommended for the device
fabrication process. Surface temperature of the substrate may deviate to a
lower value at higher spray rate. These two factors may contribute to the
higher crystallinity at small spray rates. Decrease in crystallinity usually
results in increased resistivity of the films. Therefore, for further studies
we selected the spray rate as 2ml/min. This observation is also in
agreement with the findings of Tina et al. [14] that the lower spray rate

favors the formation of films with superior properties.

3.3.1.3 Photothermal analysis

Photothermal deflection (PTD) analysis was employed to analyze the
transport properties and surface uniformity of the samples, prepared at

different spray rates.

Figure 3.4 depicts the photo thermal beam deflection signal plot of
Log (signal amplitude) versus (chopping frequency)!/2 for the SnS samples
SR1, SR2 and SR6. Table 3.2 depicts values of thermal diffusivity (Ds),
mobility (p), surface recombination velocity (Vs), and relaxation time (t:)

of SR1, SR2, SR4 and SR6 samples.
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Figure 3.4: Photo thermal response of SnS samples SR1, SR2 and
SRe.

Table 3.2: Transport properties of samples coded SR1, SR2, SR4 and SR6.

Ds l"l Tl‘
Sample code (x104 cm?/s) (cm2/Vs) Vs: (cm/s) (19)
SR1 7 0.93 4x102 0.9
SR2 9 1.10 1x104 3.5
SR4 9 0.75 1.8 x104 3.3
SR6 9 0.36 3x104 3.0

When spray rate was 2 ml/min, values of Vs; (1x10* cm/s) and 1. (3.5 ps)
were comparatively high. In addition to this, Figure 3.4 also makes it clear
that the non-radiative loss was least in this sample. Therefore in sample
SR2, despite having Vs values higher than SR1 samples, density of non-
radiative recombination centre was the least. But it showed highest

mobility value (1.1 cm2/Vs). Hence the spray rate of 2 ml/min was chosen
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for further studies, as it yielded films with least non-radiative states, high

lifetime and high mobility.

Figure 3.5 shows the photo thermal image of sample prepared at rate
of 2 ml/min. The surface uniformity of this film was also better compared

to films prepared at higher spray rate.
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Figure 3.5: 2-D Photo thermal image of SnS thin film (SR2).

3.3.1.4 Morphology and composition of sample SR2:

The SEM image of the sample SR2 is shown in Figure 3.6. It is
evident from figure that, the film was devoid of any pinholes or cracks.
Surface of the sample was seems to be a bit rough which may be due to the

small Ts which had been used for the film deposition.
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Figure 3.6 : SEM image of the sample SR2.

EDAX analysis of SR2 (Figure 3.7) gave the atomic percentage of Sn,
S and Cl as 54.62%, 44.03%, and 1.36% respectively. Presence of CI could

be due to usage of chloride-based cationic precursor and low value of Ts,
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Figure 3.7: EDAX spectrum of sample SR2.
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3.3.2 Effect of molarity of precursor solution

It is apparent that the molarity of precursor solutions used for
spraying has a significant role in determining the properties of thin films

because it directly affects reaction cross section of the precursors.

If the molarity of the precursors is very low, there will not be any
film formation. It was also seen that smooth films of columnar grains are
obtained with low concentration and low spray rate. On the other hand, if
the molarity is higher than a critical value, the solution will immediately
get precipitated so that it is no longer useful for spraying. Therefore, there
will be an optimum molarity for the precursors which will result in the

formation of the films with desired properties.

This section deals with the optimization of molarity of the
precursor solution. For this, we fixed the rate of spray at 2 ml/min as it
was found to be optimum value from our previous study. All other
parameters were kept the same as described in the earlier section. Now
the molarity of the precursor solution was varied from 0.05M to 0.3M.
Still higher molarities resulted in the precipitation of the precursors. The
samples were named as SMO, SM1, SM2, SM3, SM4, and SMb5
corresponding to the precursor molarities, 0.05M, 0.075M, 0.10M, 0.15M,
0.20M, and 0.30M respectively.

3.3.2.1 Thickness Measurements

As expected, thickness of the films increased with increase in the
molarity of the precursor solution. Table 3.3 shows the thickness of the
samples (measured using stylus thickness profiler) prepared with different

molarity of precursors.
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Table 3.3: Table showing the nomenclature and thickness of samples deposited
at different precursor molarity.

Sample Name Molarity Thickness (um)
SMO 0.05 M 0.21
SM1 0.075 M 0.5
SM2 010 M 0.75
SM3 015 M 0.9
SM4 020M 1.1
SM5 0.30 M 1.5

3.3.2.2 Structural Characterization:

XRD pattern of the samples prepared at different molarities (SMO to
SM4) is depicted in Figure 3.8. It was interesting to note the change in
preferential orientation of grain growth of the samples with variation in
the molarity of the precursors. It is clear from the figure that, there is a
switching between (1 1 1) plane to (0 4 0) plane with increase in molarity of
the precursors. In the figure, magnified XRD pattern in different Y-axis
scale is intentionally shown so as to distinguish the changes in the
orientation of the planes. Such shifting of the phase has been observed
earlier in other compound semiconductors as well [17]. This might be due
to the variation in thickness [18]. Intensity of the highest peak also found
increase with increase in molarity and this is obviously due to the
increased thickness of the samples prepared using higher molarity

precursors.
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Figure 3.8: XRD pattern of the samples prepared at different precursor
molarity.

Table 3.4: The intensity ratio of the (11 1) to (0 4 0) plane deduced from the

XRD pattern.

Sample name in arI;)l.nn)mits) 1(04‘31(3;8‘?1" Ratio : 1)/ Toa)
SMO | s ] i |
SM1 265 200 1.325
SM2 405 257 1.6
SM3 165 886 0.19
SM4 150 4300 0.03

The (1 1 1) orientation of SnS thin films is generally preferred for the
PV applications as the maximum efficiency SnS based solar cell is having
SnS with (1 1 1) plane [19]. Table 3.4 Shows the intensity ratio of (1 1 1)
plane to (0 4 0) plane. It is clear from the table that the ratio is quite higher
for the SM2 sample.
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3.3.2.3 Optical Characterization

Figure 3.9 shows variation of optical band gap with respect to
molarity of precursor solution. From this figure we could understand that
the magnitude of band gap decreased progressively from 1.75 eV to 1.15
eV with increase in molarity. The decrease in band gap may be due to the
improvement in crystallinity and thickness of the films. The change in
orientation of the planes of the films would also be a reason to alter the

band gap [20].

1.14

0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.2
Molarity (M)

Figure 3.9: Variation of Band gap of the samples with molarity
3.3.2.4 Electrical characterization

Figure 3.10 depicts the change in sheet resistance of the films at

different precursor molarities.

Sheet resistance showed rapid decrease with increase in molarity.
The reduction in the sheet resistance could be due to the improvement in

crystallinity and thickness of the films [21].
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Figure 3.10: Variation in resistance of the film with molarity

3.3.2.5 Morphological analysis:

SEM images of the samples SMO to SM4 are shown below in
Figure 3.11. The two dimensional atomic force microscopy (AFM)
image of Sample SM2 is also given. Samples SM4 and SM5 were

comparatively rough and had a ‘flowery” grain structure.
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Figure 3.11: (Left) SEM image of the samples SM0, SM1, SM3 and SM4;
(Right) SEM &AFM image SM2.
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Sample prepared with lower molarity precursor (SM1), seems to be
amorphous and the grains were not visible even at higher magnification

levels. Sample SM2 had regularly distributed spherical grains.

3.3.2.6 Compositional Analysis:

Chlorine was present in all samples as an involuntary dopant. This
may be due to the low temperature employed for deposition. This was
observed in the case of other spray deposited compound semiconductor
films prepared using chloride based precursors [22]. Atomic percentages
of Sn, S and Cl of the samples prepared at different precursor molarity are

tabulated in Table 3.5.

Table 3.5: Atomic Percentage of Sn, S and Cl deduced from EDAX analysis

Molarity Sn S Cl Sn/S
0.2 53.62% 42.53% 3.85% 1.26
0.15 51.04% 42.52% 6.44% 1.2
0.1 58.05% 36.5% 5.36% 1.59
0.075 54.69% 40.02% 5.29% 1.37

3.3.3 Effect of substrate temperature

Substrate temperature plays a major role in determining properties of
the films because energy required for the pyrolytic reduction has been
supplied by this parameter. It is generally observed that higher Ts results in
the formation of films having better crystallinity [23, 24]. Grain size is
preliminarily determined by initial nucleation density. Indeed re-
crystallization to form larger grains is enhanced at higher temperature [25]. By
increasing the Ts, film morphology can be changed from cracked to dense and

then to porous [26]. Variation of Ts over different points results in formation
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of non-uniform films. Composition and thickness of the films can be affected
by changes in Ts which consequently affects the opto-electronic properties of
the deposited films. High Ts can also result in the re-evaporation of anionic
species as in the case of metal sulfide films [27]. In metal sulfides, re-
evaporation of S from film occurs at high Ts, leaving metal rich surface, which
may react with oxygen to form oxides. Though Ts is a critical factor, most
investigators have not known the actual surface temperature of the substrate.
Also, maintenance of Ts at a preset value and its uniformity over large area
are challenging. Liquid metal baths offer good contact at the interface and are
widely used. But when solid surface are used, the actual area of contact is
lesser than 1% of the surface area. Spraying in pulses or bursts also has been

used to assure that Ts is reasonably constant.

Optimization of Ts is so critical to obtain uniform film with desired
properties. This section is therefore entirely dedicated in optimizing the
Ts required for the deposition of uniform single phase SnS thin films.
Here we have used the previously optimized values for parameters. The
only difference made here was ‘molarity of TU" was taken twice as that
of SnCl,. We have intentionally chosen the higher value for Ms owing to
the higher vapor pressure of S and there by its increased chance of

evaporation while undergoing the pyrolytic reduction [28].

Then samples were deposited by varying Ts from 100°C to 500°C
with an accuracy of +5°C. These films were characterized using stylus
thickness profiler, XRD, UV-Vis Spectrophotometer, X-ray photoelectron
spectroscopy (XPS), SEM and AFM analysis to understand the effect of
substrate temperature on the properties of the Sn,Sy thin films. Results of

these measurements are discussed below
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All the films deposited with Ts > 200°C were uniform and free of
pinholes and/or cracks. For Ts <200°C, white spots were observed all over
the film surface, which indicated presence of unreacted precursors, as Ts
was lower than the “pyrolytic temperature”. When Ts was in the range
300°C to 400°C, the films were having brownish grey color while, for Ts >
450°C the films were yellowish in color. This may be due to possible

presence of SnS; phase at elevated Ts.

3.3.3.1 Thickness

Thickness of the films decreased from 1.4 um to 0.55 pm with the
increase in Ts (Figure 3.12). This might be due to re-evaporation of the
compounds at elevated temperatures. Such a decrease in thickness with
increase in Ts for films fabricated using CSP had been reported

earlier [29].
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Figure 3.12: Plot showing variation of film thickness with substrate
temperature.
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3.3.3.2 Structural analysis
A) XRD:

Figure 3.13 shows XRD pattern of films deposited at different Ts
(250°C - 500°C). Films deposited in the range 300°C < Ts <450°C, had
predominantly SnS phase, crystallized in ‘Herzenbergate’ orthorhombic
structure, as observed from the XRD pattern with SnS phase orientated
along (11 1) plane having lattice parameters a=4.329 A, b= 1119 A,
c=3.983A, at 20=31.53° (JCPDS data card 39-0354). The XRD pattern
clearly indicated prominent peaks of SnyS; phase at lower Ts (< 300°C) and
SnS; phase at higher Ts (> 400°C). These impurity phases almost vanished
for 350°C < Ts < 400°C, and at 375°C, the films were having better
crystallinity with nearly single phase SnS (Figure 3.14).
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Figure 3.13 : XRD pattern of the samples deposited at different substrate
temperature.
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Figure 3.14 : XRD pattern of the sample deposited at Ts = 375°C.

Grain size of the films (calculated from the peak at 20 = 31.53° using
the Debye-Scherer formula) decreased slightly (from 12 to 9 nm) as Ts
increased from 300°C to 400°C and that of the films prepared at Ts = 375°C

was 10 nm.

B) Raman analysis:

XRD analysis clearly indicated the formation of SnxS; at 250°C, SnS at
375°C and SnS; at 450°C. SnS films thus obtained have band gap of 1.33 eV
while that of the SnS; films was 2.42 eV. Raman analysis was also
performed on the samples as it is more sensitive to the structural and

compositional changes of the material [30].

We know that, among the IV-VI compounds GeS, SnS, SnSe have
orthorhombic structure with eight atoms per unit cell forming double layer

planes normal to the longest axis. For orthorhombic structure, the 24 vibrational
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modes are represented by the following irreducible representations at the centre

of Brillouin zone as:

T = 4Ag + 2Blg + 4B2g + 2B3g + 2Au + 4Blu + 2B2u + 4B3u .....(3)

SnS has 21 optical phonons of which 12 are Raman active modes
(4Ag, 2B1g, 4B2g and 2B3g), seven are infrared active modes (3B1u, 1B2u
and 3B3u) and two are inactive (2Au) [31].

Figure 3.15 shows room temperature Raman spectrum of Sn.Sy
films deposited at different Ts. Raman spectrum has distinct peaks for
each binary sulfides of Sn (SnS, SnySs, SnS;). For the sample prepared at
Ts =375°C, Raman mode was observed at 224 cml. Based on the
previous report on Raman spectra of SnS single crystal, the observed
Raman modes were assigned to Ag mode [31]. In accordance with
Raman spectra of GeS also, the Raman mode at 224cm-! was assigned to

Ag mode [32].

For the sample prepared at Ts = 250°C, Raman mode at 304 cm-!
was also present in addition to the peak at 224 cm. This mode
observed at 304 cm?! was in agreement with Raman peak for SnySs

phase [33].

Raman spectrum of the sample deposited at Ts = 450°C consisted
of three distinct Raman peaks. The one obtained at 335 cm-! was due
to the SnS; phase (A2u mode) [34]. The other modes obtained for this
sample were due to Ag modes of SnS (at 224 cm-) and SnyS; (at
304 cm-?).
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Therefore, both Raman and XRD results were complimentary to each
other. Both the analyses confirmed that deposition temperature to obtain

single phase SnS thin films is 375°C.
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Figure 3.15: Raman spectra of the sample deposited at Ts =250'C,
375'C and 450°C.

The large background noise observed in the Raman spectra while
comparing to that of single crystal is due to the small grain size of the
samples. Also the Raman modes of SnS thin films show broadening and
are shifted towards lower wave number side as compared to the Raman
modes of single crystal counterpart. This is due to “phonon confinement’
effect. Liu et al.et al. [35] observed 2Ag modes at 223 cm™! for SnS nano-
wires and Gou et al. [36] observed only 2Ag modes at 189 and 220cm™ for
SnS nano particles. Similar observations were observed by other workers

also [37].
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3.3.3.3 Morphological Analysis:

Surface morphology of the samples showed noticeable changes
when Ts was enhanced from 300°C to 375°C. It is evident from SEM image
(Figure 3.16(b) that the samples prepared at Ts = 375°C had needle like
polycrystalline growth, while Figure 3.16(a) depicts that, for samples
prepared at Ts =300°C, the surface was smooth with regular spherical
grains. Figures 3.17(a) and 3.17(b) show AFM images of the samples
prepared at Ts=300°C and Ts=375°C respectively. These images agreed
well with the SEM images (Figure 3.16(a) & (b)) and confirmed that,
due to the increase in temperature from 300°C to 375°C, the film surface
changed from regular spherical grain structure to needle like structures.
Huilan Su et al. claimed ‘rod-like” morphology for SnS films deposited
through ethanol thermal reactions between SnCl, and Thioacetamide

[38].

20kV  X25,000 1pm 20kV  X25,000 1um

Figure 3.16 : SEM image of the sample deposited at (a) 300 °C (b) 375 °C.
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&

Figure 3.17: 2D and 3D AFM image of the sample deposited at (a) 300°C (b)
375°C.

3.3.3.4 Optical characterization:

Optical band gap of the films was determined from the ‘(ahv)?
versus hv’ plot (Figure 3.18). All the samples had very high absorption
coefficient (> 10> cm™). Linearity of the graphs confirmed that all the Sn,Sy
thin films had direct band gap. Band gap of SnS films prepared at
Ts=375°C was 1.33 eV which is almost same as that for single-phase SnS
films. For SnS films deposited in the range Ts = 350°C to Ts = 400°C, band
gap was found to vary. That means we can easily tune the band gap
(between 1.33 -1.5 eV) of the SnS films slightly by varying the Ts alone in

this range. There was no significant variation in the grain size with Ts in
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this temperature range which can affect the band gap. Figure 3.19 depicts
the variation of band gap for the entire range of Ts. This indicated the
dependence of band gap on composition. High value of band gap at lower

and higher temperature was probably due to the formation of Sn;S; and

SnS; phases respectively [4, 39].
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Figure 3.18: (ahv)? versus hv plot of samples deposited at different Ts.
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Figure 3.19: Variation in optical band gap with Ts.
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Figure 3.20 shows transmittance spectra of samples prepared at
Ts=250°C, 375°C and 450°C. The transmittance (T%) of the films increased
with Ts. We observe that T% was considerably low at Ts= 375°C indicating

high absorbance for these films in the region A < 850 nm.
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Figure 3.20: T% Vs Wavelength for samples prepared at different Ts

3.3.3.5 Compositional analysis
A) EDAX Results:

Atomic ratios of Sn and S in the films were examined using EDAX.
Variation of Sn/S ratio in the films with respect to Ts has been depicted in
Figure 3.21. It was observed that, as Ts was increased, the S incorporation
in the film also increased, and at Ts=375°C, we obtained nearly
stoichiometric SnS films (Figure 3.22). But at still higher Ts (> 400°C) the S
content in the film started decreasing, probably due to re-evaporation of
S owing to its high vapor pressure [28]. Earlier from the XRD pattern
(Figure 3.13) and Raman spectra (Figure 3.15) we found that, different

binary sulfides of Sn have been obtained at different in Ts. The variation in
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Sn:S ratio in the film with respect to change in Ts is therefore, obviously

due to the variation in stoichiometry in these compounds.
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Figure 3.21: Plot showing Sn/S ratio variation with substrate
temperature.
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Figure 3.22: EDAX spectrum of sample deposited at Ts = 375°C.
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B) XPS analysis:

XPS analysis were performed on samples deposited at Ts=250°C, Ts=
375°C and Ts = 450°C to estimate chemical states and composition. The XPS
spectrum thus obtained for samples deposited at Ts=250°C, Ts= 375°C and
Ts = 450°C are shown in Figure 3.23. As XPS is a very powerful surface
sensitive tool (XPS interrogates the surface ~ 10 atomic layers), the XPS
spectrum did show some O and C contamination on the surface of all the
samples apart from the constituent elements Sn and S. Incorporation of O
in the films could have occurred during their deposition and come from
residual gases in the system. Oxygen and carbon were predominantly
surface bound; a situation which may also probably as a result of handling
and storage of the films in air. Hence before taking the XPS spectrum a few
surface layers were etched out. Presence of the elements Sn, S and O were
checked by doing detailed high resolution scan. Binding energies (BEs)
were calibrated with that of C contaminant present on the sample surface

(BE of C1Sis 285 eV).

BE observed for S occurred at 161.5 eV is characteristic of S in a metal
sulfide. Sulfur has a large range of binding energy from 161.7 eV (for
compounds with oxidation state of Sis 2) to 171 eV (for compounds with
oxidation state of S is 4). Binding energies of S at 161.5 eV obtained for
sample deposited at Ts = 375°C corresponds to that of S(II) and indicates
the formation of SnS. This is also in agreement with the reported
statement; “BE of Sulfur in the nano crystalline SnS was among the lowest
recorded for sulfur” [38]. For films deposited at Ts = 250°C and Ts = 450°C,
the BE of S shifted to higher energy end corresponding to the formation of
SnyS; and SnS; as the BE of Sn(IV) in nano crystalline SnS; or SnxS; was 0.9

eV greater than that of e Sn(Il) in nano crystalline SnS. These results agreed
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with the fact that there is a variation of 0.8 - 1.0 eV between the Sn(IV)
compound and the Sn(Il) analogue found in other studies of tin halides

and organo-metallic compounds [38, 40].

For Sn environment shift in BE corresponding to the formation of
SnyS; at 250°C, SnS at Ts = 375°C, and SnS; at Ts = 450°C were obtained.
The sample deposited at Ts=375°C had Sn 3d 5/2 (B.E at 485.2 eV) which
agreed well with the Sn 34 5/2 peak reported for SnS of 485.6 eV [38, 40].
Sample deposited at Ts = 450°C had Sn 34 5/2 peak at 486.1 eV
corresponding to the formation of SnS, phase. These values were
consistant with those for SnS, [40, 42]. B.E obtained for Sn 3 d5/2 for
sample deposited at Ts = 250°C was almost in accordance with that of
SnyS;. Notably BEs of the product Sn,Ss; was corresponding to those of Sn
in the oxidation state *4 and +2. Hence it can be probably considered that

Sn,S3 was a solid solution of SnS; and SnS [42].

Oxygen observed in the bulk of the material had binding energy
of 533.4 eV which was not due to a metal oxide for which the
characteristic BEs are in the region 529 - 532 eV (for tin(IV) oxide BE is
530.6 eV). Other molecular oxygen species also have binding energies in
this vicinity. It suggests that the O arises during the reaction, possibly
adsorbed from the ambience. The BE of Sn 3 d5/2 in Tin (II)) oxide is
486.9 eV and in Tin(IV) oxide is 486.6 eV; both these peaks were absent
in the samples [38].
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Figure 3.23 : XPS spectra of the sample deposited at TS = 450°C, 375°C and
250°C showing the BE; of S, Sn and O.

For the sample deposited at Ts = 375C, which gave almost single
phase SnS film, the composition of elements Sn, S and O was checked
along the sample thickness. In order to get this information, first XPS
analysis was done on surface of the sample. After this the sample was
etched using Ar-Ion etching (sputtering) and the analysis was repeated. As
in the above case here also the spectra were calibrated against shifts due to
machine errors, using the C 1s line of the hydrocarbon contamination on
the films as the standard (Binding energy of C 1s is 284.5 eV). Employing
Ar-ion sputtering, the depth profiles showing variation in concentration
and binding energies of S, Sn, O along the sample thickness were obtained.
At the end of sputtering, the glass substrate was exposed. The depth
profile XPS spectrum of Sn and S is shown in Figure 3.24. It is evident from
the figure that, although the surface was heavily contaminated with
carbon and oxygen, the bulk composition showed less oxygen and almost

no carbon.
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The B.E at 25 eV is corresponding to the elemental Sn present in the
film. This peak could be a result of preferential sputtering of S during
etching leaving some exposed Sn metal. This effect has been observed in
an XPS study of tin nitride films where preferential sputtering caused all

the N to be removed, leaving Sn metal [25].

Surface
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Sn ad C 1S ref Sn 3d
30 min etching

ao as 180 188 480 1468 i¥F0 IZTVO0 IPD FIVO 0D A0 490 S00
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Figure 3.24: XPS depth profile of the sample prepared at Ts= 375°C.

3.3.3.6 Electrical characterization

Resistivity of the films decreased from 5 x 10° Q.cm to 5 Q.cm with the
increase in Ts. High value of resistivity of the films prepared below 300°C
must be due to presence of highly resistive mixed valency compound SnyS;
[43]. Sheet resistance for the samples deposited at various Ts is depicted in
Figure 3.25. Hot probe analysis was carried out on the samples to determine
the conductivity type. This measurement indicated that the films prepared in
the range Ts = 300°C - 400°C were p-type and those prepared at Ts > 450°C,
(where the SnS; phase was dominating) were n-type. The films prepared at
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Ts < 300°C showed fluctuating nature in hot probe analysis, which could be
due to the very high resistivity of these films [44].
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Figure 3.25: Variation of Sheet Resistance of the samples with Ts.

3.3.4 Effect of variation of anionic precursor concentration

Ratio of anionic to cationic precursors in spray solution plays a
significant role in compound formation as well as in determining
optoelectronic properties of the films [45]. This section deals with the
study of the effect of variation of anionic to cationic precursor ratio in the
properties of the films. Samples were deposited by varying ‘molarity of TU
(Ms) alone from 0.1 M to 0.4 M, keeping molarity of SnCl> (Msn) fixed at
0.1 M, in order to optimize the composition ratio required for deposition of
p-type SnS thin films. Analyzing these films deposited by varying Ms, we
could optimize Ms required for obtaining single-phase SnS at 375°C.

3.3.4.1 XRD analysis

XRD analysis was performed to probe the variation in crystallinity,

orientation and phase of the films with variation in concentration of the
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anionic precursor solution. Figure 3.26 shows XRD pattern of the samples
with different S concentration. When Ms was 0.2 M in the precursor
solution of S, resulted in the formation of films with SnS phase only. But
for Ms > 0.2 M, SnS; phase was dominating and films with Ms < 0.2 M
showed presence of the ‘mixed valency’ compound Sn,Ss, as observed

from the XRD pattern (Figure 3.26).

From these results it appears that, for a given ratio of precursors,
there will be an optimum pyrolytic temperature, which favors formation
of a particular compound; when we select 0.2 M as the value of Ms, 375°C

is found to be optimum Ts for depositing SnS films.
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Figure 3.26: XRD pattern of SnS samples deposited at different Ms.

3.3.4.2 Optical characterization

(ahv)2 vs hv plots of the samples of different Ms are shown in Figure
3.27. Variation of band gap with Ms is depicted in Figure 3.28. Optical
band gap of the samples deposited at Ms = 0.2 M was 1.33 eV. From the
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XRD pattern, this was the optimum value of Ms to obtain single phase SnS
films. Slightly higher value of optical band gap for the lower and higher

values of Ms might be due to the presence of other binary sulfides of Sn

which are having wider band gaps [4].
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Figure 3.27: (ahv)?2 vs hv plot of the samples deposited at different Ms.
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Figure 3.28 : Plot showing variations in band gap of the samples due to
the change in anionic concentration in the precursor

solution.
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3.3.4.3 Electrical characterization

Hot probe analysis indicated that SnS films thus deposited were p-

type and resistivity (using ‘two probe method”) was 60 Q.cm.

3.3.4.4 Composition analysis

Result of EDAX analysis in Table 3.6 shows atomic percentage of
Sn, S and Cl with the respective Sn/S ratio. Even though stoichiometric films
were obtained for Ms = 0.3 M, we chose Ms= 0.2 M for the future studies due

to the presence of impurity phases observed for Ms > 0.2 M.

Table 3.6: EDAX report of S11, S12, S13 samples.

Ratio Sn S Cl Sn/S
1/1 58.52 33.94 8.34 1.72
1/2 48.78 46.42 4.79 1.05
1/3 49.01 48.55 244 1.009

3.3.5 Effect of variation of concentration of cationic precursor
solution: Deposition of n-SnS

Through the studies presented in the earlier sections, we could
optimize conditions to obtain uniform, single-phase, p-type SnS thin film.
Next aim was to study the possibility of changing conductivity type of the
material to get n-type SnS suitable for fabricating homojunction solar cells.
It has been reported by earlier workers that inherent Sn vacancies, present
in the lattice of the SnS films, make it p- type [46] by birth. There are also
reports available stating that the conductivity type of the SnS films is
essentially controlled by the concentration of Sn in the compound [47, 48]. In
view of these aspects, we prepared samples by varying metal concentration

(Msn). The major aim behind these studies was to deposit Sn-rich SnS films
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so that all the possible inherent Sn vacancies are compensated. Samples
were prepared by varying Ms, alone from 0.06M to 0.12M, fixing Ms at
0.10M. For the particular study, Ms was purposefully kept low (0.1M),
because at higher Ms, probability to grow Sn compounds with large Sn

vacancies is high.

For the fabrication of homojunction by sequential deposition
employing CSP technique, it would be beneficial to have the same Ts for
both n and p-type layers. Therefore, we selected the previously optimized

Ts (375°C) for the deposition of n-type films.

The samples exhibited considerable changes in structural, optical
and electrical properties with variation in Ms, These interesting

observations are given in the following sections.

3.3.5.1 XRD analysis

Figure 3.29 shows the XRD pattern of the samples prepared by
varying Msn. These samples had ‘Herzenbergate orthorhombic’ SnS
phase with preferential orientation along (1 1 1) plane and crystallinity
of the samples increased with the increase in Msn. Sn»Ss impurity phase

was present in all the samples irrespective of variation in Msh.
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Figure 3.29 : XRD pattern of samples deposited at different Msn.
3.3.5.2 Optical studies

For higher values of Ms;, the films were metallic gray in color and
their optical band gap decreased with increase in Ms,. Variation of optical

band gap with Sn concentration in the solution is shown in Figure 3.30.
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Figure 3.30 : Plot showing variation in optical band gap w.r.t change
in the Ms, in the precursor solution.
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3.3.5.3 Electrical Studies

Hot probe analysis proved these samples to be n-type, only when
Ms, is 0.12 M. Further increase in Ms, resulted in visibly non-uniform
films. Figure 3.31 shows variation in resistivity of the samples with Msy. It
was observed that resistivity decreases up to Ms, = 0.1 M and then started
increasing slightly with further increase in Msy. Slight increase in
resistivity for Ms,=0.12 M could be due to the type conversion.
Photosensitivity was measured using the formula, G = I.-Ip / Ip, where G
is the photosensitivity, Ip the dark current and I is the illuminated current
measured under illumination. All the samples were illuminated for 1 min
before recording Ii. Variation in photosensitivity was observed (Figure. 3.32)
which followed the same trend as that of the resistivity (Figure 3.31). A
high photosensitivity of 2.3 was shown by films prepared with Ms,=0.06
M. We could thus engineer the photosensitivity of SnS films by varying the

concentration of Sn in spray solution.
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Figure 3.31: Plot showing variationin  Figure 3.32: Graph showing variation in
resistivity w.r.t Msn. Photosensitivity w.r.t Mg,
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3.3.6 Effect of post annealing time

Post annealing was given to the sample prepared using CSP
technique to assure that pyrolytic reduction has been completed properly.
This is very important because, if we place the sample for longer time on
the hot plate after the deposition, there are chances for the re-evaporation
/reaction with air to form other oxide phases. If the annealing time is very
low, pyrolytic reduction will not be complete which critically affects the
crystallinity and other material properties of the deposited material. In
order to optimize the post annealing time, samples were removed from the

hot plate at different times after the deposition.

Five set of samples were prepared to understand the effect of post
annealing time on the material properties of SnS thin films. After the
deposition, samples were removed from the hot plate at every 15 minutes
ie., at 15 min, 30 min, 45 min, 60 min and 75 min and were named as R15,
R30, R45, R60 and R75. The results of Structural, Optical and electrical

characterization of the samples are given in the following subsections.

3.3.6.1 XRD Analysis

The XRD pattern of the samples removed from the hot plate at
different times after deposition is shown in Figure 3.33. It is evident from
the figure that very long annealing resulted in the formation of other
binary compounds of Sn. This result is consistent with the observation by
Nair et al. on the conversion of SnS to SnO; with air annealing [27]. Grain
size of the samples were determined using Debye Scherrer formula and
found that films which are given 30 min post annealing time exhibited the

maximum grain size ( 10 nm).
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Figure 3.33: XRD pattern of samples R15 to R75.

3.3.6.2 Optical characterizations

(ahv)? vs hv plot of the sample with different post annealing time is
given in Figure 3.34. Optical band gap of the films increased slightly with

increase in annealing time.
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Figure 3.34: (ahv)’ vs hv plot of the sample with different post

annealing time.
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3.3.6.3 Electrical characterization:

Figure 3.35 is the plot showing the variation in conductivity of the
samples with respect to post annealing time. It can be seen from the figure
that the resistivity of the samples decreases with increase in the annealing

time.

Even though the resistivity is the least for longer post annealing
time, we chose 30 min post annealing for the future studies due to the

formation of SnO: for still longer annealed samples.
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Figure 3.35: Plot showing Variation in resistivity of the samples w.r.t
post annealing.

3.4 Conclusion

Deposition parameters were optimized for stoichiometric SnS films
which can be used as p-type, direct band gap absorber layer with very
high absorption coefficient suitable for solar cells. Band gap engineering of

single-phase SnS thin film was achieved in the temperature regime 300°C -
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400°C, which finds application in fabrication of solar cells as here we need
both lower and higher band gap layers. n-type SnS films could be obtained
when content of metallic precursor is higher than that of the sulfur
precursor in spray solution. As the deposition temperature is same for the
deposition of both n and p-type SnS films, it is possible to have sequential
deposition of n and p-type layers for fabrication of SnS homojunction.
Highly photosensitive SnS films which had photocurrent value thrice that
of dark current, can also find application as smart material. The optimized
deposition conditions for p- type and n-type SnS thin films are tabulated

in Table 3.7.

Table 3.7 : The optimized deposition conditions for getting p-type and n-
type SnS thin films.

Deposition parameters For p-type 5nS For n-type 5nS

Substrate temperature 375 0C 375 0C

Molarity of SnCl» 01M 012M

Molarity of Thiourea 02M 01M

Sn/S ratio in the precursor 1/2 12/1

Spray rate 2ml / min 2ml / min
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41 Introduction

Tin monosulfide (SnS) is one of the Tin chalcogenide (IV-VI group)
compounds having layer structure. It has direct band gap of 1.33 eV [1],
which is near to the optimum value 1.5 eV required for an ideal absorber
for efficient light absorption. Its absorption coefficient is comparatively
higher than that of presently existing materials like CdTe [2] and CulnSe,
[3]. The light conversion efficiency of this material (from Loferski diagram)
is 25% [4] and its electro-optical properties can be controlled by doping
with suitable dopants [5]. In addition, its constituent elements Sn and S
are abundant and less toxic in nature compared to GaAs, CdTe, InP, etc
[6]. These properties emphasize that SnS could be a good absorber
material to absorb major portion of electromagnetic spectrum. In recent
years, many groups have come up with quite a few interesting results on

SnS thin films [7-12].

In spite of possessing the aforementioned good qualities, conversion
efficiency of the photovoltaic devices fabricated with this material is quite

low as compared to theoretical predictions [13-15]. The major parameters
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that pull back from attaining higher efficiency may be the large resistivity of
SnS films and/or due to the presence of impurities / other binary sulfides of
Sn such as SnySs and SnS,. Defects and traps present in the SnS film can play
crucial role in determining the optoelectronic properties of the material [16].
Another major problem of this class of materials is the control over the
stoichiometry; i.e., metal to chalcogen ratio. Because of large difference in the
vapor pressures of Sn and S, the stoichiometry is generally controlled by
means of sophisticated vapor-monitoring techniques [17]. In contrast to
Physical Vapor Deposition (PVD) techniques, in Chemical Spray Pyrolysis
(CSP) technique, ratios of the constituents are directly linked to their
concentrations in the spray solution. Moreover, this technique is ideally suited

for deposition of large area films with controlled dopant profiles [18-20].

By optimizing the deposition parameters as explained in the
previous chapter, we could obtain phase-pure, uniform SnS thin films
having very high absorption coefficient and optimum band gap for
maximum photovoltaic conversion. The study demonstrated the potential
and suitability of the technique to deposit stoichiometric SnS thin films

which are quite difficult to obtain employing other techniques.

Further reading in this regard revealed that a reduction of lattice
mismatch, defect density, electrical resistivity (with an improvement in the
grain size) and removal of the impurity phases (if any) of the film are vital
and this could significantly improve the performance of the device. Hence
we decided to first deposit thin films of pure SnS employing CSP
technique and then modify the properties of these films using two entirely
different methods viz., (1) ex-situ Sn- diffusion technique and (2) pH

variation of the starting precursor solution.
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4.2 Ex-situ Sn diffusion process

Structural, optical, and electrical properties of SnS films could be
modified by addition of traces of suitable impurities to the material called
doping. But in literature, there were only a few reported works on doping
of these films. Yang Yongli et al. [16] found that the semiconducting
properties of the SnS films deposited using “pulsed electro deposition’
technique could be improved by Ag-doping. GE Yan-hui et al. [17]
reported the doping of SnS films (deposited using chemical bath
technique) with In resulted in tuning the band gap of the material. Guo
Yuying et al. [18] tried doping of vacuum evaporated SnS films with Sb,

which enhanced conductivity and photosensitivity of the films.

In compound semiconductors, the excess and deficiency of the
constituent elements can itself play a similar role as that of dopants [19]. The
inherent Sn vacancies present in the lattice are responsible for the p-type
conductivity of SnS thin films. Therefore the variation of concentration of
either Sn or its vacancy in the SnS matrix can affect the material properties
quite significantly. Reddy et al. [20] reported that the films with excess Sn
exhibited good conductivity. Main focus of this work is to reduce the
resistance of SnS layer without affecting any of its favorable optical and
structural properties. It is generally difficult to prepare low resistive SnS films
[21-26]. Therefore, we thought of purposefully incorporating excess Sn in to
the SnS films and thus modifying the opto-electronic properties of the

material, considering the facts mentioned above.

Since our concern was to develop a good absorber layer for
photovoltaic applications, we preferred to have the low resistive film

extended only to very thin layer (few hundred A) and existing at the top of
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the SnS film and a comparatively high resistive layer towards the junction
region. Carrier generation and collection can be promoted by such a structure,
which is very useful for photovoltaic applications [27]. For this purpose, we
introduced a process known as “ex-situ thermal diffusion.” Here one can limit
the diffusion to surface layer so that, during junction fabrication for
photovoltaic applications, one gets a low resistive p*layer near the electrode.
This could reduce the series resistance of the cell and also act as an electron
reflector, reducing the back surface recombination. This will further result in
increased short circuit current. The other aims of the works were to enhance
the photosensitivity of the SnS films and to remove the impurity phases from

the surface layer formed due to the inevitable contamination by oxygen.

4.2.1 Experimental details

Pristine SnS thin films were deposited on Soda-lime glass substrates
using CSP technique. Aqueous spray solution, consisting of stannous
chloride (SnCl2.2H>0) and thio-urea (CS(NH>).) in required molarities was
sprayed on to the substrate kept at a temperature 375 + 5°C with a spray
rate of 2 ml/min. Total volume of the solution sprayed was 30 ml and the
thickness of the films was 0.8 pm. The detailed report on the deposition

and characterization of SnS film was presented in the previous chapter.

Incorporation of Sn was now achieved by diffusing the Sn metal
layer deposited over SnS thin films. For this, thin layer of Sn having
thickness of a few nanometer was deposited using vacuum evaporation
technique (pressure during evaporation was ~2x10-5 Torr) and subsequent
annealing of the Sn/SnS bilayer system at 100°C by using a radiant heater
(500W Halogen lamp) for 30 minutes resulted in complete diffusion of the

metal. Diffusion concentration was changed by varying the mass of the
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metal used for evaporation. The Sn diffused samples were named as
SnS:1Sn, SnS:35n, SnS:65n, SnS:95n and SnS:155n corresponding to 1 mg, 3
mg, 6 mg, 9 mg and 15 mg of Sn metal evaporated. Thickness of the Sn

layers was calculated using the equation,

m

m 4.1)

B 2npr’
where, r is the distance between the vapor source (Mo- boat) and the
target, p is the density and m is the total amount of the metal (Sn)
evaporated [28]. Using Eq. 4.1, the thickness of the Sn layers were 1.21 nm,
2.46 nm, 3.63 nm, 4.84 nm and 9.08 nm respectively corresponding to the
evaporation of 1 mg, 3 mg, 6 mg, 9 mg and 15 mg of Sn metal. Since the
thickness of the metal layer was quite low, the samples were named using

the quantity of Sn used for evaporation.

4.2.2 Results and discussions

SnS samples when coated with Sn and annealed, visibly it was found
that the Sn layer diffused almost completely. The variations in structural
and opto-electronic properties of SnS films with Sn diffusion are described

in the following sub-sections.

4.2.2.1 Thickness measurement

Thickness of the films was not affected with Sn diffusion. All the
samples under the study including the pristine film were about 800 nm
thick. Roughness of the films, which can be considered as a vital parameter
governing the performance of thin film photovoltaic devices, also
remained more or less same with Sn diffusion. From the measurements
done using stylus profiler, the root mean square value of surface

roughness of the samples was measured to be 47 nm.

Spray Pyrolysed Tin Chalcogenide thin films: Optimisation of optoelectranic properties of SnS for possible phatovoltaic opplication o an absorber layer (



Chapter -4

4.2.2.2 Structural characterization

Figure 4.1 shows x-ray diffractograms of pristine and the Sn diffused
set of samples. The ‘d” values coincided well with those of SnS in standard
JCPDS data card (39-0354). The samples were crystallized in the
Herzenbergate orthorhombic phase, with preferential orientation along (1
1 1) plane. From the XRD pattern, it is also clear that the incorporation of
Sn neither caused any change in the structure of SnS nor resulted in the
formation of new compounds. However, higher quantity of Sn diffusion
(from 9 mg onwards) resulted in formation of Sn,S; phase in the samples.
Table 4.1 summarizes the details of XRD patterns (comprising
experimentally obtained 20 and d-value with corresponding JCPDS
reference card number). Variation in grain size (calculated using Debye
Scherrer formula) of the samples with Sn diffusion is given in Figure 4.2.
All the Sn diffused samples were having smaller grains than the pristine
samples. Among the diffused samples SnS:65n (with the thickness of Sn

layer 3.63 nm) had the maximum grain size.

Sn,S, P
SnS {111}p|aneﬂ [——pristine
w
2 A =
s A
2
g N 6mg
[}]
=
E —omg
[——15mg|
e - - T - ’ Y Y )
10 20 30 40 50 80
20 (degrees)

Figure 4.1: XRD pattern of pristine and samples SnS:1Sn to SnS:155n.
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Table 4.1: Experimentally observed 28 and d-values in the XRD pattern.

Sn-BlrEary 20 value | d-value Lattice JCPDS
sulphide d A) parameters | Plane | Reference
phase (degrees) (A) No.
a=4.329
SnS 31.52 2.836 b=11.19 (111) | 39-0354
c=3.983
a= 8.864
b=14.02
SnzSs 26.60 3.348 (111) | 14-0619
c=3.747

Grain size (nm)
- - [X] (]
w w (=] (=]
(=] (1] (=] ]
L L A Il

/N

1mg 3mg 6mg 9mg 15mg
Mass of Sn diffused into SnS

18.5 4

o4

Figure 4.2: Variation in grain size of the pristine and the Sn diffused
samples.

4.2.2.3 Optical Studies

Optical absorption spectra were recorded in the wavelength region
350 - 1900 nm and the results are depicted in Figure 4.3. It is clear from the
figure that, there were no humps in the absorption spectra corresponding
to the possible ‘free carrier absorption’ due to metal residues, if any,

present in the sample.
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In order to determine the optical band gap, (ahv)? vs hv graph
was plotted (Figure 4.4). Linearity of the plot confirmed the direct band
gap of SnS films. Optical band gap is the decisive parameter, which
makes SnS an ideal candidate with maximum theoretical photovoltaic
conversion efficiency [4]. As evident from Figure 4.4, the band gap
remains unaltered (1.33 eV) with Sn diffusion retaining the potential of
the material to have maximum photovoltaic conversion efficiency. It
was also observed that absorption edge was not sharp for the Sn
diffused samples and there was absorption in long wavelength region.
This might be caused by the introduction of shallow donor levels due to

Sn diffusion [29].
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©
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Figure 4.3: Absorption spectra of the pristine and the Sn diffused
samples.
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Figure 4.4: (ahv)? vs hv plot of the pristine and the samples SnS:1Sn to
SnS:15Sn. In the inset, a magnified view showing the difference
in absorption at higher wavelength of the pristine and a Sn
diffused sample is given.

4.2.2.4 Electrical Studies
4.2.2.4.1 Resistivity measurements

Variation of electrical resistivity of the samples with Sn diffusion is
depicted in Figure 4.5. Resistivity was found to be the lowest for SnS:65n
(2 Q.cm), which is about an order smaller than that of the pristine sample.
This resistivity value is lower than that of the Ag doped SnS films reported
by Devika et al. [30]. Moreover, we could get this without altering the

optical band gap of the material.

4.2.2.4.2 Photosensitivity measurements

Photosensitivity is an important parameter as far as the materials
for photovoltaic applications are concerned [31]. It is a measure of increase

in conductivity of the samples on illumination. Photosensitivity
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measurements were taken using two-probe method, by applying a
potential difference in the range 1-2 volts across the Ag electrodes and it was
calculated using the equation (I-Ip)/Ip, where I is illuminated current and Ip
is the dark current. Among these samples, photosensitivity was maximum for
SnS:65n with photocurrent magnitude approximately twice as that of the
dark current. This value is comparable with the high photosensitivity
obtained in SnS films by Sb - doping [18]. Interestingly, this was the
sample with the lowest resistivity. Usually photosensitivity tends to be
higher for samples which are highly resistive. The anomalous
behaviour in photosensitivity of the samples may be due to the creation
of shallow donor levels due to Sn diffusion. These donor levels play
several roles in enhancing the minority carrier concentration. The first
one is the direct creation of electrons (which are the minority carriers
here) by the donors due to thermal excitation and this would naturally
enhance the minority carrier density. The second possibility is the
excitation of electrons from the valence band to the donor level and
again from the acceptor level to the donor level. This is a sort of
‘pumping’ of electrons to the donor levels using sub-band gap energy
photons and takes place in addition to the conventional band-to-band
excitation (1.33 eV). From the donor level the thermal energy available
at room temperature is sufficient to excite these electrons to the
conduction band. Hence, it is assumed here that these three processes
may result in an enormous enhancement of the minority carrier density
and hence the photocurrent. Now the enhancement of dark current is
also caused by the combined effect of acceptors and donors i.e. both
electrons (minority) and holes (majority) contribute to the dark current. All

these make the sample extremely suitable for photovoltaic applications.
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Such anomalous behavior in photosensitivity has been observed earlier for
Ag doped InyS; films [32]. The variation of Photosensitivity and
Resistivity of the pristine and the Sn diffused sample is plotted in

Figure 4.5.

30 4 -m= Resistivity Lo.8 2
== Photosensitivity | g
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Figure 4.5: Plot showing variation of resistivity and photosensitivity
of pristine and the Sn diffused samples.

4.2.2.4.3 Hall measurements

Hall measurements performed on the samples revealed p-type
electrical conductivity. Variation of carrier concentration, mobility and
Hall coefficient for pristine and the Sn diffused samples are tabulated in
Table 4.2. As expected, carrier concentration increased with increase in the
doping concentration. The decrease in mobility of the carriers in the
diffused sample is probably due to enhanced probability of collision as
carrier density is increased [33]. Maximum carrier concentration is

obtained for SnS:65n with reasonably good mobility.
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Table 4.2: Data obtained from Hall measurements.

Carrier density

Sample Mobility p Resistivity p N
Specification (cm?/V.s) (cm) (x105 /em?)
Pristine 1390 22 1.09
SnS:3Sn 37.9 3.2 47.0
SnS:65n 43.0 21 50.0
SnS:95n 40.1 3.0 53.0
SnS:155n 30 49 57.0

4.2.2.5 Compositional studies

Employing Ar-ion sputtering, the depth profiles showing variation
in concentration of S, Sn, O, and Na along the sample thickness were
obtained using XPS technique. At the end of sputtering, the glass substrate
was exposed. From the XPS spectra (Figure 4.6 & 4.7), it is clear that the
peak heights of S and Sn remain constant throughout the thickness (800
nm) of the sample, indicating the same chemical concentration of the
constituent species throughout the thickness of the film. A shift in the Sand O
peak is observed in the surface layers of the pristine sample (Figure 4.6)
which may be due to the formation of Sn-O-S in the surface [34]. But as
evident from the XPS of the Sn diffused film (Figure 4.7), there is no shift
in the binding energies of S and Sn. Even in the surface layer, the binding
energies correspond to that of SnS. Also from the depth profile it is clear
that Sn has been distributed uniformly throughout the depth of the film.
So the enhancement in conductivity obtained due to the Sn diffusion may
be due to the removal of highly resistive Sn-O-S contaminant layer from

the surface by the formation of SnS layer.
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Figure 4.6: XPS depth profile of the pristine SnS films BE of Sn, S, O and
Na are shown.

Snl s1 ol Nal

Moy Substrate
o 250

500 480 178 158 544 526 1086 1066
BINDING ENERGY (eV)

Figure 4.7: XPS depth profile of 6mg Sn diffused SnS films BE of Sn, S, O
and Na are shown.

4.2.3 Conclusions

Innovative ex-situ Sn diffusion process has been employed to reduce
the resistivity of the SnS films prepared using CSP technique for

photovoltaic applications. The unavoidable impurity phase Sn-O-S from
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the surface, formed in CSP technique, was removed completely through
the diffusion of Sn. Carrier concentration was also found to be enhanced
by an order. SnS:65n sample, with 3.63 nm thick Sn layer diffused in to the
SnS matrix, was found to be optimum for obtaining crystalline single phase
films having lowest resistivity together with highest photosensitivity. The
major advantage of this technique is that we could obtain low resistive
(resistivity ~ 2 Q.cm) as well as highly photosensitive samples through Sn
diffusion, keeping the other suitable properties of the material for

photovoltaic application remaining unaffected.

4.3 pH Variation studies

Improving crystallinity and opto-electronic properties without giving
any post-depositional treatments are very vital for a material to find its
application in the photovoltaic technology. Especially for SnS films, not much
reported works are available in literature on improvement of conductivity
and crystallinity of the material. We could obtain low resistive SnS thin films
by employing an innovative technique called “exsitu Sn diffusion” as
explained in the preceding section. But this process involves post deposition
treatments which are not much attractive from industrial point of view for
device level applications. Here we intend to develop highly conducting and

crystalline SnS thin films without employing post depositional treatments.

pH of the precursor solution can affect the structural and
optoelectronic properties of the thin films developed out of chemical
routes [36]. This parameter is very vital in CSP as well since it directly
affects the reaction cross section of the precursors on the substrate during
the pyrolytic reduction and hence may strongly affect the stoichiometry

and grain growth.
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The role of pH on the material properties of ZnO thin films
deposited using CSP technique have been studied by M. Caillaud et al. in
the year 1993 [35]. Kumar et al. had reported the effect of pH of starting-
solution on the growth of CuZnSnS; thin films deposited by spray pyrolysis
[36]. Structural and morphological variation of spray pyrolysed CuAlO; thin
films with precursor pH was reported by Madhav Singh et al. [37].

In the present work, we varied pH of the precursor solution and
investigated structural, compositional, optical and electrical properties of
the films with an aim to see whether the as deposited optimum pH sample

become more suitable for photovoltaic applications.

4.3.1 Experimental Details

SnS thin films were deposited on soda-lime glass substrates using
CSP technique. The spraying solution contained equal volumes of 0.1M
aqueous solution of stannous chloride and 0.2 M aqueous solution of
thiourea (TU). Total volume of solution was 30 ml and the pH of the as-
prepared solution was 0.8. Temperature of the glass substrate was kept at
375+5°C, while the spray rate was 2 ml/min. The complex compound
formed in the solution while mixing metal chloride and TU is of the form

[38,39].

SnCL:TU ::1:2 —  [Sn(TU)]CL.H,O (4.2)

where, 1:2 stands for the ratio of the cationic precursor to anionic
precursor solution. On the substrate, pyrolytic reduction of these
complexes takes place resulting in the formation of Sn,Sy thin films along

with gaseous byproducts.
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The film thus obtained had a thickness of ~ 0.8 ym with 30 Q.cm
resistivity. Magnitude of the optical band gap of this pristine (pHO0.8)
SnS film was 1.33 eV. Other minute details of the deposition and
characterization of SnS films could be found in the previous chapter.
The pH was varied from 0.8 to 3.2 by adding Oml, 1ml, 2 ml, 5 ml, 7.5
ml, 10 ml and 20 ml of 0.1 M NH4Cl. The samples prepared using these
modified solutions were named as pH0.8, pH1.0, pH1.3, pH2.0, pH2.3
and pH3.2 respectively. pH of the precursor solution after adding
different volumes of NH4Cl and the sample nomenclature is given in

Table 4.3.

Table 4.3: Amount of NH4Cl added, the corresponding pH of the precursor
solution and the sample nomenclature.

pH value of the

Amount of NH4Cl precursor solution Sample name
Oml 0.8 pHO.8
2ml 1.0 pH1.0
5ml 1.3 pH1.3

7.5ml 2.0 pH2.0
10ml 2.3 pH2.3
20ml 3.2 pH3.2

4.3.2 Results and Discussions

All the films deposited were having a thickness of around 800 + 30
nm irrespective of the pH of the precursor solution. But the root mean
square value of roughness of the films measured using the surface
profilometer slightly increased from 40 nm to 65 nm with the increase

in pH.
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4.3.2.1 Structural Analysis

XRD patterns of the samples (depicted in Figure 4.8) indicate that the
films are having pure SnS phase, crystallized in Herzenbergate
orthorhombic structure, with preferential orientation along (1 1 1) plane.
Details of XRD patterns (comprising experimentally obtained and actual 4
values with the corresponding JCPDS reference card number) are

provided in Table 4.4.

Grain size of the films was calculated from the peak at 206=31.53°
using the Debye-Scherer formula, D=0.9\/(pcost), where D is the
diameter of the crystallites forming the film, A is the wavelength of X-rays
(CuKa line), B is the full width at half maximum (in radians) and 0 is the
Bragg angle. The Bragg angle and full width at half maximum of each XRD
peak were determined by fitting a Gaussian distribution to the
experimental values. Grain size variation of the samples deposited using
precursors with different pH is depicted in Figure 4.9. It is evident from
Figure 4.8 & 4.9 that the crystallinity of the samples improves with the
increase of pH of the precursor till an optimum value of pH and thereafter,

it starts deteriorating. The sample pH2.0 is found to be most crystalline.

The grain size is essentially controlled by the initial nucleation and
coalescence of the islands. Therefore, the optimum pH might have helped
either the formation of larger nuclei or the coalescence of more number of

nuclei to form larger grains.
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Figure 4.8 : XRD pattern of the pH0.8, pH1.0, pH2.3, pH2.0, pH2.3 and pH3.2.

Table 4.4: Experimentally observed 20 and d-values from the XRD pattern,
plane, lattice parameters and the corresponding JCPDS reference

No.
Sn bln.ary Lattice JCPDS
sulphide | Observed values from card
parameters | Plane
phase XRD 2 reference
(A)
present No.
26 d value
(degree) (A)
a=4.329
SnS 31.53 2.836 b=11.19 (111) 39-0354
c=3.983
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Figure 4.9: Variation in Grain size of the samples with respect to
pH.

4.3.2.2 Optical Properties

Absorption spectra of SnS films prepared using precursors of
different pH value are shown in Figure 4.10. It is clear from the plot that,
there is no additional absorption peak present in any of the samples apart
from the one corresponding to band edge absorption. In order to estimate
the optical band gap of these film Tauc plot (Figure 4.11) was then drawn
by taking (ahv)? on Y-axis and hv on X- axis. Band gap of the films
decreased slightly till sample pH2.0 and further increase in the pH
resulted in films with higher band gap. The reduction in band gap till the
optimum pH value could be due to the improvement in crystallinity of the

films.
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Figure 4.10: Absorption spectra of the pH varied samples.
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4.3.2.3 Morphological and compositional analysis

Figure 4.12 Shows the SEM image of the pristine (pHO0.8) and the
‘pH-varied” samples. All the films were uniform without any pin holes or
cracks, and having an interesting ‘needle like” grain structure. There is not
much variation in morphology with respect to pH variation, except in the

increased roughness at higher pH value.

Effect of pH of precursor on the surface morphologies and grain growth
in the films can be understood by knowing the role of pH in the formation of
complex in the precursor solution. Rate of reaction and hence reaction cross
section of anionic and cationic precursor is mainly determined by the pH of
the precursor solution due to the common ion effect [40]. Caillaud et al.
investigated the influence of pH of the solution on the thin film deposition
and found that the growth rate depended on the pH [35]. Formation of basic
salts, adsorption compounds, or precipitates slowed down the growth at
higher and lower pHs and hence there will be an optimum pH at which the
reaction cross section is maximum for the formation of SnS by pyrolytic
reduction. In our case this optimum pH is found to be 2.0 and is obtained by

adding 7.5 ml NH4Cl to the precursor solution.

Figure 4.13 shows variation in atomic percentage of Sn, S and Cl
with respect to pH of the precursor solution as obtained from Energy
Dispersive x-ray (EDAX) measurements. Variations in atomic percentage
of Sn and Cl show an interesting ‘mirror like” resemblance. This may be
due to ‘Charge Compensation” mechanism (as Cl goes into S site, there is a
reduction of a negative charge and Sn concentration should accordingly
get reduced to compensate this). It is evident from Figure 4.13 that pristine

(pHO.8) film is almost stoichiometric and on increasing pH of the
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precursors, these films initially become slightly ‘S” rich. But at still higher
pH, a retracing effect is observed, eventually making sample pH3.2 again

nearly stoichiometric.

25KV X15000 1pm 0000 1146 SEl 25KV X15000 1pm 0000 41146 SEI

Figure 4.12: SEM image of the (a) pHO0.8, (b) pH1.3, (c) pH2.0 and (d) pH3.2.
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Figure 4.13: variation in atomic percentage of Sn, S and Cl with respect to
pH of the precursor solution measured using EDAX.
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4.3.2.4 Electrical conductivity studies

Variation in resistivity and photosensitivity of the samples is
depicted in Figure 4.14. Resistivity of the samples decreased with increase
in pH of the precursor solution till sample pH2.0; however further increase
in pH resulted in slight increase of resistivity. Resistivity of sample pH2.0
was found to be almost three orders less than that of the pristine (pHO0.8)
sample. This value is found to be the lowest resistivity ever reported for
SnS thin films. Interestingly the photosensitivity of the material, (defined
as the ratio of increase in conductivity on illumination to the dark
conductivity), exhibited an anomoulous behaviour with pH variation.
Photosensitivity was maximum for the lowest resistive sample. The
correlation between the crystallinity and photosensitivity indicates that
grain boundaries in SnS films do not favor the lifetime of the
photogenerated carreirs, unlike in CulnSe; films reported earlier [41].
Therefore the loss of photogenerated carriers in grain boundaries will be
less and that explains the enhanced photosensitivity of the sample
deposited at optimum pH. This is quite similar to the observation we
made from ex-situ Sn diffusion as well described in the above section.
Usually, higher photo sensitivity correlates to higher resistivity due to the
fact that carriers that are photo-generated, do not undergo recombination
when the dark resistivity is higher. However, in the present case, (at the
optimum pH value) photosensitivity as well as conductivity is high

making the samples very useful in photovoltaic device applications.

Sn vacancies in SnS films are reported to be the cause for acceptor
levels and hence the p-type conductivity of the films [42]. The EDAX
measurements clearly revealed that, as the pH increases, the material is

becoming deficient in Sn concentration, which can increase density of
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defect level due to Sn vacancies, providing more carriers and thus
enhances the conductivity. However, as the pH goes above the optimum
value (pH=2.0), the resistivity increases since Sn concentration is also
increased after the optimum pH. Main advantage of the present study is

that films with this superior property are achieved without employing any

post deposition treatments.
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Figure 4.14: Variation in Resistivity and Photosensitivity of the samples
with pH of the precursor solution.

4.3.3 Conclusions

The significance of pH of the precursor solution in determining the
structural, morphological and optoelectronic properties of SnS film prepared
using CSP technique is evident from this study. It is observed that the
crystallinity of the films has a definite correlation with pH of the precursor
solution and an optimal pH exists for the optimal crystallinity. The
crystallinity of the films was best for pH of 2.0 and the electrical conductivity

was also maximum for this pH. The lowest resistivity that could be obtained
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by controlling the pH is about three orders lower than that of the pristine

sample. Upto the best of our knowledge, this is the lowest value of resistivity

achieved so far for pristine SnS thin films. This film exhibited maximum

photosensitivity as well. Band gap of the films can be engineered by

controlling the precursor’s pH. Most importantly, these superior properties

can be achieved without employing any post deposition treatments and hence

it is quite useful for low-cost thin film photovoltaic technology.
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UNVEILING DEFECT LEVELS IN SnS THIN FILMS
EMPLOYING PL TECHNIQUE AND MODELING OF
ENERGY BAND SCHEME

L

51 Introduction
5.2 Results and discussions
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5.3 Conclusions

5.1 Introduction

Defects and grain boundaries play a major role in determining the
optoelectronic properties of semiconductor materials. To exploit the
immense latent potential of a material for photovoltaic applications, an
extensive analysis of the defect levels becomes mandatory which has not
been discussed and reported in the case of SnS. Once the defect levels are
identified, we can tune the opto-electronic properties of the material by
purposefully manipulating the nature as well as density of these defect

states.

Photoluminescence (PL) is a very efficient, non-destructive, contactless
and standard technique used to characterize and evaluate quality of surfaces
and interfaces as well as to probe defect levels within the material [1-4].
This technique requires very little sample manipulation or environmental

control. Because the sample is excited optically, electrical contacts and
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junctions are not required and highly resistive materials pose no practical
difficulty. PL spectrum provides the transition energies, which can be used
to determine electronic energy levels. PL intensity gives a measure of the
relative rates of all the possible radiative recombination. Variation of the
PL intensity with external parameters like temperature and applied
voltage can be used to characterize further the underlying electronic states

and bands [5,6].

Study of luminescence process can show the content as well as the
behaviour of defects and impurities in semiconductors. PL spectrum and
its dependence on irradiation intensity and device temperature can deliver
important information for device characterisations. In particular, excitation
energy/ intensity dependent PL spectra can deliver important information
such as the band gap or wavelength of maximum gain, composition of the
compound semiconductors, impurity level determination and also the
different recombination mechanism. By exciting the samples with multiple
wavelength excitation sources, we can even distinguish the surface and
bulk contributions. Gracia-Gracia et al. used such an approach to study the

surface layer of chemically etched CdTe [7].

Dangling bonds on a semiconductor surface or interface give rise to
electronic states within the band gap. These mid-gap states fill up to the
Fermi level with electrons that originate in the bulk of the material.
Accumulation of charge at the surface creates an electric field - a depletion
region - that leads to the bending of the valance and conduction band
edges. According to a simple dead-layer model, ‘electron hole pairs’
(EHPs) that are generated in this region are swept apart by the electric

field, prohibiting radiative recombination [8].
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Intensity of incident light controls a critical property of the PL
experiment. When the excitation intensity is low, the generated carrier
density will be low, and the PL measurements are dominated by discrete
defect and impurity sites at interface and within the bulk of the material.
Recombination at these energetically favoured sites is frequently referred
to as Shockley-Read-Hall (SRH) recombination. Shape of radiative
efficiency curve in the SRH and radiative recombination transition region
depends on the distribution of surface states that participate in
recombination. If the distribution consists of a discrete set of states with
similar energetic positions within the gap, complete saturation of the
SRH recombination process will lead to a PL efficiency slope of unity.
Efficiency curves with slops less than one indicates that the surface state
distribution is continuous. Moreover, an increasing number of surface
states are participating in recombination as the quasi-Fermi levels moves
through the band gap. Hence the variation in the slope of the efficiency
curve with increase in excitation can be used to map the surface state
distribution within the gap. Since its development in 1991, photo
luminescent surface state spectroscopy (analysis of the excitation
intensity dependent PL signal) has been applied to a wide number of

semiconductor systems [8].

Komiya et al. [9] measured excitation intensity dependent PL signal
from a series of InGaAsP/InP double hetero structures. Although the PL
signal was usually linear with excitation power, some samples showed
super linear dependence under intermediate excitation, indicating the
transition between non-radiative and radiative recombination regimes.

Lack of such a transition in the other samples suggested that radiative
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recombination dominated at all excitation levels, which gave an upper

limit for interface recombination velocity.

In-situ PL has been used to assess InP surface during various
cleaning etching steps, oxidation, ambient gas flow, plasma exposure and
heating. In some cases laser induced interactions were found to alter the
etch rates, surface morphology and surface contamination [10].
Timoshenko et al. [11] extended the in-situ PL technique to evaluate
electrochemical treatments of indirect semiconductor surfaces, where

pulsed excitation is required to obtain required signal.

PL intensity is an indicator of interface quality; measurement of PL
signal vs. position provides information on the spatial uniformity of
interface properties. Non-destructive and environment-insensitive features
of PL makes this application particularly useful in the evaluation of
substrate surface where detection of electrically active features may help to
control problems in epitaxial devices. One of the first demonstrations of
this approach was made by Krawczyk et al. [12] in an investigation of InP
surface treatments. By coupling the excitation in one end of an optical fibre
and scanning the the wave length in other end relative to a focusing
objective, they achieved resolution of the order of a few microns. They

observed wide variation in the PL signal on a microscopic scale.

In the characterisation of discrete low-energy states, quantitative
analysis of the decrease in PL intensity with temperature helps to measure
depth of a trap. Plotting the log of the PL intensity vs. reciprocal of the
temperature, one can calculate the activation energy for exciting carriers
out of the trap from the slope. These graphs, often referred to as Arrhenius

plots, have been used to study interface alloy formation in ZnSe/CdSe
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quantum Wires [13]. Temperature is also an important parameter in carrier
dynamics. At the lowest temperature, excitons dominate radiative
transitions and thermal energy in this regime leads to difficulties in
momentum conservation. Because photons have small momentum, only
low momentum exciton can directly recombine. Rising temperatures
confound recombination by increasing the fraction of exciton with
excessive momentum. Beyond this regime, the excitons themselves begin
to dissociate and the oscillator strength of free carriers is usually much
smaller than that for excitons. In this case recombining carriers must have
equal and opposite momentum, a condition that decreases in likelihood as
the average energy increases. In contrast, non-radiative recombination
processes tend to accelerate with increasing temperature. In particular,
non-radiative interface recombination usually involves thermally activated

multi-photon events [14].

The fundamental limitation of PL analysis is its reliance on radiative
events. Materials with poor radiative efficiency, such as low-quality
indirect band gap semiconductors, are difficult to study via ordinary PL.
Similarly, identification of impurity and defect states depends on their
optical activity. Although PL is a very sensitive probe of radiative levels,
one must rely on secondary evidence to study states that couple weakly

with light.

The interesting structural, optical and electrical properties of SnS
thin film making it suitable for optoelectronic, and photovoltaic
applications have been elaborated in detail in the previous chapters.
This IV-VI layered compound semiconductor has got a distorted NaCl-
type orthorhombic crystal structure [15]. In particular, this type of
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material is of interest in solar energy conversion due to the inventive
arrangement of the structural lattice with cations and anions. The layers
of cations are separated only by van der Waals forces, which provide
intrinsically a chemically inert surface without dangling bonds and
surface states. As a result, there is no ‘Fermi level pinning’ at the
surface of the semiconductor. This fact leads to considerably high
chemical and environmental stability [16]. It could support the
fabrication of highly mismatched solid-state junctions without interface
states. The estimated theoretical light conversion efficiency from
Loferski Diagrams [17] for this compound is higher than 24%. These
properties emphasize that SnS is a good absorber material to absorb
major part of the electromagnetic spectrum. In spite of possessing the
aforementioned qualities, reported photovoltaic conversion efficiencies
[18-20] with this material are quite low as compared to the theoretical
predictions. Defects and grain boundaries in the film are vital in
determining the optoelectronic properties of any material. This chapter
is dedicated to unveil the energy levels of various defects / impurities

in the energy gap of SnS thin films and their origin.

In the present study, PL technique was used for defect level analysis

considering its immense potential in the field.

PL analysis was carried out using an indigenously developed
setup. He-Ne laser (Melles Griot; 632.8 nm, 15 mW) with a spot size of
0.6 mm was used to excite the sample. For low temperature PL
measurements, the sample was mounted on the cold finger of liquid
helium cryostat (Janis Research Company CCS 100/202) and cooled

down to 12 K. The temperature was controlled to an accuracy of +1 K
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using Lakeshore temperature controller (321 Auto tuning). Low
temperature PL measurements of all samples were restricted to the
range 12 K- 200 K. Variation of PL intensity was studied by varying the
excitation power from 4 to 12 mW/cm? with the help of neutral density
filters. For all PL measurements, SnS samples of area 1 cm X 1 cm were
used. PL spectra were recorded using spectrophotometer (Ocean Optics
NIR512) having thermoelectrically cooled InGaAs array detector and
interfaced to the computer via custom made software “OOI base 32”. A
brief account on the theory behind the technique and the experimental

setup has been described in chapter 2.

5.2 Results and discussions

Some of the opto-electronic and structural properties of the pristine
SnS films have been recalled in Table 5.1. A thorough analysis of the

sample was done using PL.

Table 5.1: The physical properties of the pristine SnS film.

S1. No Property Value
1 Band gap 1.33 eV
2 Absorbance 105/ cm
3 Thickness 800 nm
4 Structure Herzenbergate orthorhombic crystal structure
with prominent orientation along (11 1) plane.
5 Sn/S ratio 1.05

6 Morphology Needle-like
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5.2.1 Unveiling the position of defect levels

Room temperature PL spectrum of the SnS thin film is depicted in
Figure 5.1. Two emissions could be recorded- one at 1.09 eV and another
low energy peak, which can be resolved in to two distinct emissions at

0.75 eV and 0.76 eV respectively.

PL Intensity ( arb. Units)

1100 1200 1300 1400 1500 1600 1700 180(
Wavelength (nm)

Figure 5.1: Room temperature PL spectra of SnS film.

To begin with, we focus on the emission at 1.09eV. This emission

might probably be due to a transition from

1)  ashallow donor to an acceptor,
2)  conduction band (C.B) to acceptor or

3)  adonor to valence band (V.B).

Type of radiative recombination, (i.e., whether it is due to Donor-
Acceptor pair (DAP) transition, or free to bound transition), can be
realized by studying the variation of PL intensity with excitation power.

PL intensity (I) is found to obey a power law, given by
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T=ToP’ (5.1)

where Ip and y are constants and P is the excitation intensity per unit area.
Slope of log (I)-log (P) plot gives the value of y. From Figure 5.2, value of y
was estimated to be 0.73+0.02. Empirically, y < 1 corresponds to ‘free to
bound’ exciton or DAP recombination, y=1 for free to bound transitions
and 1 < y< 2 for free or bound excitonic transitions. Thus, y=0.73+0.02

indicates that the transition is DAP type [21, 22].
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Figure 5.2: Variation of log(PL intensity) with log(excitation intensity).

The spectral resolution being high at liquid helium temperatures,
low temperature PL measurements were performed on the sample and the
emission at 1.09 eV was closely observed. PL spectrum of SnS thin film at

different temperatures is shown in Figure 5.3.
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Figure 5.3: PL spectra of the pristine SnS sample at different
temperatures.

Arrhenius plot or the plot between logarithmic value of integrated

PL intensity and 1000/ T can be used to calculate the PL quenching energy.

PL Intensity (Arb. Units)
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The curve can be fitted using the relation

where I (T) is the PL intensity at temperature T, C is a measure of the

I(T)=Io/ (1+Cexp(-AE/KT))

capture cross section and AE is the activation energy [23].

In Figure 5.4 experimental fitting of the curve was done using
Eq. (5.2) and the activation energy (AE) of the donor impurity obtained

was 20 meV. Thermal ionization of the defect may be the reason for

quenching of the emission at elevated temperature.

D)
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Figure 5.4: Arrhenius plot for calculation of activation energy.

Energy of the donor-acceptor pair (Es) is related to the band gap (Ey)
and depths of the donor and acceptor levels from conduction band and

valence band, Ep and Ea respectively as [24]

En=Eg— (ED+EA) (53)

Ea can be obtained as 0.22 eV. Earlier reports on evaporated and
PECVD deposited samples claim the presence of a deep acceptor level in
the range 0.26 - 0.34 eV, from dark conductivity studies [25, 26]. It is
generally observed that the activation energy very much depends on the
thickness and preparation techniques [27]. Our observations related to the
emission at 1.09 eV are consistent with the earlier reports. Band gap of the
films (1.33eV) and the activation energy of the donor (20meV) prove that

the emission at 1.09 eV is from a donor at 20 meV to an acceptor at 0.22 eV.

Based on our observations an energy band diagram for SnS film can be

modelled partially as depicted in Figure 5.5.
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Figure 5.5: A crude band diagram modelled for SnS thin film.

Having obtained a schematic of the position of defects in the band gap,
the next task is to identify the origin of these defects. Once the cause of these
defect levels get revealed, it is easy to engineer the material so as to have the

optimum properties for selection as an absorber layer in thin film solar cells.

5.2.2 Determination of origin of various energy levels
5.2.2.1 Identification of the Acceptor level

The particular crystal structure of SnS always allows lot of intrinsic
cationic vacancies. The ionic radius of S (1.84 A) is much larger than that of Sn
(0.69 A, for group VI coordination), which does not allow the formation of S
interstitials [28]; instead Sn vacancies are possible in the lattice. Such Sn
vacancies which are normally present in the lattice have been recognised as
predominant acceptors in SnS thin films [29]. Our observations and the
activation energy obtained for the acceptor level are quite consistent with
earlier reports. Therefore, the acceptor level at 0.22 eV is assigned to Sn

vacancies [25, 26].

5.2.2.2 Identification of the Donor level

The donor levels possible in this material may be created either
due to S vacancies, or due to the presence of Sn2* or Sn4* ionized states

of Sn [30].
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In order to understand the origin of the donor level, detailed PL
analysis was performed on the Sn diffused samples where, we
purposefully have changed the Sn concentration in the material. Detailed
description of the technique employed for the tin diffusion and the
properties of the thus obtained sample has been elaborated in section 2.1.2

of the previous chapter.

Employing X-ray Photoelectron Spectroscopy (XPS), we have
ensured that the evaporated thin layer of Sn has diffused uniformly
throughout the depth of the film. There was neither any X-ray reflection
peak corresponding to elemental Sn in the XRD pattern, nor any change in
the optical band gap with respect to Sn diffusion (these results have been

discussed in chapter 4).
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Figure 5.6: Absorption spectra of pristine and Sn-diffused samples.

Absorption spectra of the pristine and the Sn diffused samples are

given in Figure 5.6. Itis clear from the figure that there were no humps in the
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absorption spectra corresponding to the possible free carrier absorption due

to metal residues, if any, present in the sample.

PL spectra of the pristine as well as Sn diffused samples in the region
1120 nm - 1145 nm are shown in Figure 5.7. It can be seen that apart from
the peak at 1.09 eV, there is another peak at 1.095 eV (1134 nm) gaining
prominence with Sn diffusion. This emission (at 1.095 eV) has been
analyzed in detail so as to understand role of Sn diffusion in SnS films. As
with the emission at 1.09 eV, the variation in PL intensity of the emission
at 1.095 eV of the optimum Sn diffused sample (SnS:65n) was recorded by

varying the excitation intensity.
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Figure 5.7: PL spectra of the pristine and the Sn diffused samples.

Figure 5.8 shows the PL signal intensity as a function of the

excitation intensity of the SnS:65n sample, where it follows a linear
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relationship. As for the previous case, performing a linear fit yielded the

value of y0.80£0.02 indicating that this emission is a DAP transition.
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Figure 5.8: Variation of log(PL intensity) with log(excitation intensity).

In order to determine the position of the donor level in the band gap
of the SnS film, temperature dependent PL analysis was carried out on the
samples by first cooling it down to 12 K using the closed cycle He cryostat.
Temperature of the sample was then raised at the rate of 2°C/min and
recorded the PL spectra concentrating the emission at 1.095 eV at regular
temperature intervals. Figure 5.9 shows the Arrhenius plot from which
the activation energy was found to be 15+£0.03 meV, i.e., lying 5 meV above

the donor level at 20 meV.
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Figure 5.9: Arrhenius plot for the emission at 1.095 eV of SnS:6Sn
sample.

This indicates that the two donor levels are there; one lies at 15 meV
and the other at 20 meV below the conduction band minimum. Donor
levels in SnS are due to the sulfur vacancies in SnS. The donor level created
by sulfur vacancy in SnS is denoted by Dsn?* and that created by sulfur
vacancies which otherwise bonded to Sn** ionized state is denoted by

Dsn#t. Ghosh et al. has reported that D" has larger ionization energy than

DZ' [31]. This conclusion has been supported by the following facts as well.

Variation of intensities of the two PL emissions (at 1.09 eV and 1.095 eV)
with variation in Sn concentration in the material has an interesting trend. The
intensity of the 1.095 eV emission, which is hardly present in the pristine film,
increases with increase in the Sn concentration till SnS:65n and with further
increase of the Sn concentration, it starts decreasing. This trend indicates that

increase of Sn concentration beyond a certain threshold causes certain phase
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change in the film. It has been reported earlier that as-prepared SnS films will
contain traces of SnS; and SnySs phases (in amorphous form) [32]. Ex situ Sn
diffusion leads to the replacement of these impurity phases (SnS; and SnxSs)
by SnS phase as per the following reactions [33].

Sn +5SnS, — 25nS
Sn + 5nySs — 3 SnS

In either of these reactions, both SnS; and Sn,S; have Sn in 4+ ionized
states whereas in SnS, Sn is in the 2+ state. Since the as-deposited SnS films
contain intrinsic traces of SnS; and SnyS; phases, both Sn4+ and Sn?* states
are present in these films which give the two PL emissions at 1.09 eV and

1.095 eV respectively.

On diffusing Sn into SnS films, intensity of the emission at 1.095 eV
increases as the SnS phase increases (due to enhancement of Sn2?* state);
this continues till all the Sn#* states are converted into Sn2* as indicated in
the reactions given above. Figure 5.7 shows that the SnS sample with 6 mg

of Sn diffused (SnS:65n) has the highest PL peak at 1134 nm.

Employing XPS, we have already shown that the transition of SnS to
SnyS; takes place at larger Sn concentrations (previous chapter). In light of
this, the reduction of the PL intensity of the peak at 1.095 eV at larger Sn
concentration can be explained as the phase transition from SnS to SnoS; and
we can attribute the emission at 1.095 eV to be due to the transition from the

donor level at 1.315 eV (D¢ ) to the acceptor level at 0.22 eV (Vsn).

5.2.2.3 Determination of origin of Trap level

The as-deposited SnS thin films exhibit another strong emission at

0.75 -0.76 eV. Figure 5.10 shows the PL emission from SnS film before and
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after vacuum annealing. Interestingly, the emission vanished upon post-
deposition annealing in vacuum (pressure~2x10-> Torr) at 150°C for 90
minutes. This indicates the removal of oxygen present in the sample, by
vacuum annealing and hence the emissions may be due to the transition to

strong trap level in the band gap due to the presence of oxygen.
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Figure 5.10: Room temperature PL spectra of the SnS sample before
and after vacuum annealing,.

The trap level may be due to oxygen sitting in the interstitial position
or in the vacant lattice sites. PL emissions of pristine as well as Sn diffused
samples were taken to probe this defect. Figure 5.11 shows PL spectra of
the pristine and the Sn-diffused set of samples in the range 1600 nm to
1700 nm. It is clear that the intensity of PL emission decreased with
increase in concentration of Sn diffused. So it is evident that oxygen may
be sitting in the vacancy of Sn (°Vs,) and this has been reduced

considerably with diffusion of Sn.
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Figure 5.11: PL spectra of pristine and Sn diffused samples
(SnS :1Sn to SnS:15Sn).

5.2.3 Determination of Work function

Kelvin Probe Atomic Force Microscopy (KPFM) image of the
sample (Figure 5.12) was used to map the local surface potential of the
sample, which is used to extract the work function of the sample [34].
Information regarding the work function of the material (separation
between vacuum level and the Fermi level) is quite vital to model its

energy level scheme.

With the platinum work-function of 5.1 eV, the surface potential
calculated on the SnS grain was observed to be ~ 0.175 V. Based on the
simple estimation of local surface potential difference, ASP = (¢, —¢,)/e,
the work function of SnS films @, was calculated to be 4.92 eV, which

means that the Fermi level of the material lies 4.92 eV below the vacuum

level.
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Figure 5.12: (Left) AFM topography of SnS pristine film deposited on
glass substrate. Image size was 1 pm x 1 um. (Right) KPFM
topography of SnS pristine film, average surface potential
was measured as 0.175 V, from which, the work-function of
SnS was estimated as 4.92 eV.

5.2.4 Modelling of comprehensive energy band scheme

With the help of the present study and also using the data from the
earlier reported works [ 35, 36] a comprehensive band diagram for the SnS

can be modelled as depicted in Figure 5.13.

Vacuum level

3.7eV L 4.92 eV

E. D, =15 meV
N
0.57 eV a0 level D.." =20 meV
133 eV v rap leve
Acceptor leve |(Vsn)
v o Er R — E— "$0.22 eV
E,

Figure 5.13: The proposed band diagram of the SnS thin films showing
the different defect levels.

[ 204 3 Department of Physics, (USAT



Unveiling Defect Levels in SuS Thin Films Employing PL Technique and Modeling of Energy Band Scheme

This model helps in explaining the properties exhibited by SnS films.

Generally it is observed that only highly resistive film exhibit high
photosensitivity. But the Sn-doped films showed higher photosensitivity
compared to that of the pristine sample, even though their resistivity was
quite low. This anomaly in the photosensitivity can be well explained
using the band diagram as given below. Enhanced photosensitivity of Sn
diffused sample must be due to the enhancement in minority carrier
(electrons) concentration. In p type SnS, production of electrons in
conduction band occurs through (1) thermal excitation from the donors, (2)
pumping of electrons from the acceptor level at 0.22 eV and (3) the usual
band to band excitation. But in the case of the Sn-diffused samples, it has
been observed that the trap level present at the mid band gap region (due
to the presence of oxygen) has been removed as evident from the
reduction in intensity of PL emission at 0.75-0.76 eV (Figure 5). Thus Sn
diffusion should have considerably reduced the trapping and / or
recombination of minority carriers, leading to very high photo current and

hence high photo sensitivity.

5.3 Trial on junction fabrication

The major aim of developing SnS thin films by cost effective and
easily scalable deposition means is to use it for thin film solar cell
application as an absorber layer. This section demonstrates the potential of
SnS films developed in the present work in forming hetero junction with

various window layers.

We used two different materials; 1) InxS; and 2) SnS;, in order to
fabricate photovoltaic junction with SnS. In)S; have been selected

considering its wider band gap, n-type conductivity, non toxicity and the
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easiness of deposition. To the best of our knowledge, nobody have so far
investigated or fabricated In:S;/SnS heterojunction. Moreover, the
deposition conditions for this material intended for fabrication of with the
intension of using it as window layer for CIS based cells have previously
been optimized in our lab. Now as far as SnS; is concerned, it possesses
many superior optoelectronic properties described in chapter 1 because it
belongs to the ‘tin chalcogenide family’. We also could obtain almost
single phase SnS; as a side result while optimizing substrate temperature
and atomic ratio of precursor solution for the deposition of SnS thin films.
Therefore, we thought of using this SnS; also as the window layer to

fabricate hetero junction with SnS.

Superstrate configuration was used for the cell fabrication. i.e.,
illumination was through the substrate-side which in turn imposed the
condition that the substrate must be transparent as well as conducting.
Hence, ITO coated glass was used as the substrate. Junction was fabricated
by depositing In,Ss (or SnSy) layer first and SnS layer over that, (both
through CSP method), on ITO coated glass. Silver electrodes were then

coated using vacuum evaporation.

Interestingly we could observe that for the ITO/InS/SnS, open-
circuit voltage (Voc) increased and short circuit current density (Jsc)
decreased with the increase in the thickness of the absorber layer. A
moderate performance (177 mV, 1.1 mA/cm?) was achieved when the
absorber layer thickness is 800 nm. The major problem with these cells was
the very high value of the series resistance (~7535 Q.cm?). Since there is
little report about heterojunction formed by thin films of In,Ss and SnS, it is

not possible to compare our results. However, these results obtained here
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open the opportunity to study this kind of junctions. More detailed
analysis must be done in order to understand the electrical transport
trough the device and, at the same time, to improve the quality of these
diodes for better performance. Also proper contact electrodes have to be

selected so as to reduce the series resistance.

Trial junction was also fabricated using SnS, window layer. The
main advantage here is that, we could deposit both the window and the
absorber layer sequentially using the same precursor solution by adjusting
the substrate temperature. The only thing we have to do is just to change

the substrate temperature (460°C for SnS; and 375°C for SnS).

In this case also we could fabricate p-n junction with knee voltage
greater than 800 mV. We could also obtain clear photovoltaic shift on
illumination in the fourth quadrant of the graph. The V. and Js values of

the device were 185 mV and 0.84 mA /cm? respectively.

5.4 Conclusions

Presence of donor and acceptor levels of SnS films have been
successfully unveiled using PL technique. The two nearby donor levels
are identified as due to sulfur vacancies in SnS (with activation energy
of 15 m eV) and that in other binary sulfides of tin whose oxidation state is
4+ (with activation energy of 20 meV) which may present as inevitable
contaminant in SnS. Origin of the emission at 0.75 eV & 0.76 eV has been
attributed to transition from CB to the mid band gap trap level created by
O, contaminant. A detailed band diagram for SnS has been proposed in
this work outlaying the different donor and acceptor levels. Anomalous
properties exhibited by Sn-diffused SnS films have been successfully
explained in this chapter with the help of the proposed energy level
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scheme. Certain defects may come handy for photovoltaic applications
and hence unveiling the defects present in SnS films is highly relevant as it
is used as absorber layer in thin film solar cells. The immense potential of
PL technique in analyzing the different defect levels present in the material

was also established through the present work.

The feasibility of SnS absorber layer developed in the present work,
for fabricating photovoltaic junction has been demonstrated successfully.
Trial junctions were fabricated with the structure, ITO/n-type Window
layer/p-SnS/electrode. The work was found to be promising as we could

obtain photovoltaic shift when illuminated with white light.
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CONCLUSIONS & FUTURE OUTLOOK

L

6.1 Summary and general Conclusions

6.2 Future prospects

6.1 Summary and general Conclusions

This Thesis concerned with a novel compound semiconductor
material, that has a great potential for use in photovoltaic energy system.
SnS has been identified as one of the best absorber layer material for
heterojunction thin film solar cells. The favorable electrical and optical
properties make this metal chalcogenide most promising in the field. SnS
belongs to IV-VI group that exhibits orthorhombic structure. It has a
suitable optical band gap of 1.33 eV and large absorption coefficient of
over 104 cm™!, above the band gap energy. In addition, it has the added
advantage of abundant constituent elements. SnS grenerally do not pose
any health and environmental hazards. However, the reported data
indicates that physical characteristics of this material have not been

studied extensively in relation to their photovoltaic application.

The thesis mainly concentrates on the development of SnS thin films
having optimum properties for absorber layer in thin film solar cells.
Deposition parameters were fully optimized for obtaining phase-pure,
device quality SnS thin films out of CSP technique. Several properties of
the films like dark conductivity, photoconductivity /photosensitivity and
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band gap were engineered by in-situ and ex-situ means. Detailed defect
level analysis of the SnS thin films were performed by using
photoluminescence technique. An energy band structure for SnS thin films
has been suggested, outlaying the origin of various defect levels. In order
to demonstrate the potential of the developed SnS thin films, some initial
trials on fabrication of photovoltaic junctions were also performed using
InoS; and SnS; as the window layers and these studies indicated positive
results. The proposed aim of the thesis was accomplished in three different

phases.

In the first phase, the deposition parameters were optimized for
fabrication of stoichiometric SnS films that can be used as p-type, direct
band gap absorber layer with very high absorption coefficient. Band gap
engineering of phase-pure SnS thin film was done in the temperature
region 350°C-400°C. This can avail us the flexibility to use both low and
high band gap SnS films in PV applications. Interestingly n-type SnS films
could be obtained when content of cationic precursor is higher than that of
the sulfur precursor in spray solution. As the deposition temperature is
same for the deposition of both n and p-type SnS films, it is possible to
have sequential deposition of n and p-type layers for possible fabrication
of SnS homojunction. Highly photosensitive SnS films which had high

photocurrent value, can also find application as smart material.

The second phase was dedicated in enhancing the opto-electronic
properties of the SnS films. An innovative ex-situ Sn diffusion process was
employed to reduce the resistivity of SnS films. The unavoidable impurity
of Sn-O-S phase on the surface was removed completely through the

diffusion of Sn. Carrier concentration was also found to be enhanced by an
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order. SnS:65n sample, with a 3.63 nm thick Sn layer diffused into the
SnS matrix, was found to be optimum and it had the lowest resistivity
together with the higher photosensitivity. The major advantage of Sn
diffusion technique is that we could obtain low-resistive (resistivity ~2
Q.cm) as well as highly photosensitive samples Sn diffusion, without
affecting other photovoltaic properties of the material (Eg. Optical b
and gap).

Since ex-situ Sn diffusion involves post deposition treatments which
in general is not suitable for device level applications, our next aim was to
enhance the opto-electronic properties through an in-situ process. For this,
the significance of pH of the precursor solution in determining the
structural, morphological and optoelectronic properties of SnS film was
evaluated. It was observed that the crystallinity of the films has a definite
correlation with pH of the precursor solution and an optimal pH exists for
the optimal crystallinity. Crystallinity of the films was best for a pH of 2.0
and the electrical conductivity was also maximum for this pH value. The
lowest resistivity obtained by controlling the pH was about three orders
lower than that of the pristine sample. This film exhibited maximum
photosensitivity as well. The band gap of the films can also be engineered
by controlling pH of procures solution. Most importantly, these superior
properties can be achieved without employing any post deposition
treatments and hence it is quite useful for low-cost thin film photovoltaic

technology.

The third and the final phase deals with the identification of the
origin of various defects present in the sample. Presence of donor and

acceptor levels of SnS films have been successfully unveiled using PL
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technique. The two nearby donor levels are identified as due to sulfur
vacancies in SnS (with activation energy of 15 meV) and that in other
binary sulfides of tin whose oxidation state is 4p (with activation energy of
20 meV) which may present as inevitable contaminant in SnS. Origin of the
emission at 0.75 eV & 0.76 eV was attributed to transition from Conduction
Band to the mid band gap trap level created by O contaminant. A detailed
band diagram for SnS was proposed in this work outlaying the different
donor and acceptor levels. Some of the anomalous properties exhibited by
Sn-diffused SnS films have been successfully explained with the help of
the proposed energy level scheme. Certain defects may come handy for
photovoltaic applications and hence unveiling the defects present in SnS
films is highly relevant as it is used as absorber layer in thin film solar
cells. The immense potential of PL technique in analyzing the different
defect levels present in the material was also established through the

present work.

After the successful completion of the three phases of the research
work, the feasibility of the developed SnS absorber layer, for fabricating
photovoltaic hetero-junction was demonstrated by fabricating trial
junctions with the structure, ITO/n-type Window layer/p-SnS/ electrode.
As the suitable window layers for the SnS based thin film solar cells, SnS;
and In,Ss were chosen. Thickness of the SnS layer was varied. Substrate
temperature was found to be more critical for depositing SnS; films over
ITO. The work has been found to be promising as we could obtain

photovoltaic shift when illuminated with white light.
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6.2 Future Prospects

Natural progression of present research would be its application in
solar cell fabrication. Obviously our next aim is to improve the
performance parameters of the device. Optimization of the deposition
conditions to deposit window layer of required thickness and
conductivity, optimizing the thickness as well as photosensitivity of
absorber layer and selection and optimization of the deposition condition
of the contact electrode are the major areas in which we have to work on in
future to fulfill our aim. Once these are completed, works have to be done
to improve the efficiency of the device by modifying the interface
properties and also to modify the spary system for depositing the cells

through a ‘line process’.

In the present work, we have used imported ITO coated glass for cell
fabrication. Indigenous development of transparent conducting oxide
layer like Al: ZnO or F:5nO; will help in the development of cost-effective
and all sprayed solar cells. Another scope of the work is to try nano-
crystalline SnS films in third generation photovoltaics by using it in

quantum dot sensitized solar cells (QDSSC).

Present work is only a small step towards achieving a greater goal:
development of an efficient, eco-friendly and cost-effective ‘all sprayed’ thin film
solar cell. Lot of efforts has yet to be put forth for the fulfillment of such a
vision and our group is continuing the research works in this direction,

with a well focused aim, to make this initiative a reality.
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