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1 

CHAPTER – I 

1.1    INTRODUCTION 

Presently, the world energy consumption is 10 terawatts (TW) per year and by 2050, 

it is projected to be about 30 TW. The world will need about 20 TW of non-CO2 energy to 

stabilize CO2 in the atmosphere by mid-century. The simplest scenario to stabilize CO2 by 

mid-century is one in which photovoltaic (PV) and other renewables are used for electricity 

(10 TW), hydrogen for transportation (10 TW) and fossil fuels for residential and industrial 

heating (10 TW) [1]. Thus, PV will play a significant role in meeting the world future energy 

demand.   

The PV effect was discovered in 1839 by Becquerel while studying the effect of 

light on electrolytic cells. A long period was required to reach sufficiently high efficiency. 

Solar cells were developed rapidly in 1950s owing to space programs and used on satellites. 

The energy crisis of the 1970s greatly stimulated research and development (R&D) for PV 

solar cells based on compound semiconductors (III–V and II–VI) that were first investigated 

in the 1960s. At the same time, polycrystalline Si (pc-Si) and thin-film solar cell 

technologies were developed to provide high production capacity at reduced material 

consumption and energy input in the fabrication process and integration in the structure of 

modules by the deposition process and consequently cost reduction for large-scale terrestrial 

applications.  

According to Shockley and Queisser [2], the thermodynamic efficiency for an ideal 

single homo junction cell is 31%. The efficiency of a single-junction device is limited by 

transmission losses of photons with energies below the band gap and thermal relaxation of 
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carriers created by photons with energies above the band gap. Several methods have been 

offered to increase the power conversion efficiency of solar cells, including tandem cells, 

impurity-band and intermediate-band devices, hot-electron extraction and carrier 

multiplication, the so-called “third generation” PV cells.  

Carrier multiplication which was first observed in bulk semiconductors in the 1950s 

would provide increased power conversion efficiency in the form of increased solar cell 

photocurrent. The process of inverse Auger recombination or impact ionization, as it is more 

commonly known, has also been considered as a mechanism to use some of the excess 

energy of photo-generated carriers to create additional electron-hole pairs in PV devices. 

When carrier multiplication is active, the effective photon-to-pair generation quantum yield 

may be greater than 1 for photon energies greater than twice the band gap. The predicted 

limiting efficiencies are 44.7% and 85.9% for devices with maximum multiplication under 

unconcentrated and fully concentrated (blackbody) sunlight, respectively [3].  

The purpose of a multi-junction device is to capture a larger fraction of the solar 

spectrum while minimizing thermalization losses. By stacking cells in the order of their 

band gaps, with the cell with the largest band gap at the top, light is automatically filtered 

as it passes through the stack, ensuring that it is absorbed in the cell that can convert it most 

efficiently. If band gaps are appropriately selected, all the cells in the stack will generate 

close to the same current, so the cells can be interconnected in series. The highest efficiency 

solar cells known are multi-junction cells based on GaAs and related group III–V materials. 

These cells are expensive for large-scale applications, but are commonly used at the focus 

of mirrors or lenses that concentrate the solar light by a factor of 50-1000. A multi-junction 

cell with a large number of cells in the stack can theoretically approach 68.5% efficiency. 

Continuously increasing demand for PV modules and the need for low-cost PV options have 

stretched these advantages to the limit and have exposed some inherent disadvantages of  
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c-Si technology, such as the scarcity of feedstock material, costly processing of materials 

and complex device fabrication steps, as well as the inability of monolithic interconnections.  

These, in turn, restrict the potential of Si wafer technology and it appears difficult to 

achieve PV module production costs below $1/W, which is considered essential for cost-

competitive generation of solar electricity. It is generally agreed that c-Si wafer technology 

would not be able to meet the low-cost targets, whereas thin-film technologies have the 

potential to provide a viable alternative in the near future.  

1.2  SILICON SOLAR CELLS 

Hundreds of solar cells (also called photovoltaic cells) make up a solar photovoltaic 

(PV) array. Solar cells are the components of solar arrays that convert radiant light from the 

sun into electricity that is then used to power electrical devices to heat and cool homes and 

businesses. Solar cells contain materials with semiconducting properties in which the 

electrons become excited and turned into an electrical current when struck by sunlight. 

While there are dozens of variations of solar cells, the two most common types are those 

made of crystalline silicon (both monocrystalline and polycrystalline) and those made with 

what is called thin film technology. The majority of solar cells on the market today are made 

up of some type of silicon by some estimates, 90% of all solar cells are made up of silicon. 

However, silicon can take many different forms. Variations are mostly distinguished by the 

purity of the silicon purity in this sense is the way in which the silicon modules are aligned. 

The greater the purity of the silicon molecules, the more efficient the solar cell is at 

converting sunlight into electricity. The majority of silicon based solar cells on the market 

about 95% are comprised of crystalline silicon, making this the most common type of solar 

cell. But there are two types of crystalline - monocrystalline and polycrystalline.  
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1.2.1  Crystalline Si solar cells 

Most commercial Si solar cells have used boron-doped single-crystal wafers grown 

by the Czochralski (CZ) process. CZ Si is free from lattice defects, however, it contains 

residual impurities such as oxygen, carbon and transition-metal ions. Oxygen introduced 

from a quartz crucible is beneficial for microelectronics, because the oxygen strengthens the 

wafers and can also be used for guttering defects from wafer surfaces. Oxygen reacts with 

the boron to form an electronically active defect that limits the quality of the material after 

illumination [4]. Magnetic confinement is used to reduce the amount of oxygen by 

transferring material from the crucible within the melt. Si grown by the float zone process 

is preferable for solar cells of highest efficiencies because it has the lowest recombination 

losses. 

Si cell efficiency can be divided into four stages, with each stage corresponding to 

new solutions in technology or cell structure. In the beginning of the “semiconductor era”, 

the rapid progress of silicon technology allowed production of Si solar cells with 15% 

efficiency. In the second stage (1970s), 17% efficiency Si solar cells were fabricated due to 

achievements in microelectronics (e.g. photolithography). The most significant results have 

been obtained in the third (1980s) and fourth (2000+) stages, where Si cell efficiencies close 

to 25% have been achieved. These efficiencies were due to improved contact and surface 

passivation of the cell, along the front and rear surfaces, as well as an improved 

understanding of the significant role of light-trapping in Si devices. For Si cells of 80 μm 

thick have the maximum efficiency of 28.8%. 

1.2.2  Polycrystalline wafer Si solar cells 

The poly-Si wafers can be fabricated over large areas. Plasma processing of lower-

cost pc-Si is used to form a highly transmissive surface and to increase the light absorption 

known as reactive-ion etching, this process allows about a 40% relative increase in 
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absorption. Bulk hydrogenation and nitride passivation of the cell surface have produced 

good results. Despite a number of advantages of pc-Si, there is no significant difference 

between the costs of c-Si and pc-Si solar cells. Commercial pc-Si cells have efficiencies of 

12–15%. 

1.2.3  Amorphous silicon (a-Si) solar cells  

The basic structure of an a-Si solar cell configuration is a “p–i–n” junction, shown 

in Fig. 1.1a which illustrates qualitatively the thickness of different layers in the device in 

the “superstrate” configuration with applied texturing (roughness) of the transparent 

conducting electrodes for enhanced light-trapping in the a-Si layer. The p–i–n type 

configuration for the a-Si solar cell [5], where an intrinsic layer of a-Si:H is sandwiched 

between the n- and p-type doped layers of a-Si:H or its alloys is shown in Fig. 1.1b. Because 

of very short lifetime (or high recombination) of the carriers, the doped layers do not 

contribute to the photocurrent generation (the photons absorbed in these layers contribute to 

optical losses) but these p- and n-layers build up the electric field across the i-layer.  

This electric field drives the electrons and holes, photo-generated in the i-layer in 

opposite directions, so that the i-layer essentially acts as the absorber layer in a-Si:H solar 

cells. The electrical field depends on the doping concentration of p- and n-layers, as well as 

the thickness of the i-layer. Because of the p- and n-doped layers do not contribute to 

photocurrents and can cause further recombination of the generated carriers before sweeping 

across the layer, it is essential to minimize their thickness, which is typically ~10-30 nm. 

There is an upper limit to the thickness of the i-layer (~0.5 μm), because charge defects 

reduce the effective field and thus, if the width of the i-layer exceeds the space-charge width, 

then the extra width would act as a “dead” layer without actually contributing to 

photocurrent. 
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Fig. 1.1 (a) Single-junction a-Si solar cell in superstructure configuration (b) Energy 

band diagram of p–i–n solar cell structure 

The initial results of a-Si cells in the 1970s, indicated very promising potential for 

attaining efficiencies well above 10%. However, it was observed that a-Si solar cells suffer 

from an inherent problem of light dependent degradation on their performance under 

continuous light exposure [6]. It was observed that in a timescale of a few months, the 

performance of the cells dropped about 30–40%, then stabilized at efficiency lower than the 

initial value.  

An explanation for the light-induced degradation is that with light exposure, the  

Si–H bonds break and further increase the density of the dangling bonds. Thus, the system 

is driven into an excited or higher energy state, with active defect centers leading to higher 

recombination of the free carriers and hence leading to reduction in efficiency. The 

efficiency drop depends on the illumination level and operating temperature of the solar cell. 

It has been observed that efficiencies may be partially recovered by heating the cells.  

The first problem of the technology is that SWE (Society of women engineers) 

cannot be eliminated, but can be reduced by engineering of the device’s structure    (e.g., by 

employing a thinner i-layer at the expense of absorption loss). The second problem is that 

the doping of the a-Si leads to an increase of trap density therefore, limiting the thickness of 
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the doped layers to 10– 30 nm for minimized recombination effects. The limits on i layer 

and n- and p-doped layer thicknesses together have a direct bearing on the overall device 

structure and performance stability.  

1.2.4  a-Si solar cell configurations  

An advantage of a-Si is that the solar cells can be grown in both “superstrate” and 

“substrate” configurations, as shown in Fig.1.2. In the “superstrate” configuration, the cell 

is grown in the p–i–n sequence (starting with the p-layer, followed by i- and n-layers) onto 

a substrate that must be transparent (such as glass) hence, this configuration is not suitable 

for metal or highly opaque polymeric substrates. In contrast, the “substrate” configuration 

can be grown on any type of substrates, which could be rigid glass or flexible metal or 

polymer foil. It bears an n–i–p configuration (cell growth starting with n-layer followed by 

i- and p-layers) and the light enters through the last grown p-layer.  

Generally, a-Si solar cells on glass are available in the superstrate configuration 

starting with a Transparent Conducting Oxide (TCO) window, then having p–i–n layers 

grown on it, followed by another TCO layer and a metallic back-reflector layer. The layers 

can be grown in n–i–p or p–i–n sequence. But irrespective of the substrate or superstrate 

configuration, incident light is allowed through the p-side, because it has a higher band gap 

than the i- or n-layers. Also, because the mobility of holes is smaller than compared to 

electrons, a thin front p-layer supports hole collection in the device [7].   

The choice of TCO material, as well as its electrical and optical properties, is 

important for electrical contacts also for efficient light-trapping through the device. Light 

trapping is essential for efficient performance of a-Si solar cells, where device thickness is 

limited by several inimical factors, e.g., thinner i-layer is desired for minimizing light-

induced performance degradation.  
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Fig. 1.2 (a) a-Si solar cell in “superstrate” (p–i–n) configuration and 

(b) “substrate” (n–i–p) configuration 

 

TCOs such as SnOx:F, indium tin oxide (ITO) and ZnO:Al have been extensively 

used in a-Si solar cells. Some requirements for good a-Si:H solar cells are the following:  

• Glass and front TCO should have a high (>80%) transparency over the whole 

spectral range.  

•  TCO with a sheet resistance of at most 10–15 Ohm/square (high conductivity) 

obtained by enhancing carrier mobility rather than the carrier concentration to 

minimize free-carrier absorption over the near-infrared region. 

•  TCO layers and doped silicon layers, which do not contribute to photo-generation 

and collection, should be kept as thin as possible and have very low absorption 

coefficients. 

•  TCO layer should not degrade by chemical reduction during a-S: H deposition. 

•  Use of back reflectors with as little absorption as possible. 
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1.2.5  Multiple-junction or tandem solar cells.  

Light induced degradation has become the biggest bottleneck of the a-Si technology 

and it has serious implications. The general effects of high density of trap and recombination 

centers have restricted the thickness of the device layers, which consequently limits the 

absorption of the incoming light. The p–i–n configuration thought to have great promise for 

high efficiency at lower cost was also hindered by this instability issue. Tandem cells using 

double and triple junctions have been thoroughly pursued worldwide to work within the 

limits of an -layer thickness of   ~300 nm and using different light-trapping arrangements.  

Multi junction solar cells are used for better use of the solar spectrum and to improve 

stability. The stabilized efficiency (small area) for single-junction cells is 9.3%, whereas it 

is 12.4% for double-junction and 13.0% for triple-junction cells using a-Si:H and its  

alloys [8]. Fig. 1.3 presents schematics of different multi-junction structures.  

1.2.6  Hybrid solar cells 

Amorphous silicon cells have been combined with nano crystalline silicon-junction 

cells and cells of other materials such as Copper Indium Gallium Selenide (CIGS). Another 

significant design in development is the formation of a thick/thin type of interface structure 

(hetero structure) between the a-Si:H layer and the c-Si wafer. Their efficiency is close to 

21% over a cell area of 10 cm2. This technology uses an n-type CZ-silicon wafer as the base 

(light absorber) and low-temperature processes with a device structure of a- Si(p+)/a-Si(i)/c-

Si(n)/a-Si(i)/a-Si(n-). The intrinsic a-Si layer is important because it contacts c-Si at both 

ends and it provides passivation and extra stability to the system.  

1.2.7  Monolithic modules  

All solar modules require a number of solar cells to be electrically connected in 

series to provide power, depending on size and cell efficiency. Additional processing steps 
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such as attachment of leads and encapsulation for protection against external influences are 

done to finalize the module structure. The “superstrate” configuration has an advantage for 

monolithic electrical interconnection of solar cells to form solar modules because the 

substrate (e.g., glass, polymer) is insulating. In contrast, in the “substrate” configuration, 

individual large-area solar cells are mechanically connected cell to cell, as done in c-Si 

technology.  

 

Fig.1.3 Multi-junction cell architecture 

(a) double-junction “superstrate” configuration 

(b) triple-junction in “substrate” configuration 

(c) “micromorph” junction in   “superstrate” configuration 

1.2.8  Flexible a-Si solar cells 

Another important perspective of thin-film PV technology is flexible modules with 

strategic space and military use, integration in roofs and building facades and use in portable 

power sources, automobiles and consumer electronics. Since they can be made in different 

shades (even semi-transparent), shapes and sizes, these flexible a-Si solar cells are likely to 

be very popular and in demand for applications in the low to medium range of power.  
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1.3  COPPER INDIUM GALLIUM SELENIDE (CIGS) SOLAR CELL 

CONFIGURATION   

Copper Indium Gallium Selenide (CIGS) solar cells can be grown in both “substrate” 

and “superstrate” configuration, but the substrate configuration gives the highest efficiency 

due to favorable process conditions (Fig. 1.4). However, it requires an additional 

encapsulation layer and glass to protect the cell surface, which is not required in the 

superstrate configuration.  

1.3.1  Electrical back-contact 

CIGS solar cells in substrate configuration can be grown on glass, as well as on metal 

and polymer foils. Molybdenum (Mo) is the most commonly used electrical back-contact 

material for CIGS solar cells. Growth of the solar cell starts with the deposition of Mo on 

the substrate, which forms an electrically conducting back-electrode with CIGS. When 

CIGS is grown on Mo, an interface layer of MoSe2 is automatically formed that helps in 

ohmic transportation between CIGS and Mo.  

1.3.2  CIGS absorber layer 

High-efficiency cells have p-type Cu(In,Ga)Se2 in bulk, whereas a defect-

chalcopyrite Cu(In,Ga)3Se5 phase, in the form of a thin layer that segregates at the top 

surface, is n-type especially when doped by cation atoms diffusing from the buffer layer [9]. 

It is believed that this inverted surface, leading to a p–n homo junction in the CIGS absorber, 

is crucial for high-efficiency cells.  
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Fig. 1.4 (a) CIGS solar cell in “substrate” configuration 

(b) Qualitative energy band diagram of CIGS solar cell 

1.3.3  Buffer layer 

The primary function of a buffer layer in a hetero junction is to form a junction with 

the absorber layer while admitting a maximum amount of light to the junction region and 

absorber layer [10]. In addition, this layer should have minimal absorption losses and should 

be capable of driving out the photo generated carries with minimum recombination losses 

and transporting the photo generated carriers to the outer circuit with minimal electrical 

resistance. For high optical throughput with minimal resistive loss the band gap of the 

window layer should be as high as possible and the layer should be as thin as possible to 

maintain low series resistance. It is also important that any potential ‘spike’ in the 

conduction band at the hetero junction be minimized for optimal minority carrier transport. 

Lattice mismatch (and consequent effects) at the junction is important for consideration for 

epitaxial or highly oriented layers. In the case of microcrystalline layers, mismatch varies 

spatially and thus the complicated effect, if any, averages out.  
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Efficiency gain of the thin film solar cells greatly depends upon the quality and 

thickness of the buffer layer. The standard Copper Indium Selenide (CIS) solar cell needs 

optimized thickness of buffer layer between the absorber layer and the transparent front 

contact layer to improve efficiency. It drives out the photo generated carriers with minimal 

losses while coupling light to the junction with minimum absorption losses, yielding a 

highly efficient solar cell. Thin film hetero junction solar cells provide more light towards 

the junction as it has wide band gap buffer layer in contrast with optimal low band gap 

absorber layer. This provides the most reliable way of increasing the efficiency of the cell. 

The beneficial effects of the buffer layer ranges from modifying the absorber surface 

chemistry to protecting the sensitive interface during the subsequent window deposition 

[11]. Favorable properties of the interface are suggested to be related to the match between 

lattice parameters. 

Several semiconductor compounds with n-type conductivity and band gap between 

2.0 and 3.4 eV have been applied as a buffer to form a hetero-junction in CIGS solar cells. 

However, SnS remains one of the most widely investigated buffer layer, because it has 

continuously yielded high-efficiency cells. According to the Shockley–Queisser criteria, the 

spectroscopic limits, maximum efficiency up to 33% could be achieved for the material 

having Eg of 1.3 eV [12]. However, a maximum efficiency of 2.04% in pulsed Chemical 

Vapor Deposition (CVD) method [13] and 1.3% in sprayed [14] and sputtered [15] has been 

recorded so far.  

1.3.4  Front electrical contact 

TCOs with band gap above 3.0 eV are the most appropriate material and have 

become the ultimate choice for front electrical contacts due to their excellent optical 

transparency (>85%) and good electrical conductivity [16]. CIGS solar cells use either 

Indium Tin Oxide (ITO) or Al-doped ZnO. A combination of an intrinsic and a doped ZnO 
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layer is commonly used. However investigations show boron to be a feasible alternative 

because it yields a high mobility of charge carriers and a higher transmission in the long-

wavelength spectral region, giving rise to higher currents.  

1.3.5  Sodium incorporation in CIGS 

One of the breakthroughs in CIGS PV technology occurred when the alumina or 

borosilicate glass substrate was replaced by soda-lime glass to match the thermal expansion 

coefficients, resulting in substantial’s improved efficiency. Subsequently, sodium was 

realized to play an important role in high-efficiency CIGS solar cells because it affects the 

microstructure (grain size) and passivates the grain boundaries, leading to changes in 

electronic conductivity by up to two orders of magnitude [17].  

1.4  FLEXIBLE CIGS SOLAR CELLS  

The ultimate advantage of thin-film technology is roll-to-roll manufacturing to 

produce monolithically interconnected solar modules leading to low time for energy 

payback because of high-throughput processing and to low cost of the overall system. A 

large number of activities on highly efficient, stable and flexible thin-film modules based 

on CIGS has recently drawn much interest for flexible solar cells on metal and plastic foils. 

Apart from the expected high efficiency and long-term stability for terrestrial applications, 

flexible CIGS has excellent potential for space application because of their tolerance to 

space radiation, being 2–4 times superior to conventional Si and GaAs cells. Lightweight 

and rollable solar array structures will reduce the overall cost of space-deployable solar 

modules, but can also substantially save on the cost of launching satellites.  

1.5  III–V SINGLE AND MULTI-JUNCTION SOLAR CELLS  

The theoretical efficiency of a single-junction cell is around 31%. Better efficiencies 

could be obtained with more-efficient use of the solar spectrum. Combining two or more 
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cells of different bandgaps into a multi-junction arrangement increases the amount of work 

done per photon. To increase the efficiency, tandem cells having a larger number of 

materials with different band gaps are constructed. In case of space power applications, the 

Si cell efficiency is low and susceptible to radiation damage. In the late 1980s, GaAs cells 

were used to fabricate flat-plate arrays due to high efficiencies and lower radiation-induced 

degradation than Si cells. Enhanced efficiencies may be realized by stacking GaAs on 

booster cells of lower-band gap materials such as Si, Ge, CIS, GaSb, or InGaAs. However, 

in this case, GaAs films contain dislocations and impurity diffusion from highly doped 

tunnel junctions during overgrowth of the top cell, increases the resistivity of the tunnel 

junction. The InGaP/InGaAs/Ge triple-junction concentrator solar cell has demonstrated 

~37.0% efficiency. High conversion efficiency of more than 36% is measured under 

concentrated light with a concentration ratio ranging from 30 suns to 200 suns of AM1.5G. 

At a concentration ratio of 200 suns of AM1.5G, the conversion efficiency was measured at 

37.4% [18]. 

1.6  NANO PHOTOVOLTAICS 

The superior optical, electric and chemical properties of nano materials offer the 

chance for solar cells to get higher efficiencies. At present, three competing types of 

nanotechnology are being applied to solar cell development, each classified by material: 

crystalline semiconductor, polymeric materials and carbon-based nanostructures. Each has 

different potential applications and different ways of attempting to overcome the cost and 

efficiency trade-off. 

1.6.1  Quantum well solar cells 

Competitive costs and performance can be achieved by using quantum wells and 

quantum dots in crystalline solar cells. The Quantum Well Solar Cell (QWSC) is a novel 

device with the potential to achieve high efficiency in an alternative approach to tandem or 
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cascade solar cells [19]. In the simple QWSC, quantum wells of a lower-band gap material 

are grown within the space-charge region of p–n or p–i–n-structures. Incorporating CdTe 

quantum wells into CdxMn1-xTe of p–i–n structures has been shown to successfully extend 

the photo response to longer wavelengths [20]. An AlGaAs/GaAs QWSC also enhances 

efficiency over comparable AlGaAs cells because of reducing recombination losses [19, 

21].  

1.6.2  Quantum dot solar cells 

Quantum dots (QDs) are nanometer-sized crystallite semiconductors. The advantage 

of QDs is the ability to tune the absorption threshold simply by choosing the dot diameter. 

A QD is a granule of a semiconductor material on the nanometer scale and these 

nanocrystallites behave essentially as a three-dimensional potential well for electrons. By 

introducing a nano-sized dot into an ordered array within the intrinsic region of a p–i–n solar 

cell [22], a theoretical efficiency of 63% was calculated.  

Quantum dots are commonly known as “artificial atoms” because they provide the 

opportunity to control the energy of carrier states by adjusting the confinements in all three 

spatial dimensions. With QDs closely packed, the confined levels overlap to form minibands 

in QD superlattices. This extends the range of electronic and optical properties that can be 

provided by semiconductor materials. With the control of miniband energy level and 

bandwidth, QD superlattices have interesting possible applications in “third-generation” 

PV, especially for tandem solar cells. QDs have already been used successfully to improve 

the performance of devices such as lasers, light-emitting diodes and photo detectors.  

The basic principle behind the efficiency increase offered by QD intermediate-band 

solar cells is that the discrete states that result from the inclusion of the dots allow for 

absorption of sub-band gap energies. The reason that this approach can exceed the efficiency 
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of an ordinary dual-junction cell is that when the current is extracted, it is limited by the 

host band gap and not the individual photon energies. In a dual-junction solar cell, the 

current must be “matched” between the two junctions. This means the same amount of 

current must be passed through both junctions. Therefore, the overall device efficiency is 

limited by the current-generating ability of the weaker of the two junctions.  

In addition, if a dual-junction or other multijunction device is grown monolithically, 

with the junctions connected in series, then there must be tunnel junctions grown between 

the various active regions. Problems with lattice mismatch and the increased number of 

interfaces (and consequently, interfacial defects) are impediments to this approach. 

Although tremendous achievements have been made in developing multi-junction solar 

cells, this problem will be compounded with increasing the number of junctions. These 

problems with lattice mismatch and interfacial defects have plagued the development of 

multiple quantum well structures.  

1.7  RECENT THIN FILM MARKET 

Currently, as thin film solar cell technology reaches large industrial-scale 

production, it is crucial for further growth to adopt processing measures, that are low-cost, 

contaminant-free and industrially applicable. In 2013, the solar market share for all thin film 

solar cells technology was 11% with n-CdS/p-CdTe hetero junction solar cells leading the 

annual production by 2 GWp (Gigawatt peak). The solar PV share for thin film solar cells 

is expected to grow at an annual rate of 24%, reaching 22 GW by the end of 2020 [23].  In 

the past, chemical bath deposited (CBD)-CdS regularly featured as a buffer material in 

CIGS- and CdTe-based solar cells, yielding maximum energy conversion efficiencies up to 

21.7% [24] and 21.5% [25] respectively. However, from an environmental/health/economic 

standpoint, scientists are seeking a buffer material (for example, SnS/SnSe), which can serve 

as an alternative to hazardous CdS, in order to reduce or eliminate its environmental impact 
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[26,27] consequently, avoiding climate change and human health-risks, which potentially 

poses risk to the economy. In addition, because of the prohibition of toxic cadmium (Cd) 

and increase in stringent legislation relating to its use and disposal, several countries are 

holding restrictions upon solar PV market share for Cd-containing solar cells [28]. This 

opens the gates for In2S3 to enter the thin film solar cells technology market. Although some 

reservations have surfaced regarding the availability and high price of indium (In), the 

primary annual reported  production of In in 2011 was 550–650 MT (Metric Tons) [29]. 

According to Indium Corporation, Indium (In) is quite abundant in the crust of the earth and 

there is enough available to meet the present and future needs. In is more abundant than 

silver (Ag), which has annual production of about 20,000 MT, nearly 40 times more than 

that of In. The currently-observed price fluctuations are primarily due to a time lag between 

emerging demand and available supply [30]. 

1.8  THIN-FILM METAL CHALCOGENIDE SOLAR CELLS 

Chalcogenide-based thin-film solar cells provide a critical pathway to replace the Si-

based solar cells. A typical metal chalcogenide polycrystalline thin film was comprised of a 

thin layer on top as “window” layer and an absorbing layer. The window layer lets most of 

the light through the interface to the absorbing layer and the absorbing layer has a high 

absorption to be effective in the generation of current and a suitable band  gap  to  provide  

good  voltage.  The double-layer structure makes it more efficient to create an electric field 

at an interface between two different metal chalcogenide semiconductor materials, known 

as a heterojunction. Lots of metal chalcogenides-based thin-film solar cells have been  

proposed  [31–37],  but  until  now,  only  CdTe  and  Cu(In,Ga)(S,Se)2(CIGS)  technologies  

have  reached  commercial  module  production  with stable power conversion efficiencies 

of over 9% [38,39]. Cu(In1–xGax)(S,Se)2(CIGSSe) and CdTe solar cells are already in 

production with record cell efficiencies of 20.3% and 17.3% [39,40], respectively, while 
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their commercial  modules  correspondingly  reach  efficiencies as  high  as  15.7%  and 

13.5% respectively [41]. Photovoltaic conversion efficiency of 4% reported in 2014 for thin 

film solar cell of tin sulfide (SnS) deposited by Atomic Layer Deposition testifies to the 

prospect of SnS as a promising absorber material [42]. It may be improved by fabrication 

methods. 

1.8.1  IV–VI Semiconductor solar cells 

Recent efforts were made on IV-VI semiconductors (SnS, SnSe, SnTe, GeS, GeSe, 

PbS and PbSe) for their applications towards photovoltaic devices. Lead chalcogenide (PbS 

and PbSe) semiconductors were the first of the IV-VI class of semiconductor to receive 

experimental interest as practical PV materials and it have been explored as potential earth 

abundant active layers in PV devices. The importance of exploring alternative 

semiconductor materials that are less toxic, but have been otherwise similar properties to 

the lead chalcogenides, tin and germanium metal chalcogenides are less toxic than the lead 

chalcogenides and also they are alternative targets as the photo absorbant material in 

photovoltaic [43].   

 In recent years, a great deal of attention is paid to tin based thin films because of 

their applications in solar cells and optoelectronic devices. SnS thin films have suitable 

electro-optical properties for photovoltaic applications [44, 45]. It exhibits p-type electrical 

conduction [46] and orthorhombic crystal structure with high absorption coefficient (>104 

cm-1) [47,48]. These properties make it as a suitable ‘absorber’ layer material in the 

fabrication of thin-film heterojunction solar cells. In addition, the elemental constituents of 

this material are cheap, non-toxic and abundant in nature. 
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Fig. 1.5 SnS based solar cell 

Fig. 1.5 shows SnS-based thin film solar cell, fabricated with a glass/Mo/p-SnS/n-

SnS2/Aluminum doped Zinc Oxide (AZO)/Ag structure using optimized chemical bath 

deposited SnS and SnS2 as absorber and buffer layer respectively. 

SnSe is a narrow band gap binary IV–VI semiconductor exhibiting anisotropic 

character. Tin selenide exists as a layered compound with an orthorhombic crystal structure. 

Motivated by the potential applications of tin chalcogenides, investigations of these 

compounds are becoming particularly active in the field of materials chemistry. 

Among IV–VI ternary compounds, Tin sulfo selenide (SnSSe) compound has 

recently attracted much interest in solar energy conversion because of the bandgap tailoring 

effect by the incorporation of sulfur (S) in tin selenide (SnSe) [49–51]. 

1.9  ROLE OF SnS/SnSe IN THIN FILM SOLAR CELLS 

In this scenario, tin-based binary semiconductors, such as SnS and SnSe are expected 

to play a crucial role in solar cell technologies in the near future owing to their relatively 

earth-abundance, non-toxic nature and easy controllability of stoichiometry Fig. 1.6. On the 

other hand, tin-based nanomaterials have also been used in various fields such as photo-

electrochemical [52], heat transfer fluids [53], hydrogen generation [54], hydrogen sensing 

[55] and Li-ion battery electrodes [56].  Moreover, the annual production of tin, sulfur and 
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selenium is large (at lower price) compared to other absorber elements [57]. In addition, the 

binary SnS and SnSe materials possess the required band gaps (close to optimum spectral 

region) for the efficient collection of solar radiation. These materials exhibit favourable 

properties, such as high chemical stability, suitable band gap (1.0 eV-1.5 eV) and high 

absorption coefficient (~105 cm-1) with p-type conductivity [58-61] and they show a 

maximum theoretical efficiency of 33% [2].  

Therefore, these materials have great potential to replace the toxic CdTe and scarce 

elements based (CIGS) absorbers in photovoltaic devices. On the other hand, the solar cells 

fabricated from these materials (SnS and SnSe) currently exhibited lower efficiencies (≤1% 

by non-vacuum methods and <5% by vacuum methods) than CIGS and CZTS solar cells. 

The lower efficiency has been attributed to the lack of precise control over the pure phase 

formation and fine-tuning of the band gap by the adopted technology. In thermal methods, 

owing to high volatility of sulfur, it is very difficult to maintain the 1:1 ratio of Sn:S. The 

sulfur deficiency can lead to the tin migration to grain boundaries, surfaces, interfaces, 

interstitial sites, or sulfur anti-sites. In addition, the problem of a good heterojunction partner 

has not been fully rectified. All the aforesaid issues can strongly influence the recombination 

losses at the device level [62]. 

In addition, the added advantages of solution-based approaches are the low energy 

consumption, relatively high throughput, high material utilization and easy industrialization. 

The recent world record efficiency of 12.6% in CZTSSe by a hydrazine pure-solution 

approach is proof of the competence of solution growth techniques [63]. Therefore, the 

synthesis of tin- based binary SnS and SnSe nanoparticles form the solution- phase along 

with their solar cell fabrication is an important and timely issue. Therefore, the nanoparticle 

based approaches of SnSe and SnS absorbers are expected to lead in the PVs market with a 

considerable decrease in the weight, cost and other architectural issues. 
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Fig. 1.6 Earth-abundance of elements for absorber materials such as SnS(Se) 

CZTS(Se), CIGS(Se), Sb2S3(Se3) and CdTe based solar cell[64] 

 

1.10  ROLE OF SnSSe IN PHOTO ELECTRO CHEMICAL (PEC) SOLAR CELLS 

In the last few years much attention has been given for investigating potential 

materials for device fabrication in solar to electrical energy conversion systems. A high 

degree of sophistication has already been achieved in the fabrication of p–n junction solar 

cells, but in 1970s, an alternative way was suggested in which a solid–liquid junction was 

used. Semiconductor liquid junction solar cells have been attracting a great deal of attention 

during last few years due to growing interest in solar energy conversion. Comparing solid–

solid junction of conventional solar cells, a semiconductor electrode dipped in a suitable 

liquid electrolyte provides the necessary charge transfer, a redox ionic species being used to 

obtain photo voltage / photo current, which has in-built storage capability after a little 

modification. Semiconductor electrolyte interface may be used for photoelectrolysis, 

photocatalysis and photoelectrochemical (PEC) power conversion [65-69]. The ternary 

chalcogenide materials have been studied for the development of photoelectrochemical solar 

cells for the sustained and efficient capture of solar energy conversion. SnSSe ternary 
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compound has recently attracted much interest in solar energy conversion because of the 

band gap tailoring effected by the incorporation of sulfur (S) in tin selenide (SnSe). 

Structural properties of the material play a dominant role in the performance of the devices 

and knowledge of the influence of various deposition parameters on the structural properties 

of thin films is essential before the application of this material in devices [70–72]. Cathodic  

deposition  of  SnSSe  thin  films  on  tin  oxide coated  conducting  glass  substrates  have 

been  carried  out potentiostatically under various deposition potentials. The direct bandgap 

energy is estimated to be 1.08 eV and the films are found to be very good application in 

opto-electronic devices.  The  value  of  refractive  index  and  extinction coefficient  are  

found  to  be  2.65  and  0.037,  respectively, for optimized condition. Complex dielectric 

constants and optical conductivity of the SnSSe thin films are calculated. The surface is 

observed to be smooth, uniform and  pellet  shaped  grains  for  films  obtained  at  deposition 

potential of -900 mV  versus  saturated calomel electrode(SCE). Semiconductors with a 

bandgap of 1.08 eV have appropriate optical characteristics suitable for use in diversified 

applications [73]. SnSSe thin films were electrosyntheized from an aqueous solution by 

potentio-static method. A direct bandgap in SnSSe thin films are found to be in the range of   

1.08–1.25 eV. The blue emission luminescence peak was observed at 460 nm for SnSSe 

film [74]. Thin films of tin sulfoselenide have been electrodeposited from an aqueous 

solution on tin oxide coated glass substrates by potentiostatic technique. The 

photoelectrochemical behavior of the film was studied in the electrolyte method. Optical 

studies revealed the indirect transistion nature of the films. It could be a promising candidate 

for photoelectrochemical solar cell if the efficiency is improved [75]. 
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1.11  MOTIVATION FOR THE PRESENT WORK 

Among the several p-type semi conductor materials, it has been observed that SnS 

is the most promising hetero junction partner for the well known polycrystalline 

photovoltaic materials. SnS layer is used as an absorber material. As the world of thin film 

solar cells started to look forward indium sulfide as the future buffer layer and potential 

competent to SnS, reservations have surfaced on the availability and the inflated price of 

indium.  

For large area, thin film device fabrication becomes complex and requires proper 

control over the entire process sequence. Proper understanding of thin film deposition 

processes can help in achieving high efficiency (more than 20 %) devices. Owing to that, a 

new deposition technique such as Nebulized Chemical Spray Pyrolysis (NSP) technique 

have been initiated to prepare SnS and SnSe thin films. Such cheap and moderately efficient 

thin film solar cells are expected to receive a due commercial place under the sun.  

In the present study, Tin sulfide (SnS) and Tin Selenide (SnSe) thin films were 

prepared by this simple NSP technique which is benefited by low production cost. The 

structural, morphological, elemental, optical and electrical conductivity properties of the as-

deposited films were investigated and analyzed. This deep analysis of SnS and SnSe thin 

films using NSP technique may be used to improve the efficiency of solar cell. 
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CHAPTER – II  

 

 

2.1  INTRODUCTION 

Over the last decades, metal chalcogenide thin films have attained appreciable 

interest because of their potential applications in many technological fields such as: solar 

selective coating, photo conductors, solid state and photo electro chemical solar cells, 

optical imaging, hologram recording, optical mass memories, solar cell devices and 

photovoltaic electrics [1-4]. Among them SnS has drawn the attention of investigators as a 

promising candidate for solar absorber layer. It is a simple, non-toxic and low-cost alternative 

to other ternary and multinary compound semiconductors that are currently being explored 

for low-cost terrestrial photo voltaic applications. Its band gap (1.3 eV) is close to the ideal 

bandgap (1.5 eV) for highest photovoltaic conversion efficiency and its optical absorption 

coefficient is high (>104cm-1). The predicted theoretical photovoltaic conversion efficiency 

was 24% [5]. SnS exhibits both p- and n-type conductivity depending on the concentration 

of tin [6]. Tin sulfide family (Sn-S) of metalloid glassy chalcogenide semiconductors [7] 

has recently shown an assuring stand in their possible application in solar cells [8], as 

catalysts for hydrogen production [9], on lithium micro-batteries and sensors [10-11]. 

Furthermore, this binary compound facilitates the control on the synthesis compared to the 

quaternary (Cu2ZnSnS4) Copper Zinc Tin Sulfide otherwise CZTS [12-17], another 

promising Cd-free absorber layer candidate. 

Tin Selenide is a narrow band gap binary IV-VI semiconductor material. It is thus 

capable of absorbing a major portion of solar energy hence it is used in fabricating solar 

cells. It is also suitable for various optoelectronic applications like memory switching 
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devices, light emitting devices (LED), holographic recording systems among others. Optical 

and electrical properties of SnSe thin films are dependent on the preparation technique. 

Thermal evaporation is the most commonly employed method in preparation of thin films 

because it is very simple, economical and convenient [18]. Moreover, SnSe has higher 

chemical stability without passivity as compared to other semiconductors, such as Si, InP, 

GaAs and CdSe, which need special passivity procedures in order to avoid photocorrosion 

[19]. The bulk properties of SnSe have been analyzed by several researchers and concluded 

that SnSe belongs to the class of layered semiconductors and it has the indirect band gap of 

0.95 eV [20] and direct band gap of 1.21 eV [21]. As SnSe has the energy gap of about 1.0 

eV it may be utilized as an efficient material for solar energy conversion [22]. 

2.2  STRUCTURE OF SnS 

In 1935, Hoffman invented the crystal structure of SnS as orthorhombic and assigned 

a = 0.398, b = 0.433 and c = 1.118 nm as lattice parameters of unit cell [23]. In virtual view, 

structure of SnS is slightly disordered NaCl-type structure since the highly electronegative 

S atoms draw electron pair from Sn and becomes [Ne] 3s2 3p6 and [Kr] 4d10 5S2 5p0. Further, 

the nonbonding 5s lone pair electrons of the Sn strongly distort the lattice from a rock-salt 

structure to distorted orthorhombic layered structure. In these disorder layered structures, 

each Sn atom (dark-yellow ball) is coordinated by six sulfur atoms (dark ball): three short 

Sn-S bonds within the layer and three long bonds in adjacent layers as shown in Fig. 2.1. It 

implies that these layered-structures are connected along c- axis with weak Van der Waal’s 

forces. As a result, the layers of SnS compound can be easily cleaved perpendicular to its c-

axis [24].  
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Fig. 2.1 Schematic diagram of double-layered structured SnS 

 

Fig. 2.2 Crystal structure of (a) α-SnS and (b) β-SnS  

(Strong Sn-S bonds are indicated by lines) 

At NTP, the SnS exhibits a stable low-symmetric phase, i.e., α-SnS phase. Upon 

increasing temperature, it undergoes λ-type phase transition to high-symmetric phase, i.e., 

β-SnS. In crystallographic view, orthorhombic SnS changes to tetragonal one [25].The 

lattice parameters of the tetragonal phase are a = 0.423 and c = 1.151 nm. The low 

temperature phase crystallizes in germanium sulfide (GeS) type structure (B16) with the 

space group Pbnm (D16
2h), whereas the higher temperature phase crystallizes in thallium 

iodide (TlI) type structure (B33) with the space group Cmcm (D
17

2h). Here, the Pbnm (D16
2h) is 

a subgroup of Cmcm (D
17

2h) of index 2 [26], i.e., Pbnm retains half of symmetry elements of 

Cmcm. The phase to β phase transition in SnS is a second-order transition as per the usual 
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classification [27]. Further, upon transition of α-phase to β-phase, two stronger bonds in α-

phase changes to four rather weak bonds in the β-phase. At the phase transition temperature 

(Tc= 878 K), the axial ratio of lattice-parameter “a” and “c” decreases continuously from 

a/c >1 to a/c <1[28,29]. 

In Fig. 2.2 (a) the structure of low-temperature phase (<878 K) consists of slabs with 

two atoms width. The intra-layer Sn-S bond length perpendicular to the slabs is small 

(~0.263 nm). However, two of the inter layer Sn-S bonds are shorter and stronger than those 

of intra-layer bonds and other two bonds are much weaker. Hence, the coordination number 

of Sn-S atoms is 3 (2+1), which results the α-phase SnS obtaining a highly distorted 

octahedral crystal structure [30]. The crystal structures of β-phase SnS is shown in Fig. 2.2 

(b) and it appears like NaCl-type slabs [24]. In this case, the Sn atoms are slightly pushed 

out of the slabs and the interlayer Sn-S bond lengths in the plane of the slabs are equal to 

0.296 nm and the intra-layer Sn-S bond length perpendicular to the plane of the slabs is 

0.263 nm. These structures have the coordination number of the atoms as 4+1. 

2.3  STRUCTURE OF SnSe 

SnSe is an orthorhombic crystal with eight atoms per unit cell and lattice parameters 

a = 4.46, b = 4.19 and c = 11.57 Å [31]. Fig. 2.3 shows, the Sn and Se atoms forming double 

layers made up of two planes of zigzag Sn-Se chains perpendicular to the longest axis. Each 

atom has the coordination environment of a heavily distorted octahedron and the lattice can 

be thought of as a deformed NaCl type [32]. This structure leads to the high Grüneisen 

parameters, which results in the anharmonic and anisotropic bonding. The ultra low thermal 

conductivity of orthorhombic SnSe originates from the unique bonding nature of the crystal 

[33]. Large cubic structured SnSe (SnSe-CUB), which is supposed to be as stable as 

orthorhombic SnSe, has also been identified in nanocrystalline materials [34] and in thin 

films [35] recently. 
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Fig. 2.3 Crystal structures of SnSe 

The valence electronic configurations of tin (Sn) and selenium (Se) atoms are 

4d105s25p2 and 4s24p4, respectively (for chalcogens it is ns2np4 where n is the periodic 

number of the element). As the electronegativity of Se atoms is stronger than Sn atoms, Se 

captures two electrons from the Sn atom which leads to the change in the electronic 

configuration of Sn from 4d105s25p2 to 4d105s25p0 and that of Se to 4s24p6[36]. The sp2 

hybridization results in crumpled surface and each atom forms three covalent bonds with 

the other three atoms [37]. As a result, Sn acquires the oxidation state of II because the two 

5p electrons are engaged in bonding while the 5s2 electrons occupy an inert orbital. 

However, the Sn(II) lone pair in the electronic structure of Sn(5s) compounds has a great 

influence on distorting the crystal structure. And the antibonding Sn(5s)-anion p 

combination, which is created by the interaction of Sn(5s) lone pair and the anion, supports 

the coupling of Sn(5s) and Sn(5p) leading to an active asymmetric density. From oxygen 

(O), sulfur (S), selenium (Se) to tellurium (Te), higher valence p states of the anion 

correspond to less coupling of Sn(5p) and Sn(5s), yielding less active asymmetric density, 

this decides the distorting level of electronic structure. Consequently, the herzenbergite 

structure, which does not fit the strong asymmetry on Sn in tin(II) oxide (SnO), adapts well 

to the Sn in tin sulfide (SnS) and SnSe [38]. 
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2.4  LITERATURE SURVEY ON TIN SULFIDE (SnS) 

The effects of concentration of tin salt, triethanolamine and bath temperature on the 

growth of tin sulphide films were systematically investigated by Jayasree et al. [39]. By 

optimization the bath and deposition temperature to obtain tin monosulphide films. Single 

phase, polycrystalline SnS films with orthorhombic structure were obtained from a bath with 

[SnCl2] = 0.10 M, [TEA] = 1.85 M and [TA] =0.10M at room temperature. SnS films with 

a terminal thickness of 270 nm could be obtained in 3 h in a single step deposition at room 

temperature. The deposition time is much less than those reported earlier. The Direct optical 

band gap of SnS films obtained under optimized conditions is found to be 1.50 eV. 

Tin sulphide films were prepared by Koteeswara Reddy and Ramakrishna Reddy 

[40] by spray pyrolysis technique at different precursor concentrations varied in the range, 

0.01–0.2 M, keeping other deposition parameters constant. The physical properties of the 

deposited films were systematically studied in relation to the precursor concentration. The 

studies indicated that the films grown in the precursor concentration range, 0.09–0.13 M 

were nearly stoichiometric with the Sn, S ratio of 1.06 and exhibited only SnS phase with a 

strong (1 1 1) preferred orientation that belongs to the orthorhombic crystal structure. These 

single-phase films show an average electrical resistivity of 32.9 Ωcm, Hall mobility of  

139 cm2 V-1s-1and carrier density of ~1015cm-3. These films had an average optical band gap 

of 1.32 eV with an absorption coefficient greater than 104cm-1. These properties 

demonstrated that single-phase SnS films could be used as an absorber layer in the 

fabrication of heterojunction solar cells. 

Safonova et al. [41] studied regularities of chemical bath deposition (CBD) of tin 

sulphide thin films as function of tin and sulphur concentrations in the solutions. SnS thin 

films were deposited onto Mo-, ITO- and TO-coated glass and onto borosilicate glass 

substrates at room temperature for 24 hours. The concentrations of sulphur and tin (ratio 
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1:1) in the deposition solution were varied from 0.01 M to 0.09 M. Films were characterized 

by SEM and Raman spectroscopy. The structurally best tin mono-sulphide films with good 

adhesion to the substrate were deposited at concentration of constituents in solution 0.03 M. 

The films deposited at concentration of 0.01M had non-uniform and incomplete coverage 

of the surface on all used substrates whereas at tin and sulphur concentrations of 0.05 M and 

higher the films were peeling off from the substrate. 

Thin films of tin sulphide (SnS) have been grown by sulphurization of sputtered tin 

precursor layers in a closed chamber by Vasudeva Reddy et al. [42]. The effect of 

sulphurization temperature (Ts) that varied in the range of 150-450 ºC for a fixed 

sulphurization time of 120 min on SnS film was studied through various characterization 

techniques. X-ray photoelectron spectroscopy analysis demonstrated the transformation of 

metallic tin layers into SnS single phase for Ts between 300 ºC and 350 ºC. The X-ray 

diffraction measurements indicated that all the grown films had the (111) crystal plane as 

the preferred orientation and exhibited orthorhombic crystal structure. Raman analysis 

showed modes at 95 cm-1, 189 cm-1 and 218 cm-1 are related to the Ag mode of SnS. AFM 

images revealed a granular change in the grain growth with the increase of Ts. The optical 

energy band gap values were estimated using the transmittance spectra and found to be 

varied from 1.2 eV to 1.6 eV with Ts. The Hall effect measurements showed that all the 

films were p-type conducting nature and the layers grown at 350 ºC showed a low electrical 

resistivity of 64 Ωcm, a net carrier concentration of 2 x 1016 cm-3 and mobility of  

41 cm2V-1s-1. With the use of sprayed Zn0.76Mg0.24O as a buffer layer and the sputtered 

ZnO:Al as window layer, the SnS based thin film solar cell was developed that showed a 

conversion efficiency of 2.02%. 

Effect of antimony doping on the structural, optical and electrical properties of SnS 

films deposited by spray pyrolysis technique have been investigated by Santhosh Kumar et 
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al. [43]. The XRD studies indicated that the films were polycrystalline in nature with 

preferred grain orientation along (111) plane and exhibited an orthorhombic crystal 

structure. Due to antimony doping, the crystallite size increased from 97 nm to 129 nm. The 

film transmittance value in the visible region was found to be above 80% and the optical 

band gap value decreased from 1.60 eV to 1.15 eV as doping concentration was increased. 

The PL measurement showed a substantial red shift of the band gap, which can be 

interpreted in terms of band gap modulation due to Sb doping. The optical and electrical 

studies clearly indicated the presence of Sb into SnS. Hence the observed decreasing optical 

band gap and the variation in electrical resistivity could be directly attributed to the effect 

of Sb ion incorporation into SnS lattice. At 6% Sb doping, the film has the lowest resistivity 

of 2.598 x 10-2 Ωcm while the carrier concentration was high. From the results, the 

properties of the SnS films can be altered by antimony doping, which may be used in 

optoelectronic applications. 

Jacob A. Andrade-Arvizu et al. [44] reported about the synthesis and 

characterization of SnS thin films deposited by chemical spray pyrolysis (CSP) under 

different thermodynamic conditions have been investigated. The results clearly show the 

role of pressure and substrate temperature on the deposited films in order to get good-quality 

photosensitive material. Structural analysis showed that the films were polycrystalline with 

an orthorhombic crystal structure. The SnS layers showed a direction of preferred 

orientation [DPO] along the [1 1 0] direction with particle sizes in the range of 150–650 nm. 

An increase in the preferred orientation with an enhanced grain (and crystallite) size was 

noticed with increasing temperature of substrate temperature. Optical studies revealed a 

direct optical band gap which is in the range 1.3–1.7 eV and in a direct relationship with 

crystallite size and substrate temperature. In situ proper growth parameters were optimized 

in order to engineer the type of electrical conductivity on SnS thin films. Moreover, as the 
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synthesis temperature and precursor solution are the same for the synthesis of both n and p-

type SnS films, it is possible to have sequential synthesis of n and p-type layers for 

fabrication of SnS homojunction. Finally, it is concluded that the SnS thin films are potential 

candidates for solar cell applications. 

SnS thin films were fabricated by Shahara Banu et al. [45] using two different types 

of precursors: one was a solution precursor and the other was a liquid precursor. The effects 

of the annealing temperature and time were also investigated. In the solution precursor-

derived film, binary phases such as SnS2 and SnO2 always coexisted with SnS in the thin 

films, even at high temperature (500 ºC). However, by using a liquid precursor, single-phase 

SnS was achieved easily after annealing at 500 ºC for 30 min. In particular, the morphology 

and the crystallinity of the films prepared by the liquid precursor were systematically 

investigated, focusing on the effects of temperature and time. As the temperature and time 

increased, the pure SnS phase was formed and secondary phases were suppressed by 

attaining sufficient thermal energy for the complete reaction of the precursors. In addition, 

simple methods were used to fabricate the SnS thin films, specifically spin-coating and a 

subsequent annealing treatment without preheating or additional drying; similar processing 

routes would be beneficial for cost-efficient solar cell production. 

Santhosh Kumar et al. [46] deposited copper doped SnS thin films on microscopic 

glass substrates by spray pyrolysis technique at the substrate temperature of 350 ºC. It was 

observed that the properties of SnS thin films were improved by copper doping. The PL 

measurement showed a substantial red-shift of the band gap, which can be interpreted in 

terms of band gap modulation and a minimum resistivity of 5.94 Ωcm due to copper doping, 

which may used in opto-electronics devices. 
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SnS films with the orthorhombic structure were prepared by chemical bath 

deposition method. Chao Gao and Honglie Shen [47] investigated the influence of the 

deposition parameters on the properties of the SnS films. According to our results, the 

compactness of the SnS films gets worse when the deposition temperature increases, while 

the compactness of the films gets better when the concentration ratio of Na2S2O3/SnCl2 

increases. The composition of the films (The molar ratio of S/Sn ranges from 46.7:53.3 to 

48.9:51.1) is close to the stoichiometric ratio of SnS and the S/Sn ratio in the films increases 

as the deposition temperature and the Na2S2O3/SnCl2 ratio increase. The dark conductivities 

(1.15×10−3 Ω−1cm−1 to 5.56×10−3 Ω−1cm−1) and photo conductivities (5.57×10−3 Ω−1cm−1 to 

1.88×10−2 Ω−1cm−1) of the SnS films are all increased as the deposition temperature and the 

Na2S2O3/SnCl2 ratio increase. The absorption edge of all the SnS films locates in the range 

of 950 nm to1200 nm and the optical bandgaps of the SnS films are in the range of 1.01 eV–

1.26 eV. 

Jacob A. Andrade-Arvizu et al. [48] reported, the synthesis and characterization of SnS 

thin films deposited by close spaced vapor transport (CSVT) under different thermodynamic 

conditions (vacuum chamber pressure). P-type, high absorption coefficient (α>104 cm-1) and 

near stochiometrical composition thin SnS films have been deposited by the CSVT 

technique. Optical studies revealed a direct optical band gap which is in the range 1.68–1.76 

eV and in an indirect relationship with crystallite size and vacuum chamber pressure. The 

results clearly show the role of pressure on the deposited films in order to get good-quality 

photosensitive material. Structural analyses show that the films are polycrystalline with an 

orthorhombic crystal structure. The control on the direction of preferred orientation for the 

SnS micro-crystals as function of the pressure variation could be achieved by this technique. 

The pressure is determined 3.33 Pa as a transitional stage pressure between two different 
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DPO’s. Finally, it is concluded that the SnS thin films are potential candidates for solar cell 

applications. 

Jeong-yoon Kang et al. [49] obtained in a two-step process for a SnS photovoltaic 

absorber thin film by sulfurizing a metal Sn precursor with S vapor, the microstructure and 

crystal orientation of the grown SnS absorber layer could be controlled by inserting a thin 

seed SnS layer under the Sn layer. While columnar grains containing the (101) orientations 

were obtained without a seed layer, (040) preferentially oriented SnS equiaxed grains with 

a high density of grain boundaries were obtained with a 100 nm thick seed layer. This micro-

structure helped lower the electrical activity of the weakly bonded interlayers in the SnS 

unit cells, where the b-axis lattice constant was relatively large, resulting in an improved 

photoelectric conversion efficiency due to the improved shunt resistance. 

Ogah E. Ogah et al. [50] used thermal evaporation and showed that it is possible to 

produce layers of SnS that are several microns thick that are pinhole free conformal to the 

substrate and that consist of densely packed columnar grains. The stoichiometry of the layers 

is strongly influenced by the source and substrate temperatures used. The layer becomes 

increasingly tin-rich with increasing source temperature and with decreasing substrate 

temperature. The X-ray diffraction data shows that the layers are predominantly SnS 

(orthorhombic crystal structure) although under some conditions other phases like Sn2S3 and 

SnS2 are present. The optical absorption edges are consistent with a direct energy bandgap. 

The energy bandgap is in the range 1.3 to 1.7 eV, the lower values being obtained for film 

thicknesses >1 μm. 

A systematic investigation of the effect of annealing temperature on the structural 

and opto-electrical properties of spray deposited SnS thin films has been presented by 

Malkeshkumar Patel et al. [51]. SnCl2.2H2O and thiourea were used for Sn2+ and S2- ion 
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sources, respectively in the solution without any complexing agent. Following the 

deposition, films were annealed in a tubular quartz furnace at different temperature in the 

range of 300–500 ºC for 30 min and cooled down to room temperature under flowing Argon 

atmosphere. The surface morphology and crystallite size were modified by the annealing 

temperature. Structural characterization revealed nano-crystalline nature of the deposited 

film. The XRD spectra showed deposited films were orthorhombic-SnS with preferential 

(111) orientation and better phase purity, which was further improved by increasing 

annealing temperature to 500 ºC. The effect of annealing temperature on the optical and 

electrical properties of SnS films was also investigated using UV–vis spectroscopy, Photo-

electrochemical response and Hall Effect. The increase of annealing temperature up to  

500 ºC induced a substantial increase in the absorption coefficient and electrical 

conductivity. 

Polivtseva et al. [52] reported that SnS films were grown by the chemical spray 

containing SnCl2 and SC(NH2)2 at molar ratios of 1:1 and 1:8 in air at a substrate 

temperature of pyrolysis method using aqueous solutions at 200 °C. As-deposited films were 

thermally treated at 450 °C in nitrogen and vacuum atmospheres. All samples were studied using 

X-ray diffractometry, Raman spectroscopy, energy-dispersive X-ray analysis and 

ultraviolet–visible spectroscopy. The as-grown film consisted of cubic SnS as the only 

crystalline phase regardless of the molar ratio of the precursors in the spray solution. 

Annealing of the 1:1 films in vacuum yielded metallic Sn, whereas annealing in N2 produced 

films composed of a mixture of cubic SnS and SnO2 phases, indicating the presence of 

oxygen-containing non-crystalline phases in the as-grown films. Thermal treatment of the 

1:8 films in nitrogen yielded films composed of Sn2S3, whereas vacuum annealing produced 

films consisting of orthorhombic SnS with a bandgap energy of 1.4 eV. 
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Role of pH of the precursor solution on structural, morphological, electrical and 

optical properties was investigated by Sajeesh et al. [53] for SnS films prepared using 

chemical spray pyrolysis technique. From the study revealed that the optimum pH of the 

precursor solution to obtain device quality SnS thin film is 2. The resistivity of SnS films 

has been brought down by three orders to 6×10-2 Ωcm with considerable enhancement in 

the crystallinity as well as photosensitivity at this optimum pH. Band gap of the films could 

also be engineered by controlling the pH of the precursor solution. Arrangement of needle-

like grains in the film turns out to be denser and is evident from SEM analysis. 

Malkeshkumar Patel et al. [54] found that an optimization in the molar concentration 

ratio of S2-/Sn2+precursor used for fabrication of thin film SnS by cheap spray pyrolysis 

technique would lead to an improved optical, electronic and photoelectrochemical (PEC) 

properties. The S atomic percentage in the films was found to increase linearly with molar 

concentration ratio from 1.0 to 2.0. The observed photocurrent in the PEC cell was mixed 

cathodic and anodic type indicating it as nearly intrinsic in nature. A flat band potential of  

-0.57 V and a photocurrent of 0.4 mA cm-2, were obtained from photoelectrochemical cell 

for an optimal ratio of 1/1.3. This photocurrent could be further enhanced by the post-

annealing process, ex-situ doping and selecting an appropriate electrolyte. It could be 

inferred that the molar concentration ratio of Sn and S precursors between 1/1.3 and 1/1.4 

provides a superior quality SnS thin film on the FTO substrate for application in 

photoelectrochemical cells. 

The tin sulphide films have been grown by spray pyrolysis technique at different 

substrate temperatures that vary in the range, 100–450 ºC and the optical behaviour of the 

layer was examined by Koteswara Reddy and Ramakrishna Reddy [55] at room 

temperature. It has been found that the deposited films showed higher absorption coefficient, 

>104 cm-1 and exhibited a direct allowed transition. The optical band gap of the films varied 
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significantly with the increase of substrate temperature, which was attributed to the presence 

of various phases in the layers prepared at such temperatures. The films formed in the 

substrate temperatures range, 300 ºC< Ts< 375 ºC showed only single phase with an energy 

band gap of ~1.32 eV. For these single phase layers some of the material parameters such 

as refractive index, dielectric constant, carrier effective mass, mean free path and 

concentration were also calculated. 

SnS thin films were prepared by Sajeesh et al. [56] using automated chemical spray 

pyrolysis (CSP) technique. Single-phase, p-type, stoichiometric, SnS films with direct band 

gap of 1.33 eV and having very high absorption coefficient (>105/cm) were deposited at 

substrate temperature of 375 °C. The role of substrate temperature in determining the 

optoelectronic and structural properties of SnS films was established and concentration 

ratios of anionic and cationic precursor solutions were optimized. n-type SnS samples were 

also prepared using CSP technique at the same substrate temperature of 375 °C, which 

facilitates sequential deposition of SnS homojunction. A comprehensive analysis of both 

types of films was done using x-ray diffraction, energy dispersive x-ray analysis, scanning 

electron microscopy, atomic force microscopy, optical absorption and electrical 

measurements. Deposition temperatures required for growth of other binary sulfide phases 

of tin such as SnS2, Sn2S3 were also determined. 

Polycrystalline thin films of tin sulphide have been synthesized using spray pyrolysis 

by Ramakrishna Reddy et al. [57]. The layers grown at a temperature of 350 ºC had the 

orthorhombic crystal structure with a strong (111) preferred orientation. The films had 

resistivities around 30 Ωcm with an optical energy band gap (Eg) of 1.32 eV. Heterojunction 

solar cells were fabricated using sprayed SnS as the absorber layer and indium doped 

cadmium sulphide as the window layer and the devices were characterised to evaluate the 

junction properties as well as the solar cell performance. The current transport across the 
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junction has been modeled as a combination of tunneling and recombination. The best 

devices had solar conversion efficiencies of 1.3% with a quantum efficiency of 70%. 

Tin sulphide films were grown by Koteeswara Reddy and Ramakrishna Reddy [58] 

by spray pyrolysis technique at various precursor concentrations varied in the range, 0.01–

0.2 M at a fixed substrate temperature of 350 ºC. The compositional analysis of the films 

indicated that the films formed in the precursor concentration range, 0.09 M ≤ S 

stoichiometric while the films grown at other concentrations showed non-stoichiometric 

nature. The XRD studies of the films demonstrated that the stoichiometric films contain 

only SnS phase and exhibited orthorhombic structure. These films showed a strong (1 1 1) 

preferred orientation with an average grain size of 0.35 µm. However, the non-

stoichiometric films showed mixed phases with different crystal structures. The evaluated 

average electrical resistivity, Hall mobility and carrier density of single-phase 

polycrystalline films are 32.91 Ωcm, 139 cm2 V−1s−1 and 1.37 x1015cm-3, respectively. SnS 

films showed an average optical energy band gap of 1.32 eV with a high absorption 

coefficient, >104 cm−1. Therefore, the single phase and nearly stoichiometric SnS layers 

grown at the precursor concentrations of 0.09 M ≤ SC ≤  0.13 M might be favorable for the 

fabrication of photovoltaic heterojunction devices as an absorber layer due to its optical 

band gap and high mobility with considerable electrical resistivity. 

SnS thin film was successfully deposited by Guneri et al. [59] onto glass substrates 

by chemical bath deposition at room temperature for 24 hour. The x-ray diffraction spectrum 

shows that SnS film is polycrystalline with an orthorhombic structure. According to SEM, 

the thin film on the substrates had good adherence and free of pinholes. From the EDX 

result, the film was found nearly stoichiometric. The electrical resistivity of SnS thin film 

was found to be 2.53×105 Ω.cm with a deep impurity level of activation energy of 0.527 eV. 

The direct and indirect energy band gaps of the film were determined as 1.37 eV and 1.05 
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eV, respectively. Due to the suitable direct band gap value for an absorber layer for efficient 

light absorption, SnS thin films can be used as absorber layer in solar cells. 

Microcontroller based home built spray pyrolysis method was used by Jeyaprakash 

et al. [60] to prepare tin sulfide thin film on glass substrate from the precursor solution 

containing salts of stannous chloride and thiourea. X-ray diffraction pattern indicates the 

formation of single phase SnS crystalline material. SEM study shows that the film has 

spherical shape grains and closely packed together. Optical studies reveal that the film has 

direct allowed transition with bandgap of 1.35eV. It is concluded that to obtain uniform well 

adherent spherical grain crystalline SnS film, the substrate temperature is fixed at 300 oC. 

Calixto-Rodriguez et al. [61] prepared tin sulfide thin films by the spray pyrolysis 

technique using SnCl2 and N, N-dimethyl thiourea as the starting materials. Different SnS 

thin film compounds can be obtained by changing the substrate temperature. In the range of 

Ts=320–396 °C, the SnS compound with orthorhombic structure and preferential orientation 

along the (111) direction was obtained. The calculated Eg values for tin sulfide thin films 

were 1.70 eV and it increased to 2.0 eV with the increase of Ts, which may be due to the 

change of phases from a mixture of SnS-SnS2 to SnS-SnO2The electrical resistivity (ρ) for 

the SnS thin films varied from 8.2×103 to 1.9×104 Ωcm. The ρ values decreased dramatically 

when SnS2and SnO2 were the predominant phases, ρ=7.2 and 0.02 Ω-cm for films deposited 

at 455 and 488 °C, respectively, which may be due to the Sn excess. In order to make the 

SnS thin films suitable for photovoltaic applications the electrical resistivity must be 

lowered by adequate doping. 

SnS thin films were successfully deposited by Ahmed et al. [62] onto glass substrate 

by spray pyrolysis method. X-ray diffraction spectrum shows that SnS films were 

polycrystalline with an orthorhombic structure and prefered orientation (111) plane. It is 
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concluded that to obtain uniform and better crystatallinity SnS film the substrate temperature 

should be at 350 ºC. The influence of substrate temperature on optical properties were 

investigated and it was revealed that the increase in grain size and decrease in strain led to 

decrease in band gap (1.6-1.54) eV as substrate temperature increases in the range  

(200-350) ºC. Due to suitable direct band gap value for absorber layer for efficient light 

absorption, SnS thin film can be used as absorber layer in solar cells. 

Hankare et al. [63] deposited tin sulphide thin films by using chemical bath method 

on non-conducting glass substrate at room temperature. The stannous chloride and sodium 

thiosulphate pentahydrate are used as source materials to obtain tin sulphide films. The 

grown films were uniform, well adherent and brown in color. The films were characterized 

using X-ray diffraction, optical absorption, electrical conductivity measurements and 

scanning electron microscope techniques. The tin sulphide films showed an optical band 

gap of 1.0 eV. The films exhibited p-type conductivity with an activation energy of 0.62 eV. 

Aarón Gómez et al. [64] prepared good quality SnS thin films by chemical bath 

deposition. Plasma treatments of these SnS thin films resulted in modification of their 

optical and electrical properties. Also their morphology was modified as an effect of O2 

plasma treatments, there were modifications in the surface morphologies of the thin films 

depending on the treatment time. Optical transmittance spectra and band gap values for the 

plasma treated SnS thin films were evaluated. There was considerable decrease in optical 

transmittance due to the type of the carrier gas used for plasma treatments.The band gap 

value was slightly increased after plasma treatments due to the change in the grain size. The 

conductivity shows a marked increase with the treatment, from 2.56×10-6 (Ωcm)-1 for as-

deposited film until 0.10 (Ωcm)-1 for the film treated at 180 min. The results demonstrate 

the effective use of plasma treatment in modifications of optical and electrical properties of 
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SnS thin films. Further investigations are in progress to compare the effects of plasma 

treatments with thermal annealing effects on optoelectronic properties of SnS thin films. 

SnS films have been cathodically electrodeposited by Subramanian et al. [65] on tin 

oxide coated glass substrates from aqueous solution containing SnCl2 and thiousulphate 

ions. A nearly stoichiometric SnS films, as evident from XPS studies, were prepared at a 

deposition potential of −800 mV, keeping the bath pH at 1.5 and maintaining the bath 

temperature at 65 ºC. The films are polycrystalline with orthorhombic structure and show 

p-type semiconducting nature. Annealing in vacuum at 250 ºC for 30 min showed improved 

crystallinity and increased grain size as observed from the SEM and XRD analyses. Optical 

measurements revealed the indirect nature of the films. A photoelectrochemical conversion 

efficiency of 0.54% is obtained for the system using p-SnS as photocathode. 

SnS films have been electrodeposited on ITO/glass and Ti substrates from aqueous 

solution containing SnCl2 and thiosulphate ions at room temperature by Zulkamain Zainal 

et al. [66]. The deposited film at 0.7 V versus SCE appeared to be smooth and SEM images 

revealed that they are comprised of grains of fibrils or worm like structures. The films 

exh ib i t ed  indirect transition bandgaps around 0.9 to 1.1 eV and showed rectifying 

behaviour in the polarization regime of p-type semiconduction when illuminated by light.  

X-ray diffraction patterns indicated that they are polycrystalline with two major peaks 

attributed to SnS as (101) and (111) planes of herzenbergite crystal structure. The SnS films 

obtained are stoichiometric as confirmed by EDAX a n d  XPS analysis. 

Naoya Sato et al. [67] deposited SnS thin films on ITO substrates from an aqueous 

solution containing SnSO4 and Na2S2O3 by electrochemical deposition (ECD) method. First, 

the Voff value of pulse voltage condition was optimized from observation of the adhesion to 

substrate, surface morphology and crystallinity. Au and In electrodes on SnS show ohmic 
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characteristics while Al electrode shows Schottky-type character. The activation energy Ea 

of resistivity of SnS was estimated to be about 0.05 eV in a temperature range of  

190–250 K. From the result of PEC measurements, the SnS thin film exhibited 

photoconducting behavior under the cathodic bias, which is characteristic of p-type 

semiconductors. 

Shuying Cheng et al. [68] prepared SnS films on the ITO glass substrates by constant 

current cathodic electro-deposition. By investigating the influence of deposition parameters 

on the composition of the deposited films, the deposition parameters with pH=2.7, 

Sn2+/S2O3
2-= 1/5, J=3.0 mA/cm2 and t=1.5 hour. The stoichiometric SnS films with Sn/S 

between 0.98 and 1.02 were prepared and the experiments had good reproducibility. The 

films are polycrystalline with orthorhombic structure. Their direct energy gaps are between 

1.21 and 1.42 eV. The films have p-type conductivity with a resistivity of 7.5~20 Ωcm. 

Therefore, the SnS films are suitable for absorber layers in solar cells. 

The SnS:Ag thin films were deposited on glass substrates using thermal evaporation 

technique and post-annealing, and effect of annealing on the films was investigated byHong-

Jie Jia et al. [69]. The above results indicate that appropriate annealing temperature can 

increase the grain size of the films, improve the uniformity and crystallization of the films, 

decrease the resistivities of the films and increase the absorption coefficients of the films. 

However, if the annealing temperature is higher than 300 °C, crystallization of the films 

become weaker and the films can be oxidized due to low vacuum, thereby electrical and 

optical properties of the films become poor. At an annealing temperature of 260 °C, the SnS: 

Ag films have the best properties and the direct bandgap is 1.3eV, the carrier concentration 

is up to 1.132 × 1017 cm-3 and the resistivity is about 3.1 Ωcm.  
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To find the optimal parameters for the deposition of SnxSy films three sets of 

experiments were carried out by Fadavieslam et al. [70]. The substrate temperature, volume 

and rate of spray solution were optimized for SnxSy films that can be used as n or p-type 

light absorbed semiconductor thin film with a direct band gap suitable for solar cell 

applications.  

SnS films were cathodically electrodeposited by Shuying Cheng et al. [71] on ITO 

glass substrates from an aqueous solution containing SnSO4 and Na2S2O3 by changing the 

deposition potential and the bath temperature. The deposited films were characterized with 

X-ray diffractograms, microstructure, composition analysis and optical measurement. When 

the bath temperature was kept at 30 °C, by investigating the influence of E (-0.60 to -1.1 V 

vs SCE) on the deposited films, it was found that the composition ratio Sn/S of the films 

varied with E, that is, the ratio Sn/S significantly increased and exceeded 1 at E more 

negative than -0.8 V vs SCE and it significantly decreased and was less than 1 at E more 

positive than -0.7 V vs SCE. The nearly stoichiometric SnS film was synthesized at an 

optimum potential value (-0.72 to -0.75 V vs SCE) and it was polycrystalline with 

orthorhombic structure and it had good uniformity and good adhesion to the substrate. Under 

the conditions of other experimental parameters keeping at optimum values, the bath 

temperature has little influence on the composition of the films, but the increase of the 

temperature improved the crystallinity of the deposit and made the scope of the wavelength 

of the absorbed light larger. 

Mathews et al. [72] presented the results of the post-deposition annealing of SnS thin 

films in air. Structural studies showed that the film has reasonably good stability up to  

250 °C annealing temperature and no phase segregation was observed. However, annealing 

at higher temperatures resulted in the formation of SnS2 as a secondary phase. Raman 

spectra showed characteristic modes of the SnS and evidence of trace amounts of SnS2 was 
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observed, which is in agreement with the XRD data. Annealing at 350 °C resulted in an 

increase in band gap by 0.1 eV, which was interpreted as the oxidation of SnS at higher 

temperatures forming traces of SnS2 rather than due to the morphological changes. Dark 

conductivity of the film increased by one order after annealing at 150 °C; however, 

annealing at higher temperatures resulted in decrease of photosensitivity due to the 

formation of secondary phases. The conductivity of the film is controlled by three shallow 

trap levels with activation energies 0.1, 0.05 and 0.03 eV. Our studies conclude that in order 

to achieve a noticeable recrystallization for SnS prepared by pulse electrodeposition, 

annealing temperatures higher than 350 °C are needed; however, instability of the SnS at 

higher temperatures is an obstacle in high temperature annealing and hence it is necessary 

to develop alternate technologies such as the use of a fluxing agent which can promote the 

recrystallization at lower temperatures. 

Ichimura et al. [73] deposited SnS on In2O3-coated glass substrates using electro 

chemical deposition from aqueous solutions and characterized the deposit chemically, 

structurally and optically. The composition of the film is slightly Sn-rich and not 

significantly dependent on the deposition condition, unless the deposition potential is more 

cathodic than -1.1 V vs. SCE, under which potential the film is highly Sn-rich. XRD results 

indicate the deposited SnS is polycrystalline and of orthorhombic structure. The direct 

bandgap is estimated to be 1.3 eV from the optical transmission spectra.  

SnS films were deposited on substrates at 300 and 423 K by conventional thermal 

evaporation technique by Abou Shama and Zeyada [74]. The films deposited at 300 K were 

amorphous in nature and those deposited at 423 K were partially crystalline. The radial 

distribution function analysis confirmed the layered structure in amorphous and thermally 

processed films, it also showed that the coordination number of the cation nearest neighbor 

to the anion is (1.3 and 3.9) atoms and located at 2.45 and 2.40 Å for amorphous and 
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thermally processed films, respectively. The electronic dielectric constants were measured 

by spectrophotometer technique in the wavelength range 250–2500 nm. The lattice 

dielectric constant of amorphous films increased from 8.84 to 9.68 upon thermal processing, 

the dispersion energy of amorphous films also increased from 6.76 to 20.28 eV upon thermal 

processing. The analysis of spectral behavior of dielectric function revealed an indirect 

forbidden and a direct allowed transitions with energy gaps 1.4 and 2.18 eV for the 

amorphous films and 1.38 and 2.33 eV for thermally processed films, respectively. 

SILAR technique was used by Biswajit Ghosh et al. [75] to deposit SnS thin films 

onto corning glass substrates and ITO-coated glass substrates. X ray diffraction confirmed 

the presence of SnS as the dominant phase in the films. SEM images showed the nanometer 

sized spherical grains well- covered on the surface of the substrate. The optical direct 

bandgap was obtained as 1.43 eV from the UV–vis spectrophotometry which is slightly 

higher, for the chemically deposited SnS but close to the optimum (1.50 eV). 

Photoluminescence properties of SnS on ITO and glass were investigated. A near band edge 

emission peak at 1.50 eV was observed along with a sharp emission peak at 1.82 eV which 

may be ascribed due to the defect related recombination. 

The p-SnS/n-ITO heterojunction was fabricated by thermal evaporation technique 

and studied its electrical properties at different temperatures. At all temperatures, the as-

grown junction showed a weak rectifying behaviour. However, Devika et al. [76] observed 

strong influence of bias-voltage and temperature on the junction characteristics. At lower 

bias-voltages, the p–n junction exhibited a low saturation current in the order of 10-6 A with 

a diode quality factor of ~1. However, at higher bias-voltages, we observed a high saturation 

current and diode quality factor due to the presence of native defect states. Based on existing 

theories, the current transport mechanism through the junction is distinguished by three 

types of mechanisms namely tunneling, recombination-tunneling and space-charge-limited 
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current mechanism depending on applied bias-voltage. While increasing temperature, the 

diffusion potential of the barrier decreased linearly and the temperature sensitivity 

coefficient of the junction is found to be ~1.37 mV/°C. 

SnS films were electro-deposited onto the ITO-coated glass substrates by Shuying 

Cheng et al. [77]. When Voff is 0.1– 0.3 V, the films have good uniformity, density and 

adhesion and the Sn/S ratio is close to 1/1. All the samples have similar XRD spectra and 

lattice parameters, it is indicated that Voff has no obvious influence on the structure of the 

films. The data showed that the primary composition of the deposited films is SnS, but 

probably there exist tiny S and other compounds. From the optical measurement, the direct 

band gap Eg is estimated to be between 1.23 and 1.34 eV with standard deviation within 

±0.03 eV, which is close to the theoretical value. The SnS films exhibit p-type or n-type 

conductivity which might be attributed to the stoichiometry of the films and their resistivity 

was measured to be 16.8–43.1 Ωcm. 

The room temperature electrochemical growth of SnS films on ITO coated glass 

substrate using simplified two electrode system was done by Biswajit Ghosh et al. [78]. The 

electrodeposition was carried out at different pH of the bath solution using high purity 

graphite electrode. SnS films obtained, however, were non-stoichiometric in nature with 

variation from S-rich to Sn-rich compositions with increase in bath pH. XRD studies 

indicated that no abrupt change in the crystallographic structure occurred with the variation 

of Sn-to-S ratio and other impurity phase, i.e. SnS2 was too little to be detected. Interestingly 

the bandgaps of all the SnS films would lie within a short range despite the wide variation 

of the non-stoichiomerty, which indirectly established that there has been little or no change 

in band structure. Furthermore, this paper indicates that it is quite possible for the 

electrochemical growth of SnS on CdS coated ITO substrate to simplify the heterostructure 

fabrication technique. However, the photovoltaic effect obtained from this heterostructure 
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was too low presumably due to the presence of large number of trap states at the interface 

(which ultimately resulted in lowering the minority carrier diffusion length) and the high 

sheet resistively of vacuum evaporated CdS. 

2.5  LITERATURE SURVEY ON TIN SELENIDE (SnSe) 

Solanki et al. [79] reported the synthesis of SnSe nanoparticles by chemical 

precipitation method in deionized water. Chemical composition of grown powder is studied 

with the help of EDAX. Nanostructures of the prepared SnSe particles have been 

characterized through XRD, TEM, UV-VIS-NIR spectroscopy techniques. The X-ray 

diffraction studies indicated the formation of SnSe nanoparticles with orthorhombic phase and 

average particle size determined by Scherrer’s formula has been found to be 9.96 nm 

suggesting the formation of SnSe quantum dots. The prepared nanostructures have been also 

analyzed by TEM. The value of the measured optical band gap has been utilized to calculate 

the particle size (10.13 nm). Dielectric properties of tin selenide nano particles are 

investigated. It showed strong frequency and temperature dependence of capacitance, 

dielectric loss, real and imaginary part of dielectric constant over the frequency and 

temperature ranges of 100 Hz-1 MHz and 300-420 K, respectively. 

Multilayer structure of tin Selenide was prepared by Manonmani Parvathi et al. [80] 

by successive coatings of tin and selenium metals on 423 K glass substrate. The optical 

study reveals that the films undergone blue shift while decreasing the number of layers. The 

optical band gap values found to be 2.6-3.2 eV which is much larger than the bulk band gap 

values of SnSe. The crystalline size varied from 11 to 22 nm observed from X-ray studies. 

The 2 theta slightly shifted while increasing the number of layers will give the information 

on potential application of memory devices. 
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Mahalingam et al. [81] deposited tin selenide (SnSe) thin films onto indium doped 

tin oxide coated (ITO) glass substrates by electro deposition technique. X-ray diffraction 

analysis revealed that the polycrystalline nature of SnSe thin films. The deposited films are 

found to exhibit orthorhombic structure with preferential orientation along (311) plane. The 

structural parameters crystallite size, strain and dislocation density are estimated and found 

to depend on bath temperatures. The surface morphology of prepared films was analyzed 

using SEM. The average size of the grains prepared at bath temperature 80oC is found to be 

0.25µm. The direct transition energy band gap was estimated as 1.1 eV. 

Tin selenide multilayer thin films were prepared by Manonmani Parvathi et al. [82] 

by successive evaporation of tin and selenium layers. The X-ray diffraction study reveals 

that as deposited films (SnSe) have orthorhombic crystal structure while the annealed films 

(SnSe2) have hexagonal structure. The shift in absorption spectra was observed on SnSe2 

films from UV studies. The optical band gap values of SnSe2 and SnSe are found to be 1.3 

eV and 2.8 eV respectively. The emission peaks from room temperature photoluminescence 

spectra are related with the optical band gap of the films. The room temperature electrical 

resistivity of SnSe film is found to be higher than SnSe2 film and the resistivity as a function 

of temperature has also been studied. The thermal activation energy of the prepared films is 

found to in the range of 0.52-0.74 Ωcm. 

Makori et al. [83] deposited tin selenide (SnSe) thin films on glass substrate using 

thermal evaporation method. The thin films prepared had an optical transmittance of range 

between 0.01- 45% within the visible light region. The optical energy band gap decreased 

from 1.76 - 1.71 eV with increase in film thickness from 112 nm to 148 nm. The thin films 

were showing decrease in resistivity from 181-120 Ωcm with increase in film thickness from 

112-148 nm. High absorption coefficients and low transmittance of SnSe thin films indicates 

that SnSe is appropriate for use as absorber layer in thin film solar cells. Of the five samples 
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prepared, SnSe thin film of thickness 148 nm is the most appropriate for use in thin film 

solar cell applications because of its high absorption coefficients and relatively low 

electrical resistance as compared to other samples. 

Kumar et al. [84] deposited tin Selenide thin films by thermal evaporation method 

on glass substrates held at room temperature with varying the film thicknesses from 150 to 

500 nm. The structural analysis suggests that the thin films were polycrystalline in nature 

having preferred orientation in (111) direction. The surface roughness was apparently 

changed with increase in film thickness. The direct energy band gap calculated from the 

transmission data were in the range 1.74 to 1.24 eV. The electrical data shows that the SnSe 

thin film indicating semiconducting behaviour with p-type conductivity. The narrow optical 

band gap (~1.3 eV) having p-type conductivity indicates its use in photovoltaic applications. 

Tin selenide thin films were prepared by Maria sahayaraj et al. [85] by thermal 

evaporation technique onto room temperature glass substrates. Phase change formation from 

hexagonal to orthorhombic crystal structure was observed with increasing film thickness. 

The calculated lattice constants also agreed with the phase change upon increasing film 

thickness. The calculated crystalline size varied between 6 and 18 nm and the optical band 

gap varied between 1.9 and 2.3 eV. The room temperature photoluminescence emission 

centred at around 420 nm indicates the band to band transition of the prepared material. 

Further, the indication of the phase change even upon increasing film thickness may lead to 

phase change application with controlled crystallization and melting temperature. 

Okoli Donald Nnanyere [86] deposited tin selenide thin films on glass substrate 

using chemical bath deposition technique at room temperature and at various dip-times. The 

technique was employed because it is cost effective, reproducible and with it large area of 

substrate can be coated with the film. The optical characterization performed on the films 
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show that the films have high absorption coefficient (0.192x106-1.031x106m-1), 

transmittance value (56-76%), optical conductivity (0.58x1013-6.47x1013 S-1) and refractive 

index (2.05-2.55) respectively. The films were also found to exhibit band gap energy in the 

range of 1.2-1.70 eV and low extinction coefficient value of 0.0092-0.0262. All these 

desirable properties made the material to be a good candidate for photovoltaic and opto-

electronic applications. For instance, the low reflectance value (0.118-0.202) property of the 

material disposes it for use as anti-reflection coatings for solar cells, displays and contact 

lenses. 

Wenzhong Wang et al. [87] reported that 45 nm SnSe semiconductor was 

synthesized at 130°C for 5 hour by a solvothermal method. This one-step route was carried 

out under quite mild conditions. Ethylenediamine was used as the solvent and it mediated 

the formation of SnSe grain. The as-prepared SnSe was characterized by XRD and TEM. 

The results revealed that the SnSe grains were spherical and homogeneous; no impurities 

were detected. This novel method could be extended to synthesize other chalcogenides.  

A.C properties of tin selenide thin films prepared by an encapsulated selenization 

method are investigated. The measurements obtained from Al/SnSe/Al sandwich structures 

showed strong indication of frequency and temperature dependence of capacitance, 

dielectric loss and conductance over the ranges of 5-200 kHz and 228-373 K, respectively. 

Dielectric behaviour was expected to be due to space charge polarization which contributed 

to a.c conduction. This was generally explained in terms of hopping of the charge carriers 

between localized states with activation energies 0.03-0.08 eV. Parameters such as trap 

binding energy (0.94 eV) and minimum hopping distance (1.01 nm) were also predicted by 

Samsudi Sakrani et al. [88]. 
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The pulse electrodeposition technique has been employed for the first time to deposit 

SnSe films by Ananthi et al. [89]. SnSe films were deposited by the pulse electrodeposition 

technique at room temperature from a bath containing Analar grade 50 mM tin chloride 

(SnCl4) and 5 mM SeO2. The deposition potential was maintained as - 0.9V (SCE). Tin 

oxide coated glass substrates (5.0 ohms/ sq) was used as the substrate. The duty cycle was 

varied in the range of 6-50 %. The XRD profile of SnSe thin films deposited at different 

duty cycles indicate the peaks corresponding to SnSe. Atomic force microscopy studies 

indicated that the surface roughness increased from 0.5 nm to 1.5 nm. The transmission 

spectra exhibited interference fringes. The value of refractive index at 780 nm was 2.1, this 

value decreased to 1.95 with decrease of duty cycle. The room temperature resistivity 

increased from 0.1 ohm cm to 10 ohm cm with decrease of duty cycle. Photoelectrochemical 

cell studies were made using the films deposited at different duty cycles. For duty cycles 

greater than 15 % photo output was observed. For a film deposited at 50 % duty cycle, an 

open circuit voltage of 0.55 V and a short circuit current density of 5.0 rnA cm-2 at 60 mW 

cm- 2 illumination. Capacitance voltage measurements were carried out, the value of fed 

back voltage Vfb is 0.67 V (SCE) and p type carrier density is 6.98 x 1016 cm-3. 

Brush plating technique has been adopted for the first time by Subramanian et al. [90] to 

coat tin selenide thin film on tin oxide coated conducting substrates at room temperature, 

501 ºC and 601 ºC respectively. Uniform and pinhole free films were deposited at a 

potentials 5.0 V. XRD analysis show the polycrystalline nature of the films with 

orthorhombic structure. Optical studies show the indirect nature with a bandgap of 1.0 eV. 

SEM pictures show smooth and uniform surface morphology with a grain size of about 0.3 

mm. Film roughness was characterized by atomic force microscopy. Mott–Schottky plot has 

been drawn to evaluate the semiconductor parameters. 
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Biljana PejovaandIvan Grozdanov [91] studied a chemical bath deposition method 

for synthesis of nanocrystalline photoconducting SnSe thin films. The method allows 

deposition of orthorhombic SnSe quantum dots in thin film form and offers a possibility to 

control their photoelectrical properties. On the basis of experimental X-ray diffraction data, 

the basic structural parameters of the deposited and thermally treated materials were 

calculated using multiple regression analysis. Debye–Scherrer approach was used to 

calculate the average crystal size in the case of as-deposited and annealed films. The band 

structure of the investigated semiconducting compound was probed by optical absorption 

spectroscopic measurements. It was found that the as-deposited SnSe thin films are 

characterized with indirect band gap energy of 1.20 eV, which decreases to 1.10 eV upon 

annealing due to average crystal size increase. Besides the indirect one, an additional 

electronic transition of a direct type was found to occur at 1.74 eV in the case of as-deposited 

films. The direct band gap energy exhibits a red shift to 1.65 eV upon annealing. These 

findings were explained in terms of three-dimensional confinement effects in SnSe quantum 

dots deposited in thin film form. 

Preparation of nanocrystalline SnSe thin film and powder has been reported by Deep 

shikha et al. [92]. SEM micrographs show the uniform distribution of grain size over total 

coverage of the substrate with a compact and fine grained morphology. Comparison of 

observed d-values with the standard values confirms orthorhombic structure of SnSe with 

(410) as preferred orientation in these samples. The average crystallite size for these samples 

has been calculated as 14.92 nm (powder) and 46.94 nm (thin film). Both the samples are 

found to be strained which may be due to the surface tension effect. Due to large crystallite 

size the thin film is less strained than powder. A direct optical band gap of 1.89 eV and 2.14 

eV is found for SnSe thin films and powder respectively. The narrow optical band gap of 

thin film as compared to powder indicates its use in photovoltaic applications. From the 
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above discussion, it is clear that the samples are nanocrystalline in nature and blue shift in 

the fundamental edge has been observed, due to the confinement effects arising from 

reduction in crystalline size. 

Zulkarnain Zainal et al. [93] deposited Tin selenide thin films by potentiostatically from 

an unstirred aqueous solution containing Sn-EDTA and Na2SeO3 onto indium-doped tin 

oxide glass substrates. The difference in the structural and compositional properties of the 

film before and after heat treatment in a nitrogen atmosphere were studied. The films were 

characterised using various techniques such as X-ray diffractometry, scanning electron 

microscopy and energy-dispersive X-ray analysis. Photoactivity of the samples was studied 

using linear sweep voltammetry. An annealing temperature of 150°C was found to be the 

optimum temperature. 

SnSe material synthesized at a low temperature from chemical route was confirmed 

by Indirajith et al. [94] with powder XRD and used to deposit SnSe thin films by thermal 

evaporation technique at various substrate temperatures. Deposited films were annealed at 

450°C under high vacuum (10-5) for 30 min. Annealing influences the intensity of XRD 

peaks of the as deposited samples. The grain size calculated for the annealed SnSe films 

shows appreciable change from that of the as deposited films. However the crystalline size 

calculated using (400) peak for the as deposited film at 350°C showed no change due to 

annealing at 450°C. The SEM image clearly gives the changes in the surface morphology 

due to annealing. The process of annealing changed the grain size of the crystallites of (400) 

peak and the band gap values effectively. 

A simple thermal evaporation technique to deposit SnSe thin film at different 

substrate temperatures has been investigated by Kumar et al. [95]. The structural and 

morphological analysis of the as-deposited films suggests that the thin films were 
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polycrystalline in nature, having preferred orientation of grains along the (111) direction, 

and uniform distribution of grains at higher Ts. The direct energy band gap calculated from 

transmission data were in the range 1.50-1.18 eV. The high optical absorption in the visible 

region makes the thin films suitable to be used as semi transparent layer in high-speed 

detectors working in the visible region and solar cell applications. Activation energy 

calculated from low temperature resistivity measurements were in the range 0.14 eV-0.28 

eV corresponding to shallow donor level near conduction band. 

Tin selenide semiconductor films have been potentiostatically deposited onto a tin 

substrate from an aqueous solution containing SnCl2 and Na2SeO3. Deposition at various 

concentrations was attempted by Zulkarnain Zainal et al. [96] in order to investigate the 

effect of the electrolytes concentration on the film properties and to determine the optimum 

bath composition. The structure, morphology and photoactivity of the films were studied using 

X-ray diffraction, scanning electron microscopy and linear sweep photovoltammetry 

techniques. The semiconducting property of the deposit is strongly affected by the 

electrolytes concentration. The optimum bath composition was found to be 0.010 M for 

SnCl2 and 0.015 M for Na2SeO3. 

Hema Chandra et al. [97] grown Tin selenide thin films by flash evaporation method 

at substrate temperatures between 303–513 K at an interval of 30 K. Single phase, nearly 

stoichiometric and polycrystalline films with strong (4 0 0) orientation exhibiting 

orthorhombic structure was observed at the substrate temperature of 513 K. The optical 

absorption studies indicated a direct band gap of 1.26 eV with high absorption coefficient 

(>104 cm-1) near the fundamental absorption edge. The films were found to have an 

electrical resistivity 8.1 Ωcm with p-type conduction. 
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Resistivity, Hall effect and optical absorption coefficient measurements are 

performed on SnSe evaporated thin films by DangTranQuan [98]. The resistivity decreases 

with increasing temperature whereas the Hall mobility and carrier density increase with 

increasing temperature. An exponential 1/T law is observed for each of these variations. The 

results are explained in terms of a grain boundary potential barrier mechanism. The optical 

absorption coefficient is measured at 300 K over the photon energy range 0.8 to 1.3 eV. An 

analysis of absorption measurements indicates that the SnSe thin film absorption edge is 

due to allowed direct transitions across an energy gap of about 1.21 eV. 

Highly oriented nano-structured SnSe thin films were deposited by R. Indirajith et 

al. [99] on glass substrates by thermal evaporation technique, from the tin selenide powdered 

source material synthesized from chemical route for the first time in the literature. XRD 

studies confirm that the deposited polycrystalline SnSe films belong to the orthorhombic 

crystal structure with orientation parallel to [100] plane. The average transmittance  

(1500-2500 nm) of film prepared at 150 °C and 350 °C is 39.5 and 34.4% respectively and 

the transmittance is well extended to the NIR region. The indirect band gap of SnSe thin 

films prepared at various substrate temperatures lies in the range of 1.2 - 1.4 eV and the 

direct band gap values lies in the range of 0.6 - 1.2 eV. SEM studies reveal that SnSe films 

prepared at various substrate temperatures yielded pores less smooth surface with appreciable 

changes in the surface morphological features with the substrate temperature. A resistivity of 

~2.278 X10-2 Ωcm, carrier concentration of ~4.53X 1019 /cm3 and conductivity ~43.9/Ωcm 

were obtained for the films prepared at 450 °C. 

Tin selenide thin films were prepared by spray pyrolysis technique using tin (II) 

chloride and selenourea as a precursor compounds using Se:Sn atomic ratio of 1:1 in the 

starting solution onto glass substrates by Sharmistha Anwar et al. [100]. Deposition process 

was carried out in the substrate temperature range of 250-450 °C using 1ml/min flow rate. 



Chapter – II   Literature Review of SnS and SnSe Thin Films 

 

62 

The X-ray diffraction patterns suggest that the major phase is hexagonal-SnSe2 was present 

when the deposition was carried out in 275-375 °C temperature range, while for the films 

deposited in the below and above to this range, Sn and Se precipitates into some impure and 

mixed phase. Raman scattering analysis allowed the assignment of peaks at 180 cm-1shows 

the hexagonal phase. The optical absorption study shows that the direct band gap of the film 

decreases with increase in substrate temperature and increasing crystallite size. The thermo-

electrical measurements have shown n-type conductivity in as deposited films and the 

magnitude of thermo EMF for films has been found to be increasing with increasing deposition 

temperature, except for 350 °C sample. 350 °C deposited samples shows enhance 

thermoelectric value as compared to other samples. Thermoelectric study reveal that 

although sample deposited between 275 °C and 375 °C sample is thermoelectrically best. 

Mariappan et al. [101] were successfully deposited SnSe thin films on glass 

substrates at temperatures 250 ºC, 300 ºC, 350 ºC and 400 ºC using an spray pyrolysis 

technique. X-ray diffraction analysis confirmed that the deposition SnSe films with an 

orthorhombic structure. Various structural parameters such as crystallite size, strain, 

dislocation density are calculated and are found to depend upon various temperatures. The 

crystallinity of the films increased with increasing temperature from 250 to 350 ºC. SEM 

studies reveal that the SnSe films exhibited uniformly distributed grains over the entire 

surface of the substrate. The average sizes of the grains are found to be 478 nm. The presence 

of elemental constituents was confirmed from EDX analysis. Optical transmittance 

measurements indicate that the deposited films have a direct band gap of 1.08 eV which 

confirm the formation of well-crystallized SnSe films. The optimized SnSe thin film has 

higher crystallinity, lower resistivity. 

Nano structured tin selenide based ultrathin films have been deposited by Passeri et 

al. [102] on fused quartz substrates by thermal evaporation. The morphological and 
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structural properties of the obtained polycrystalline The atomic force acoustic microscopy 

(AFAM) technique has been used in order to perform a preliminary characterization of the 

local elastic properties of a film surface. The reported results represent our first attempt to 

explore the capability of the AFAM technique to discriminate between different phases in such 

nanostructured compounds. 

A simple bath deposition technique for SnSe has been described by Zainal et al. 

[103]. The technique is simple, economic and requires less monitoring. The SnSe films are 

uniform and polycrystalline in nature. The preferred orientation lies along the [201] 

direction. The photoresponse in the cathodic region indicate a p-type semiconductor. The 

band gap was found to be direct transition in nature and equal to 1.25 eV. The optical 

absorption in the visible region makes it possible to be used in a photoelectrochemical cell 

or as semitransparent layer in high speed detectors working in visible region. 

Pathinettam padiyan et al. [104] reported Structural, optical, electrical and 

photoelectrical characteristics of SnSe thin films prepared by vacuum deposition technique 

have been studied. The deposition parameters are optimised to yield uniform and well 

adhering films. The as prepared SnSe thin film is found to be poor in crystalline nature and 

annealing the film at 300 °C for 2 hours improves the crystallinity. Optical studies reveal 

that SnSe has direct band gap energy of Eg is 1.26 eV and the indirect band gap is 

improbable. The conductivity measurements show that in the region 158 to 198 K, SnSe 

exhibits variable range hopping conduction. The steady state photoconductivity studies 

indicate that there is a continuous distribution of localised states. The photosensitivity 

increases with increasing illumination level in SnSe thin films. The photo decay process in 

this vacuum deposited film reveals the presence of deeper localised states and the carrier 

life time is found to be 1.6 second. 
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Polycrystalline thin films of p-type SnSe have been successfully deposited by 

Urmila et al. [105] onto glass substrates under optimized deposition conditions by the 

reactive evaporation method. The film exhibits a direct allowed transition with an optical 

band gap of 1.2 eV. The high absorption coefficient and good photosensitivity suggests the 

potential use of the reactive evaporated SnSe thin films in solar cells. The optical constants, 

loss factor, quality factor and optical conductivity of the film are evaluated. The variation 

of electrical conductivity and Seebeck coefficient with temperature reveals the non 

degenerate semiconducting nature of the film. The results of thermoelectric power and Hall 

measurements are correlated to deduce important material parameters. The high value of 

Seebeck coefficient ≈7863 μV/K, reasonably good power factor 7.2x10-4 W/(mK2) and 

thermoelectric figure of merit 1.2 observed at 42 K indicates that the prepared SnSe thin 

film can also be considered as an ideal material for low temperature thermoelectric 

applications. 

SnSe film semiconductor have been successfully electrodeposited by Zulkarnain 

Zainal et al. [106] on tin substrate from aqueous solution containing SnCl2 and Na2SeO3 in 

the presence of EDTA. The as-deposited film at various potentials and different electrolytes 

concentration ratios showed good photoactivity to the white light and exhibited p-type 

semiconductor behaviour. X-ray diffraction pattern confirmed that a SnSe polycrystalline 

with major peaks at 2θ=30.4º, 31.1° and 38.1° was obtained. The corresponding d-spacing 

of 2.92, 2.85 and 2.38 Å are indicative that an orthorhombic SnSe structure with (111), (400) 

and (311) planes was deposited. SEM images reaffirmed the crystallinity of the deposits 

whose grain size are highly effected by the deposition potential and electrolytes 

concentrations. Films with smaller grain size proved to have better photosensitivity, may be 

due to the improved crystal density of the deposit. Deposition potential of -0.85 V versus 
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Ag/AgCl and concentration ratio of SnCl2:Na2SeO3 of 2:3 proved to offer a reasonably good 

SnSe film semiconductor. 

Thin films of n-SnSe have been prepared by the thermal evaporation technique at 

low partial pressure of Ar gas. A blue shift in the fundamental edge has been observed due 

to the reduction in the particle size by Sharma et al. [107]. The observed blue shift in the 

absorption edge may be due to the outcome of confinement effects. Band gap value increases 

to (2.18 ± 0.01) eV as compared to the bulk value (1.68 ± 0.01) eV. From the band gap shift, 

diameter of the nanocrystallites have been calculated and found to be ~ 3 nm. Steady state 

photoconductivity studies indicate that there is a continuous distribution of localised states. 

Decay of photocurrent is slow and it is found that the deeper localised states are present in 

this material. 
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CHAPTER - III 

 

 

3.1  INTRODUCTION  

In this chapter, an introduction to the basic aspects of the thin films growth processes 

and deposition techniques is described. Afterwards, the characterization techniques like  

X-ray diffraction (XRD), scanning electron microscopy (SEM), thickness measurements 

using profilometer, energy dispersive analysis by X-rays (EDAX), Low temperature 

resistivity, Photoluminescence studies and optical (UV-Vis-Spectrophotometer) properties 

have been discussed.  

3.1.1  Basic aspects of thin films  

A thin film can be defined as a quasi-two-dimensional material created by 

condensing, atomic/molecular/ionic species of matter. The fabrication of thin films on a 

single crystal substrate is done by the deposition of individual atoms. On the other hand 

thick films can be defined in a different way, as a low-dimensional material created by 

thinning a three- dimensional material or assembling large clusters/ aggregates/grains of 

atomic/molecular/ionic species. For making different devices like, electronic devices such 

as cathode ray tube, color TVs, electroluminescent devices, radiation detectors and laser 

colours tele projectors [1, 2], photovoltaic devices [3-5], window layer material in tandem 

solar cells [6, 7], absorber layer material in solar cells [4] and photo detectors [8], thin films 

have been widely used for more than a half century. There are several techniques available 

for thin films deposition on a single crystal substrate like thermal evaporation, chemical 

decomposition and the evaporation of source materials by the irradiation of energetic species 

or photons.  
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In general the growth process of thin films exhibits the following features: 

i. Thin films of all materials created by any deposition technique starts with a random 

nucleation process followed by nucleation and growth stages 

ii. Nucleation and growth stages are dependent upon various deposition conditions, 

such as growth temperature, growth rate, the chemistry of the material and the 

substrate and their structure 

iii. The nucleation stage can be modified significantly by external agencies, such as 

electron or ion bombardment 

iv. Film microstructure, associated defect structure and film stress depend on the 

deposition conditions at the nucleation stage 

v. The crystal phase and the orientation of the films are governed by the deposition 

conditions as well as by the structure of the substrate 

Film composition, crystal phase and orientation, film thickness and microstructure, 

are the basic properties of film and can be controlled by the deposition conditions. Some 

unique features like quantum size effects, impact of strain, consequence multilayer aspects 

that cause variety of proximity effects are observed in thin films and cannot be realized in 

bulk materials. 

Thin films have been extensively studied in relation to their applications for making 

electronic devices. Thin film transistors (TFTs) composed of cadmium sulfide (CdS) 

semiconducting films in the early sixties and at the end of sixties the bulk Si-MOS (metal-

oxide semiconductor) devices were successfully developed. In seventies, different kinds of 

novel thin-film devices were proposed, including thin-film surface acoustic wave (SAW) 

devices, integrated thin-film bulk acoustic wave (BAW) devices and thin-film integrated 

optics. Variety of multi-layered materials including giant magneto resistance (GMR) 

materials has been developed by using sputtering technology.  
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3.1.2  Thin film growth process  

Three major steps constitute thin-film deposition process are, (i) production of the 

appropriate atomic, molecular, or ionic species, (ii) transport of these species to the substrate 

through a medium and (iii) condensation on the substrate, either directly or via a chemical 

and/or electrochemical reaction, to form a solid deposit. The step-by-step growth process is 

as follows:  

 The unit species, on impacting the substrate, lose their velocity component normal 

to the substrate (provided the incident energy is not too high) and are physically 

adsorbed on the substrate surface.  

 The adsorbed species are not in thermal equilibrium with the substrate initially and 

move over the substrate surface. In this process they interact among themselves, 

forming bigger clusters.  

 The clusters or the nuclei are thermodynamically unstable and may tend to desorb 

in time, depending on the deposition parameters. If the deposition parameters are 

such that a cluster collides with other adsorbed species before getting desorbed, it 

starts growing in size. After reaching a certain critical size, the cluster becomes 

thermodynamically stable and the nucleation barrier is said to have been overcome. 

This step involving the formation of stable, chemisorbed, critical-sized nuclei is 

called the nucleation stage.  

 The critical nuclei grow in number as well as in size until a saturation nucleation 

density is reached. The nucleation density and the average nucleus size depend on a 

number of parameters such as the energy of the impinging species, the rate of 

impingement, the activation energies of adsorption, desorption, thermal diffusion 

and the temperature, topography and chemical nature of the substrate. A nucleus can 



Chapter - III                                 Experimental Techniques and Characterization Tools 

 

76 

grow both parallel to the substrate by surface diffusion of the adsorbed species and 

perpendicular to it by direct impingement of the incident species. The rate of lateral 

growth at this stage is much higher than the perpendicular growth. The grown nuclei 

are called islands.  

 The next stage in the process of film formation is the coalescence stage, in which the 

small islands start coalescing with each other to reduce the substrate surface area. 

This tendency to form bigger islands is termed agglomeration and is enhanced by 

increasing the surface mobility of the adsorbed species by increasing the substrate 

temperature. In some cases, formation of new nuclei may occur on areas freshly 

exposed as a consequence of coalescence.  

 Larger islands grow together, leaving channels and holes of uncovered substrate. 

The structure of the films at this stage changes from discontinuous island type to 

porous network type. Filling of the channels and holes results in the formation of a 

completely continuous film.  

Thus statistical process of nucleation, surface-diffusion controlled growth of the 

three-dimensional nuclei and formation of a network structure and its subsequent filling to 

give a continuous film, these processes constitute the growth process. Growth stages and 

the initial nucleation, depends on the thermodynamic parameters of the deposit and the 

substrate surface, can be categorized as (a) island type, called Volmer-Weber (VW) type, 

(b) layer type, called Frank-Van der Merwe (FV) type and (c) mixed type, called Stranski-

Krastanov (SK) type (Fig. 3.1). 
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Fig. 3.1 Three modes of thin film growth processes 

Island type is the most common growth process, available in almost all practical 

cases. Except under special conditions, the crystallographic orientations and the 

topographical details of different islands are randomly distributed, so that when they touch 

each other during growth, grain boundaries and various point and line defects are 

incorporated into the film due to mismatch of geometrical configurations and 

crystallographic orientations. 

If the grains are randomly oriented, the films show a ring-type diffraction pattern 

and are said to be polycrystalline. Even if the orientation of different islands is the same 

throughout, as obtained under special deposition conditions, on suitable single crystal 

substrates, a single-crystal film is not obtained. Instead, the film consists of single crystal 

grains oriented parallel to each other and connected by low-angle grain boundaries. These 

films show diffraction patterns similar to those of single crystals and are called epitaxial 

single-crystal films.  
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3.1.3  Thin film growth modes  

Thin film growth modes in materials can be characterize in three modes Volmer –

Weber (VW) or island growth, Frank–Van der Merwe (FV) or layer-by-layer growth and 

Stranski–Krastanov (SK) or mixed type growth. These growth mechanisms are shown in 

Fig. 3.1 and described below one by one.  

Volmer–Weber or island growth: Shown in Fig. 3.1 (a) occurs when the smallest 

stable clusters nucleate on the substrate and grow into three-dimensional island features. 

One simplistic explanation for this growth behavior is that the atoms or molecules being 

deposited are more strongly bonded to each other than to the substrate material. This is often 

the case when the film and substrate are dissimilar materials. There are a few example of 

such behavior in the growth of oxide films on oxide substrates, but this growth mode is 

typically observed when metal and semiconductor (i.e., Group IV, III–V, etc.) films are 

grown on oxide substrates.  

Frank–Van der Merwe or layer-by-layer growth: The opposite characteristics of 

Volmer–Weber or island growth, however, are displayed in Frank–Van der Merwe or layer-

by-layer growth (Fig. 3.1 (b)), which occurs when the extension of the smallest nucleus 

occurs in two dimensions resulting in the formation of planar sheets. In layer-by-layer 

growth the depositing atoms or molecules are more strongly bonded to the substrate than 

each other and each layer is progressively less strongly bonded than the previous layer. This 

effect extends continuously until the bulk bonding strength is reach. A typical example of 

this is the epitaxial growth of semiconductors and oxide materials. The field of oxide thin 

film growth has developed around the ability to control materials through this and other 

similar growth modes. Such capabilities have ushered in an era of unprecedented control of 

oxide materials down to the single or even half) unit cell level. 
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Stranski–Krastanov mode: This is the final growth mechanism shown in Fig. 3.1 

(c) which is a combination of the layer-by-layer and island growth. In this growth mode, 

after forming one or more mono layers in a layer-by-layer fashion, continued layer-by-layer 

growth becomes energetically unfavorable and islands begin to form. This sort of growth is 

fairly common and has been observed in a number of metal-metal and metal–semiconductor 

systems. These different growth modes can be described in more detail with simple 

thermodynamic models for the nucleation and growth of film materials.  

In addition to these three well-known classical epitaxial growth modes mentioned 

above, there are four distinct growth modes: columnar growth, step flow mode, step 

bunching and screw-island growth (Fig. 3.2). 

Columnar growth mode: Starting with the Volmer-Weber (VW) growth mode, the column 

of Individual Island coagulates to form a continuous film. Coalescence of growth islands 

and columnar growth cause high density of defects (grain boundaries, dislocations, voids, 

anti phase boundaries, etc.). 

Step flow growth mode: The Step flow mode is clearly distinct from layer-by layer growth 

in FV mode. Unidirectional step flow is induced by substrate disorientation (off cut angle). 

This trick is often used to avoid island formation, their coalescence and following columnar 

growth in epitaxy from the vapor phase.  

Step bunching growth mode: Step bunching is observed when a high density of steps 

moves with large step velocities over the growth surface. By fluctuations, higher steps catch 

up with lower steps and then move together as double; triple and so on or in general as 

macro steps that can exceed thickness of thousands of mono steps. The micro steps causes 

different incorporation rates of impurities and dopants due to locally varying growth rate.  
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Screw island growth mode: Coalescence of larger number of initial growth islands may 

lead to screw dislocations due to the layer structure resulting in spiral-island growth mode. 

This has been observed in the high temperature superconductor thin films. The FV growth 

mode arises because the atoms of the deposit material are more strongly attracted to the 

substrate than they are to themselves. In the opposite case, where the deposit atoms are more 

strongly bound to each other than they are to the substrate, the island, or VW mode results. 

An intermediate case, the layer-plus-island, or SK growth mode is much more common. 

 

Fig. 3.2 Schematic cross sections of substrate-film, in three successive growth stages, 

of the four extended growth modes for epitaxial thin film: (a) Columnar-Growth, (b) 

Step-Flow, (c) Step-Bunching and (d) Screw-Island modes 

 

In almost all practical cases, the growth takes place by island formation. After a 

continuous film is formed, anisotropic growth takes place normal to the substrate in the form 

of cylindrical columns. The initial nucleation density determines the lateral grain size, or 

crystallite size. However, if recrystallization takes place during the coalescence stage, the 

lateral grain size is larger than the average separation of the initial nuclei and the average 

number of grains per unit area of the film is less than the initial nucleation density. The grain 

size normal to the substrate is equal to the film thickness. For thicker films, re-nucleation 
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takes place at the surface of previously grown grains and each vertical column grows multi-

granularly with possible deviations from normal growth.  

3.2  DIFFERENT THIN FILM DEPOSITION METHODS  

Based on the nature of deposition process the methods employed for thin oxide film 

deposition can be divided into two group i.e. physical and chemical methods. All possible 

deposition processes are shown in Fig. 3.3 the physical deposition processes include vacuum 

evaporation, laser ablation, molecular beam epitaxy (MBE) and sputtering. The chemical 

deposition processes comprise gas phase deposition methods and solution techniques. The 

gas phase methods are chemical vapour deposition (CVD) and atomic layer epitaxy (ALE), 

while spray pyrolysis, sol-gel, spin- and dip-coating methods employ precursor solutions. 

 

Fig. 3.3 Different physical and chemical thin film deposition processes 

Vapour deposition technique describes any process in which a solid immersed in a 

vapour becomes larger in mass due to transference of material from the vapor onto the solid 

surface. The deposition is normally carried out in a vacuum chamber to enable control of 

the vapour composition. If the vapour is created by physical means without a chemical 

reaction, the process is classified as physical vapour deposition (PVD), if the material 



Chapter - III                                 Experimental Techniques and Characterization Tools 

 

82 

deposited is the product of a chemical reaction; the process is classified as CVD. Many 

variations of these basic vapour deposition methods have been developed in efforts to 

balance advantages and disadvantages of various strategies based on the requirements of 

film purity, structural quality and the rate of growth, temperature constraints and other 

factors.  

PVD is a technique whereby physical processes, such as evaporation, sublimation or 

ionic impingement on a target, facilitate the transfer of atoms from a solid or molten source 

onto a substrate. Evaporation and sputtering are the two most widely used PVD methods for 

depositing films. This section described briefly the chemical vapour deposition processes 

which are commonly used to grow epitaxial and polycrystalline thin films of transition metal 

oxides. 

3.3  CHEMICAL VAPOUR DEPOSITION  

Chemical vapour deposition (CVD) is the process of chemically reacting volatile 

compound of a material to be deposited, with other gases, to produce a nonvolatile solid that 

deposits atomistically on a suitably placed substrate. It has emerged one of the powerful 

techniques of thin film growth. Among the reasons for the growing adoption of CVD 

methods is the ability to produce a large variety of films and coatings of metals, 

semiconductors and compounds in a crystalline or vitreous form, possessing high purity and 

desirable properties. Furthermore, the capability of controllably creating films of widely 

varying stoichiometry makes CVD unique among deposition techniques. Other advantages 

include relatively low cost of the equipment and operating expenses, suitability for both 

batch and semi continuous operation and compatibility with other processing steps.  

Hence, many variants of CVD processing have been researched and developed in 

recent years, including low-pressure (LPCVD), plasma-enhanced (PECVD), metal-organic 
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(MOCVD) and laser-enhanced (LECVD) chemical vapour deposition. Hybrid processes 

combining features of both physical and chemical vapour deposition have also emerged. 

MOCVD has presently assumed considerable importance in the deposition of epitaxial 

compound semiconductor films. However, the main obstacle of MOCVD for high 

temperature superconductor (HTSC) and rare earth manganite oxides is the lack of thermally 

stable precursors. MOCVD technique has been utilized to grow different compositions of 

thin CMR manganite films. 

3.3.1  Plasma enhanced chemical vapor deposition 

Plasma enhanced chemical vapor deposition (PECVD) is a process by which thin 

films of various materials can be deposited on substrates at lower temperature than that of 

standard chemical vapor deposition. 

In PECVD processes, deposition is achieved by introducing reactant gases between 

parallel electrodes - a grounded electrode and an RF-energized electrode. The capacitive 

coupling between the electrodes excites the reactant gases into plasma, which induces a 

chemical reaction and results in the reaction product being deposited on the substrate. The 

substrate, which is placed on the grounded electrode, is typically heated to 250°C to 350°C, 

depending on the specific film requirements. In comparison, CVD requires 600°C to 800°C. 

The lower deposition temperatures are critical in many applications where CVD 

temperatures could damage the devices being fabricated. 

The films typically deposited using PECVD are silicon nitride (SixNy), silicon 

dioxide (SiO2), silicon oxy-nitride (SiOxNy), silicon carbide (SiC) and amorphous silicon 

(α-Si). Silane (SiH4), the silicon source gas, is combined with an oxygen source gas to form 

silicon dioxide or a nitrogen gas source to produce silicon nitride. 
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Silicon dioxide and silicon nitride are dielectric (insulating) materials commonly 

used in the fabrication of electronic devices to isolate multiple conductive layers, capacitors 

and for surface passivation. These films are also used for encapsulation to protect devices 

from corrosion by atmospheric elements such as moisture and oxygen. 

3.3.2  Metal-organic chemical vapour deposition 

Metal-organic chemical vapour deposition (MOCVD) is of great importance for 

large scale production of oxide thin films. It is routinely used in the electronics industry, has 

excellent film uniformity over large areas, is capable of conformal coating of arbitrary 

geometries, can be done at relatively high partial pressures of oxygen, has easy and 

reproducible control of film stoichiometry, has relatively high deposition rates and allows 

for multilayer growth, superlattices and graded compositions. MOCVD works on the 

principle that one can create a complex organic molecule decorated with the material desired 

for thin film growth. By passing an inert gas through a bubbler of a liquid precursor, these 

molecules are transported to the reaction chamber and passed over a substrate at high 

temperature. The heat helps to break the molecules and deposits the desired material on the 

surface. One of the biggest challenges for MOCVD growth of oxide materials is 

identification of the appropriate metal-organic precursors. Precursors for materials with high 

atomic number typically have limited vapor pressure at room temperature and thus it is 

essential to heat the bubblers and all the lines in the system to avoid clogging. This requires 

careful attention so as to avoid hot spots where premature deposition might occur as well as 

cool spots where condensation of the precursor can occur. In the end, very high quality thin 

films of oxide materials can be created using this technique.  

3.3.3  Low-pressure chemical vapour deposition 

Low-pressure chemical vapour deposition (LPCVD) is a process used in the 

manufacturing of the deposition of thin films on semiconductors usually ranging from a few 
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nanometers to many micrometers. LPCVD is used to deposit a wide range of possible film 

compositions with good conformal step coverage. These films include a variety of materials 

including polysilicon for gate contacts, thick oxides used for isolation, doped oxides for 

global planarization, nitrides and other dielectrics. LPCVD is similar to other types of CVD 

in that it is a process where a gaseous species reacts on a solid surface or wafer and the 

reaction that occurs produces a solid phase material. Each and every CVD process has the 

same four steps that must happen. First, the reacting gaseous species must be transported to 

the surface. Second, the gaseous species must absorb into the surface of the wafer. Third, 

the heterogeneous surface reaction produces reaction products. Finally the gaseous reactants 

need to be removed from the surface. 

LPCVD is most successfully applied in deposition of polysilicon thin films. These 

films are used for gate contact and short interconnect lines. This is done using compounds 

like SiH4 in the temperature range 600-660 oC. Other thin films include undoped and doped 

oxides that use compounds like Dichlorosilane at 900 °C and Tetraethoxysilane at 700 °C 

for undoped oxides that will leave SiO2 and other by-products. Doped oxides include PSG 

(phosphorosilicate glass) at 950-1100 °C and BPSG (Borophosphorosilicate glass)  

850-950 °C which are useful for smooth interconnects.  

LPCVD, while it can only be performed at high temperatures, reduces the rate of the 

reaction permitting greater control over film thickness and reducing thickness variations. It 

also improves the film’s purity and internal structure. The simplicity of the process permits 

the processing of large wafer batch sizes. 
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3.4  SOLUTION-BASED THIN FILM DEPOSITION TECHNIQUES 

There are a variety of solution-based approaches for the creation of complex oxide 

materials including sol–gel, chelate and metal organic decomposition solution deposition 

usually involves four steps:  

i. Synthesis of the precursor solution,  

ii. Deposition by spin-casting or dip-coating,  

iii. Low-temperature heat treatment for drying and/or pyrolysis of organics and 

formation of amorphous films (typically 300 to 400 °C),  

iv. High temperature heat treatment for densification and crystallization 

(anywhere from 600 to 1100 ºC).  

Such processes are highly scalable, cheap and very quick. Great strides have been 

made in utilizing such techniques to make high quality and highly oriented films for devices.  

In Low-Temperature Aqueous Solution Depositions there is a set of aqueous 

solution-based deposition techniques that enable the creation of films at lower temperatures 

(25 to 100 °C). Processes such as chemical bath deposition (CBD), successive ion layer 

adsorption and reaction (SILAR), liquid phase deposition (LPD), electro less deposition 

(ED), as well as more modern variants such as photochemical deposition (PCD), deposition 

assisted by applied fields, ferrite plating, liquid flow deposition and more can be used to 

create films of oxide materials at low temperatures.  

3.5  SPRAY PYROLYSIS PROCESS FOR THIN FILM DEPOSITION  

A wide variety of thin films has been deposited by applying the spray pyrolysis 

technique. Various devices such as solar cells, sensors and solid oxide fuel cells have been 

prepared by using these films. Preparation conditions are mainly responsible for different 

properties for such deposited thin films. Most critical parameter which influences the films 
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roughness, cracking, crystallinity, etc. is the substrate surface temperature. Atomization of 

the precursor solution, aerosol transport and decomposition of the precursor are the 

processes mainly involved in spray pyrolysis technique.  

For preparing dense and porous oxide films, ceramic coatings and powders, spray 

pyrolysis is the most suitable processing technique [9]. Spray pyrolysis represents a very 

simple and relatively cost-effective method, especially regarding equipment cost. In the 

glass industry and in solar cell production to deposit electrically conducting electrodes spray 

pyrolysis has been used for several decades. Typical spray pyrolysis equipment consists of 

an atomizer, precursor solution, substrate heater and temperature controller. The following 

atomizers are usually used in spray pyrolysis technique: air blast (liquid is exposed to a 

stream of air), ultrasonic (ultrasonic frequencies produce the short wavelengths necessary 

for fine atomization) and electrostatic (liquid is exposed to a high electric field).  

In literature there are various reviews concerning spray pyrolysis techniques have 

been published. Mooney and Radding [10] have reviewed the spray pyrolysis method, 

properties of the deposited films in relation to the conditions, specific films (particularly 

CdS) and device application. Tomar and Garcia [11] have discussed the preparation and the 

properties of sprayed films as well as their application in solar cells, anti-reflection coatings 

and gas sensors. Albin and Risbud [12] presented a review of the equipment, processing 

parameters and optoelectronic materials deposited by spray pyrolysis technique. Pamplin 

[13] has published a review of spraying solar cell materials as well as a bibliography of 

references on the spray pyrolysis technique. Recently thin metal oxide and chalcogenide 

films deposited by spray pyrolysis and different atomization techniques were reviewed by 

Patil [14]. Bohac and Gauckler [15] have discussed the mechanism of chemical spray 

deposition and presented some examples of sprayed YSZ films.  
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Spray pyrolysis is a versatile and effective technique to deposit metal oxide films. It 

is an attractive method to prepare a wide variety of powders and thin film materials for 

various industrial applications. Metal oxide, chalcogenide and even metal films have been 

deposited using this technique. Spray pyrolysis opens up the possibility to control the film 

morphology. The quality and properties of the films depend largely on the process 

parameters. The most important parameter is the substrate surface temperature. The higher 

the substrate temperature, the rougher and more porous are the films. If the temperatures are 

too low the films are cracked. In between temperatures, dense smooth films can be obtained. 

The deposition temperature also influences the crystallinity, texture and other physical 

properties of the deposited films. The precursor solution is the other important spray 

parameter which affects the morphology and the properties of the deposited films. In 

addition, the film morphology and properties can be drastically changed by using various 

additives in the precursor solution. It is often suggested that a modified CVD process occurs 

in film formation close to the surface of the substrate. However many observations 

contradict the involvement of a model with a CVD character. Further efforts are necessary 

to clarify the model for film deposition in more detail.  

3.5.1  Main steps for film deposition by spray pyrolysis  

As reported in literatures, there are too many processes that occur either sequentially 

or simultaneously during film formation by spray pyrolysis. These include precursor 

solution atomization, droplet transport and evaporation, spreading on the substrate, drying 

and decomposition of the precursor salt. Understanding these processes will help to improve 

film quality. Thin film deposition using spray pyrolysis can be divided into three main steps: 

atomization of the precursor solution, transportation of the resultant aerosol and 

decomposition of the precursor on the substrate. 
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a)  Atomization of precursor solution  

Normally used atomizers in spray pyrolysis techniques are air blast, ultrasonic and 

electrostatic. Various reports were published on the mechanism of liquid atomization. 

Rizkalla and Lefebvre [16] examined the influence of liquid properties on air blast atomizer 

spray characteristics. Lampkin [17] presented results concerning the application of the air 

blast atomizer in a spray pyrolysis set-up. Recently a theory of ultrasonic atomization was 

published. Ganan-Calvo et al. [18] have studied the electrostatic atomization of liquids and 

derived scaling laws for droplet size from a theoretical model of charge transport. Compared 

with other spray techniques, the nebulized spray (air blast) deposition technique has been 

only recently used for deposition of manganite and multi ferroics thin films.  

b) Aerosol transport  

The droplet of solution is transported and eventually evaporates in an aerosol. For 

making dense thin films, it is important that during transportation as many droplets as 

possible fly to the substrate without forming particles before reaching the surface. Sears et 

al. [19] investigated the mechanism of SnO2 film growth. The influence of forces which 

determine both the trajectory of the droplets and evaporation were examined and a film 

growth model was proposed. Four types of forces i.e. gravitational, electric, thermophoretic 

and stokes forces were taken into account. The thermo phoretic force pushes the droplets 

away from a hot surface, because the gas molecules from the hotter side of the droplet 

rebound with higher kinetic energy than those from the cooler side. Thermophoretic forces 

keep most droplets away from the surface in non-electrostatic spray process. It was 

concluded that the film grows from the vapour of droplets passing very close to the hot 

substrate in a manner of chemical vapour deposition as shown in Fig. 3.4.  

Droplets that strike the substrate form a powdery deposit. The authors suggest that 

forcing droplets closer to the substrate while avoiding actual contact would improve the 
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efficiency of film growth. Siefert [20] described the transport processes in corona spray 

pyrolysis. Here the droplets enter a corona discharge and are transported in an electric field 

to the substrate. Lenggoro et al. [21] investigated powder production by spray pyrolysis 

using a temperature-graded laminar flow aerosol reactor. Oh and Kim [22] have studied the 

behavior of an evaporating droplet in a non-isothermal field.  

 

Fig. 3.4 Schematic of aerosol transport 

 

Fig. 3.5 Description of the deposition processes initiated with increasing substrate 

temperature 
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c)  Decomposition of precursor  

Many processes occur simultaneously when a droplet hits the surface of the 

substrate: evaporation of residual solvent, spreading of the droplet and salt decomposition. 

Many models exist for the decomposition of a precursor. Most of the authors suggest that 

only a kind of CVD process gives high quality films by spray pyrolysis. Viguie and  

Spitz [23] proposed the following processes that occur with increasing substrate 

temperature. In the process A in Fig. 3.5, the lowest temperature regime the droplet splashes 

onto the substrate and decomposes. 

At higher temperatures, in the process B the solvent evaporates completely during 

the flight of the droplet and dry precipitate hits the substrate, where decomposition occurs. 

In the process C, at even higher temperatures the solvent also evaporates before the droplet 

reaches the substrate. Then the solid precipitate melts and vaporizes without decomposition 

and the vapour diffuses to the substrate to undergo a CVD process. At the highest 

temperatures in process D, the precursor vaporizes before it reaches the substrate and 

consequently the solid particles are formed after the chemical reaction in the vapour phase. 

It was speculated that the processes A and D lead to rough or non-adherent films. Adherent 

films were obtained by CVD at low temperatures in the process C. Choy [24] proposed a 

deposition model for the so called electrostatic spray-assisted vapour deposition process. 

This technique is also known as electrostatic spray deposition. The precursor solution is 

atomized using an electric field. Chen et al. [25] investigated the correlations between film 

morphologies and deposition parameters. The films were deposited using the so-called cone-

jet mode. The substrate temperature was indicated as the most important parameter. The 

concentration of the precursor solution had a minor influence on the film morphology.  
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3.5.2  Spray pyrolysis technique 

Spray pyrolysis technique consists of temperature controller, spray gun, substrate 

heater, a thermocouple and a compressor unit. The proper pressure of compressed air was 

used in order to spray the solution on to the substrate which is kept on the substrate heater. 

The temperature of the substrate is controlled by the temperature controller via 

thermocouple.  

The solution of the precursor is kept in a solution reservoir and the solution can be 

carried through a spray gun to spray on the substrate. Prior to the film deposition processes 

by spray pyrolysis one needs a solution of required material. The molarity (M) of solution 

is being optimized by making solution of different molarities followed by several 

characterizations. A typical spray pyrolysis system is shown in Fig. 3.6. 

 

Fig. 3.6 A typical spray pyrolysis system 

3.5.3  Principle and thin film formation mechanism 

This technique involves spraying a solution containing soluble salts of the 

constituent atoms of the desired compound on to a hot substrate maintained at temperatures 

generally in the range of 300-500 oC. The hot substrate provides the necessary thermal 
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energy for the pyrolytic decomposition of the sprayed droplets reaching its surface of the 

substrate and the subsequent recombination of the constituent species to form a continuous 

thin film after several stages of growth. The volatile by-products and the excess solvent in 

the vapour phase are evacuated during the deposition process using an exhaust system. 

The thin film formation is a resultant of the following processes: 

i. Spreading of the sprayed droplets on the surface of the hot substrate into 

disks 

ii. Pyrolytic reaction between the decomposed reactants 

iii. Evaporation of the solvent 

iv. Repetition of the proceeding processes with succeeding droplets. 

 The process parameters such as concentration of the precursor solution, type of 

solvent, doping material, spray nozzle geometry, flow rate of carrier gas and solution, 

velocities of sprayed droplets, nature and temperature of the substrate, kinetics and 

thermodynamics of the pyrolytic reaction mainly determine the properties of the spray 

deposited films. 

3.6  NEBULIZED SPRAY PYROLYSIS (NSP) TECHNIQUE 

The technique used in this work is known as the NSP technique which is one of the 

most widely used innovative deposition technique. It is a very easy, low cost, safe and 

vacuum less system of the deposition technique. The other advantage of this technique is 

that it can be easily adapted for production of large area uniform film coatings. 

3.6.1  Mechanism of a nebulizer 

The nebulizer turns liquid medicine for the asthma treatment. They come in electric 

or battery-run versions. They also come in a larger size that’s meant to sit on a table and 

plug into a wall and a smaller size that can be carried easily. Both are made up of a base that 
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holds an air compressor, a small container for liquid medicine and a tube that connects the 

air compressor to the medicine container. Above the medicine container is a mouthpiece or 

mask you use to inhale the mist.  

The most commonly used nebulizers are jet nebulizers, which are also called 

“atomizers”. Jet nebulizers are connected by tubing to a compressor, which causes 

compressed air or oxygen to flow at high velocity through a liquid chemical to turn it into 

an aerosol, which is then sprayed on the substrate through the optimized ‘L’ type glass tube 

which has small tapering at the substrate side to transmit the fine droplets. Fig. 3.7 represents 

the schematic diagram of the simple nebulizer [26]. 

 

Fig. 3.7 Schematic diagram of a simple nebulizer 
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3.6.2  Venturi effect 

The venture effect is the reduction in fluid pressure that results when a fluid flows 

through a constricted section of the tube. It is a jet effect; as with a funnel velocity of the 

fluid increases as the cross sectional area decreases, with the static pressure correspondingly 

decreasing. When a fluid flows through a tube that narrows to a smaller diameter, the partial 

restriction causes a higher pressure at the inlet than that at the narrow end. According to the 

laws governing fluid dynamics, a fluid’s velocity must increase as it passes through a 

constriction to satisfy the principle of continuity, while its pressure must decrease to satisfy 

the principle of conservation of mechanical energy. Thus any gain in kinetic energy of a 

fluid may accrue due to its increased velocity through a constriction is negated by a drop in 

pressure.  

3.6.3  Working principle of nebulized spray pyrolysis technique 

Fig. 3.8 shows an experimental set-up of NSP technique. This technique consists of 

a nebulizer, “well” shaped furnace connected with a temperature controller and compressor 

unit. The precursor solution was kept inside the nebulizer unit. Nebulizers can vary greatly 

in size and can run, on either electricity gas pressure power. It consists of a compressor that 

pumps oxygen through plastic tubing into a nebulizer that holds the liquid. It has industrial 

applications but is most commonly known as an efficient delivery method to be confused 

with a pump spray, which has small nozzle, nebulizer convents a liquid into an aerosol. The 

purpose of a nebulizer is to create an aerosol, a mixture of gas and liquid particles. 

Nebulizers are attached to an electric compressor and spray unit. The compressor to pump 

air through the device and nebulizer turn the chemical solution into an ‘L’ bend tube on 

common size particles are sprayed as glass plate. 

When the compressed air was passed through the nebulizer, fine clouds of visible air 

born tiny droplets of solution was generated and carried through ‘L’ shaped glass tube to 
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spray on the glass substrates. The temperature of the substrate was raised and controlled by 

a temperature controller. The distance between the edge of ‘L’ shaped tube and the glass 

substrate was approximately 5 cm. The flow rate of the solution was 1 ml/ min. After the 

deposition was over, the samples were kept on the hot plate until it reached to the room 

temperature and then preserved them in desiccators. 

 

Fig. 3.8 Experimental setup of nebulized spray pyrolysis technique 

3.6.4  Advantages of NSP technique  

This technique has some advantages such as an atomization based on pressure 

without using any carrier gas, intermittent spraying and fine atomization.  

 The advantage of chemical spray pyrolysis is manifold: nanostructure of the film 

(compact or porous) can be altered depending on the spray condition, repeatability, 

adherent of deposits and cost effective. Spraying is performed in an ambient 

atmosphere using air as driving gas and in most cases aqueous precursor solutions 

were used 

 The films are having more uniform thickness and there is no pinhole 



Chapter - III                                 Experimental Techniques and Characterization Tools 

 

97 

 The substrate temperature can be varied using temperature controller for each 

deposition in the air atmosphere 

 Only the small amount was consumed in this nebulisation and 10 minutes taken for 

spraying 5 ml of precursor solution i.e the nebulisation rate is 0.5 ml per min 

 Even though high quality and uniform films are synthesized by physical technique, 

they are comparably expensive and highly energy consuming. Nebulized spray 

pyrolysis is a versatile, simple, inexpensive, time saving and efficient way of 

growing thin films at room atmosphere 

 This technique can be scalable to larger area deposition 

 The advantages of the NSP technique over conventional pneumatic spraying is its 

low material consumption with better control of the spray and the soft carrier gas 

flow, which allows the deposition of very thin layers of uniform thickness 

 The films prepared by this technique exhibit low resistivity than other techniques 

which can be exploited for use as electrodes in several situations. 

3.7  CHARACTERIZATION TECHNIQUES 

Thin film characterization technologies are in high demand, given the wide-spread 

use of coatings in all engineering and science fields. Mechanical, functional and geometrical 

properties of thin films can vary dramatically and this fact makes it difficult to find a general 

purpose characterization technique. However, confocal microscopy and interferometric 

optical profiling are among the few methods that can be used for this purpose. In this report 

it is shown how it is possible to characterize the thickness, structure, electrical conductivity, 

morphological and optical properties of various types of films and how this characterization 

technology can deliver higher quality results than those of traditional characterization 

methods, like indentation or scratch testing. 
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3.7.1  Thickness measurement of 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. Film thickness may be measured either by in-sit 

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 after deposition (Fig. 

3.9). It is capable of measuring steps even below100 Å. This instrument can also be used to 

profile surface topography and waviness, as well as measuring surface roughness in the sub 

nanometer range [27].  

 

Fig. 3.9 Schematic diagram and image of MITOTOYO SJ-300 stylus profilometer 

 

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 
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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 sample surface. Then 

the thickness of the sample can be measured accurately by measuring the vertical motion of 

the stylus over the step. 

3.7.2  X-ray diffraction technique 

Fig. 3.10 shows the photograph of X-Pert Pro diffractometer. The most common 

technique for analyzing thin films as thin as 100 Å 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’ [28, 29] for the present study. 

Incident x-ray is impinging on the fixed specimen at a small angle, γ (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 volume, which results from γ being small and x-ray path length in the film being 

large (proportional to 1/sin γ). By increasing the path length of the incident x-ray beam 

through the film, intensity scattered or diffracted 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, 
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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 [30]. Experimentally determined data is compared with 

JCPDS file for standards.  

 

Fig. 3.10 Photograph of X-Pert Pro X-ray diffractometer 

 

Fig. 3.12 X-ray diffraction 
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The inter-planar spacing (d) can be calculated from the Bragg’s formula, 

2 sind n         ...(3.1) 

Where, θ is the Bragg angle, n is the order of the spectrum; λ is the wavelength of 

X-rays which is equal to 1.5405 Å for Cu-Kα radiation used for the present study. Using d 

values, the plane (h k l) can be identified and lattice parameters are calculated with the help 

of following relations for various crystallographic systems. 

For the cubic system 

2 2 2

2 2

1 h k l

d a

 
       ... (3.2) 

For the tetragonal system  

2 2 2

2 2

1 h k l

d a c


         ... (3.3) 

For the hexagonal system 

2 2 2

2 2 2

1 4

3

h hk k l

d a c

  
  

 
        ... (3.4) 

For the orthorhombic systems, 

2 2 2

2 2 2 2

1 h k l

d a b c
          ... (3.5) 

For the rhombohedral systems, 

    
 

2 2 2 2 2

2 2 2 3

sin 2 cos cos1

1 3cos 2cos

h k l hk kl hl

d a

  

 

     


 
    ... (3.6) 

For the monoclinic systems, 

2 2 2 2

2 2 2 2

1 sin 2 cos
cos

 
 

    
 

h k l hl

d a b c ac
      ... (3.7) 

  



Chapter - III                                 Experimental Techniques and Characterization Tools 

 

102 

For the triclinic systems, 

2 2 2
2 2 2

2 2 2

2 2 2 2

sin sin sin
1

1 cos cos cos 2cos cos cos

h k l

a b c

d

  

     

 


   

     ... (3.8) 

Where a, b and c are lattice parameters.  

The crystalline size ‘D’ can be calculated from the Debye-Scherrer formula,  

k
D

Cos



 
         ... (3.9) 

Where, k is a constant equal to 0.9 and β is the full width at half maximum (FWHM) 

measured in radians.  

3.7.3 Scanning electron microscopy (SEM) 

SEM is a powerful and most widely used technique for imaging the surfaces and 

provides information about the surface morphology. The high resolution of SEM makes it a 

convenient tool for probing nano structured materials. SEM is operated at magnifications 

that are easily adjustable from 10× to over 300,000 × with a resolution of 50 nm – 100 nm. 

The major components of SEM are: electron gun or cathode, electron lenses, sample stage, 

detectors for all signals of interest, display and data output devices. 

SEM works on the principle that accelerated electrons carry significant kinetic 

energy. This energy is dissipated as variety of signals produced by electron–sample 

interactions on deceleration of incident electrons. These signals include secondary electrons 

(that produce SEM images), backscattered electrons, characteristic X–rays (used for 

elemental analysis), continuum X–rays, visible light and heat. A stream of monochromatic 

electrons generated by an electron gun is condensed and focused by condenser lens. A set 

of coils is used to scan the beam and the objective lens focuses the scanning beam on one 

point at a time on the desired sample area (Fig. 3.12). The electron beam hits the sample 

producing secondary electrons that are collected by a secondary detector, converted to a 
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voltage and amplified. The amplified voltage is applied to the display unit causing variation 

in the intensity of the light spot. The final image consists of thousands of these spots of 

varying intensity on the display that correspond to the morphology of the sample. In SEM 

analysis, sample preparation is very important depending on the nature of the sample. In 

order to avoid the charging of the surface, most of the samples are coated with a thin layer 

of conducting material, commonly carbon and gold. 

 

Fig. 3.12 Diagram for (a) image formation of a typical SEM (b) instrumental set up 

An improved version of SEM which is capable of examining the sample without any 

conductive coating at low vacuum is field emission scanning electron microscopy (FESEM). 

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 
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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 [30] 

M = L/I        ... (3.10) 

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 is in between 5 nm to 2 μm. The principle image produced in SEM is of three 

types: secondary electron images, backscattered electron images and elemental x-ay maps. 

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. 

3.7.4  Electrical conductivity 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 (ρ or R). If L and B are the length and breadth of a rectangular shaped specimen 

and d is the thickness [31] then 

RBd

L
           ...(3.11) 

Where ρ is the resistivity and its unit is Ω.cm, 
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1




         ... (3.12) 

 

ρ and σ are constants for any particular material at a fixed temperature. However, 

for films, since these are dependent on thickness and grain size unlike the bulk material. 

s

RB
R

d L


         ... (3.13) 

Where, Rs is known as the ‘sheet resistance’ which is expressed in ohm per square. 

If we assume L=B, then 

sR R
d


          ... (3.14) 

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, 

    ρ = d. Rs        ... (3.15) 

a)   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 resistivity 

regime. It is an absolute measurement without recourse to calibrated standards. The idea of 

four point probe was first proposed by Wenner [32] in 1916 to measure the earth’s resistivity 

and in 1954 Valdes [33] adopted this technique for the resistivity measurements of 

semiconductors. 

Fig. 3.13 is an illustration of a collinear four probe setup. Two probes carry the 

current and other two probes sense the voltage. Use off our 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 
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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. 

 
Fig. 3.13  Schematic diagram of four probe set-up 

ρ = 2πs (V/I)       ... (3.16) 

Where s is the distance between the probes, 

b)  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 material 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 + (v x B)      ...(3.17) 

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 RH is defined as 



Chapter - III                                 Experimental Techniques and Characterization Tools 

 

107 

H
H

V d
R

BI
         ... (3.18) 

where, d is the sample thickness in the direction of magnetic field B, VH is the Hall 

voltage and I is the current through the sample [27] . 

The carrier mobility (µ) is determined using the relation  

1

ven



        ...(3.19) 

Where ρ is resistivity, nv is the carrier concentration of the material. The carrier 

concentration (nv) is derived from the relation  

1
v

H

n
eR

         ...(3.20) 

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 thickness. 

 

Fig. 3.14 Photograph of Hall Effect instrument 
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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 of magnetic field at room 

temperature using Ecopia model No. HMS-5000 (magnetic field = 0.57 T and capable of 

current measurement in the range 1–25 mA) (Fig. 3.14). 

3.7.5 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 as its own without the latter [34]. 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 transferred electron depends on which shell it is transferred 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, 

the identity of the atom from which the x-ray was emitted can be established (Fig. 3.15). 
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Fig. 3.15 (a) Emission of X-ray (b) Example of EDAX spectra of CdS thin film 

 

Fig. 3.16 Schematic of electron transitions responsible for the production of  

(a) Kα and Kβ (b) Lα and Lβ X-rays 

 

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. EDAX spectrum normally displays the 

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 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 Kα peak. The peak corresponding to X-rays emitted by electrons transition 

from upper levels to the K-shell is identified as a Kα, Kβ, Lα, Lβ respectively as shown in 

Fig. 3.16. 
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3.7.6  Optical and absorption studies 

The measurement of absorption coefficient and optical band gap of material are 

essential for opto–electronic applications. The absorption coefficient for various energies 

provides information about the optical properties of material. UV–Vis–NIR spectroscopy is 

commonly used for the calculation of optical constants. UV–Vis–NIR spectrophotometer 

measures light intensity (absorbance (%A), reflectance (%R) and transmittance (%T)) as a 

function of wavelength on interaction of electromagnetic radiation with material. Typically, 

a double beam spectrophotometer shown in Fig. 3.17 consists of (i) a deuterium arc lamp 

for the UV spectral range (190 nm – 400 nm) and a tungsten lamp for the visible and near 

IR spectral ranges (300 nm – 1100 nm), (ii) a monochromator composed of a diffraction 

grating, used to select a single wavelength (iii) a sample holder, (iv) a light detector (a photo 

multiplier tube, a photodiode for the UV–Vis–NIR range and a PbS cell for the IR range) 

and (v) a computer to record UV–Vis–NIR spectrum. Most of the semiconductors absorb 

strongly in the visible region of the spectrum, having absorption coefficients of the order of 

104 cm-1. 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 coefficient 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 vibration state of lattice and impurities. These 

absorptions 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. 
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In the absence of any thermal energy, 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. 

 

Fig. 3.17 (a) Schematic diagram (b) sample graph of absorption of light 

(c)  Photograph of a double beam spectrophotometer  

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 gap of the films and the absorption coefficient, (α) as a function of photon 

energy, hν, [35,36]. 

(αhν)p = A (hν-Eg)        ... (3.21) 

where A is a constant and Eg is the optical energy band gap, h is Planck’s constant 

and  is the frequency of electromagnetic radiation 

Nature of transition can be determined by plotting (αhν)p against photon energy. For 

a suitable value of p, straight line behavior of the plot can be obtained and extrapolation of 
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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. 

3.7.7  Photoluminescence (PL) studies 

Photoluminescence (PL) analysis is a powerful tool in the characterization of 

surfaces and interfaces (Fig. 3.18). Although a number of experimental techniques can 

provide detailed mechanical information about interfaces, the optoelectronics industry that 

drives most interface investigations is ultimately concerned with optical and electronic 

properties. Mechanical information is useful because it is closely correlated with these 

properties, but PL measurements explore electronic features directly. Other techniques can 

provide similar access, but they typically require more sophisticated excitation or detection 

schemes. 

Photoluminescence Excitation (PLE) is simple, but it is also quite versatile. The 

excitation energy and optical intensity can be chosen to study different regions and 

recombination mechanisms near interfaces. Because absorption of the incident light depends 

on the excitation energy, this parameter determines the depth of the PL probe. Using PLE, 

absorption and emission energies are observed simultaneously to evaluate the distribution 

of electronic states. The excitation intensity is even more important, controlling the density 

of photo excited electrons. This density is critical in the interpretation of recombination 

dynamics. The PL signal itself is characterized by three essential features: energy, intensity 

and polarization. Because PL is the result of optical transitions between electronic states, 

the PL spectrum gives precise information on the energy levels available to electrons in the 



Chapter - III                                 Experimental Techniques and Characterization Tools 

 

113 

material. The intensity of the PL signal depends on the rate of radiative and nonradiative 

events, which depends in turn on the density of nonradiative interface states. Although 

investigations of PL polarization are still relatively sparse and are not well understood, they 

can identify unique anisotropic features in the underlying crystal. Future work in this area 

should lead to a more complete picture of asymmetry at surfaces and interfaces. PL 

measurements are not sensitive to the pressure in the sample chamber and can be performed 

at virtually any temperature. These features make PL an excellent in situ probe of surface 

or interface modification. Even so, variation of the PL signal with external parameters such 

as temperature and applied bias can provide additional information on the nature of 

interfaces. Temperature-dependent thermal activation of electronic states can be used to 

estimate their depth below the intrinsic bands. An applied bias shifts the bands at the surface, 

permitting evaluation of the zero-bias band bending. Thus, the availability of PL under a 

wide variety of experimental conditions provides for advanced measurement opportunities 

[37].  

 

Fig. 3.18 Photograph of varian cary eclipse photo luminescence spectrophotometer 

Applications of PL analysis range from simple spatial scans of epitaxial wafers to 

exhaustive investigations of excitation-intensity-dependent PL in novel materials. 
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Furthermore, new PL techniques continue to emerge, expanding the arsenal of PL analysis. 

Because PLE is usually absorbed near the surface and interfaces tend to dominate electronic 

behavior in layered systems, PL is especially well suited to surface and interface 

investigations. Interfaces are increasingly important in new optoelectronic materials where 

layered structures are becoming thinner and more complex. Thus, although PL 

measurements have been useful for the characterization and refinement of such materials, 

they can be expected to play an even greater role in the future. 
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CHAPTER – IV  

 

Tin sulfide (SnS) thin films were prepared using chemical spray pyrolysis (CSP) 

technique at different substrate temperatures from 250 °C – 375 °C in steps of 25 °C for 

optimization, using the precursor solutions of stannous chloride and thiourea. Single-phase, 

p-type, stoichiometric, SnS film with direct band gap of 1.59 eV and having very high 

absorption coefficient (105/cm) was deposited at an optimized substrate temperature of  

325 °C. The role of substrate temperature (250 oC – 375 °C) in determining the 

optoelectronic and structural properties of SnS films was established. A comprehensive 

analysis of these films was done using x-ray diffraction, energy dispersive x-ray analysis, 

scanning electron microscopy, optical absorption and electrical measurements. Deposition 

temperatures required for growth of other binary sulfide phases of tin such as SnS2, Sn2S3 

were also determined. 

4.1  INTRODUCTION 

In terms of cost and efficiency, thin film solar cells hold an optimistic fervor as future 

resource for sustainable energy. Now the most developed thin film photovoltaic 

technologies are based on CdTe and CuInSe2 absorber layers. Recently a maximum 

efficiency of 19.9% has been achieved at National Renewable Energy Radio frequency 

Laboratory, United States of America, using Cu(In,Ga)Se2 based absorber layers [1]. But 

these materials, due to the difficulty in maintaining stoichiometry, especially in large area 

films, alleged environmental hazards and high cost of indium are not beneficial in the longer 

run [2]. Hence there is an urgent need for the development of materials that are easy to 

prepare, eco-friendly and having easily available constituents. Tin sulfide (SnS) is one such 
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material, which has high potential in device fabrication due to its non-toxicity and easy 

availability of the constituent materials. It is a IV–VI layered compound semiconductor with 

distorted NaCl type orthorhombic crystal structure [3]. Due to its interesting structural, 

optical and electrical properties, SnS has become an important material for optoelectronics 

and photovoltaics studies [4–7] with many promising technological applications [8, 9]. 

Further, properties like high absorption coefficient [10], direct band gap in the range 1.2–

1.5 eV and indirect band gap in the range 1.0–1.2 eV [7,11] make SnS a more viable material 

for photovoltaic applications. Loferski theoretically proved that a maximum efficiency of 

25% is achievable for this material [12]. Electronic structure and structural calculations of 

SnS were deduced from photoelectron spectra by Ettema et al. [13]. Opto-electronic 

properties suitable for the device fabrication were also reported by several groups [3–7]. 

SnS thin films could be prepared using different techniques such as vacuum 

evaporation [14], radio frequency sputtering [15], electro-chemical deposition [16,17], 

atmospheric pressure chemical vapor deposition [18], plasma enhanced chemical vapor 

deposition [19], brush plating [20], dip deposition [21], chemical bath deposition [22] and 

chemical spray pyrolysis (CSP) [23]. Among these, CSP is one of the simplest and cost 

effective means of thin film deposition, especially when large area deposition is required. 

Moreover, the ease of doping and flexibility of tailoring the stoichiometry make this 

technique more popular in the field and adopt well to our requirements of photovoltaic 

device fabrication. Hence this technique was selected for the deposition of SnS thin films, 

in the present work. 

4.2.  EXPERIMENTAL DETAILS 

Tin Sulfide (SnS) thin films were deposited at different substrate temperatures using 

the indigenously designed and fabricated using spray coating unit [24]. It consists of a base 

plate, in which a heater coil is embedded to facilitate heating, upon which the substrates for 
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film deposition are to be placed. Substrate temperature (Ts) was maintained with the help of 

a feedback circuit which controls the heater supply. Temperature of the substrate can be 

varied from room temperature to 450 °C using this coating unit. During the spray, 

temperature of the substrate was kept constant with an accuracy of ±2 °C. Spray head and 

hot plate with substrates were kept inside a chamber provided with an exhaust fan for 

removing gaseous by-products and vapors of the solvent. Pressure of the carrier gas (air) 

used for spraying the precursor solution was adjusted manually from an air compressor unit. 

With the help of indigenously developed dispensing unit, the spray rate of the solution can 

also be precisely controlled. Spray rate is an important parameter in controlling different 

properties of the films which can be controlled with an automated spray pyrolysis unit so as 

to get good repeatability of film properties.  

In the present work, precursor solution was a mixture of doubly hydrated stannous 

chloride (SnCl2·2H2O) and thiourea (CS(NH2)2). The usage of SnCl2 instead of SnCl4 

reduces material cost as well as the temperature required for deposition substantially, which 

is very vital for device level applications [25]. 

Cleaned boro silicate glass slides, with dimensions of 37×24×1.2 mm3 were used as 

the substrates. For the present study, we prepared sets of films at different substrate 

temperatures from 250 °C to 375 °C in steps of 25 °C. For all the sets, distance of spray 

head from the substrate was 30 cm and the total volume of the solution sprayed was 40 ml, 

which contained equal volumes (20 ml) of SnCl2·2 H2O and (CS(NH2)2) respectively. The 

spray rate was fixed at 2 ml/min since low spray rate favored formation of films with 

superior surface morphology [24]. Further lowering of deposition rate would require longer 

coating durations, which is an undesirable condition. Films were prepared by varying Ts 

from 250 °C to 375 °C in steps of 25 °C with an accuracy of ±2 °C while the molarity of 
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SnCl2·2H2O (MSn) and molarity of CS(NH2)2 (Ms) were kept constant at 0.1 M respectively. 

Higher value of TS was chosen in considering the high vapor pressure of sulfur.  

Thickness of the films was measured using Stylus method (Stylus thickness profiler). 

Structural analysis was performed by employing X-ray diffraction (XRD) using Rigaku 

(D.Max.C) x-ray diffractometer having CuKα (λ = 1.5405A°) radiation and Ni filter 

operated at 30 kV and 20 mA. All samples were scanned in the range 10° to 80° with a scan 

speed of 5°/min. Surface studies of the samples were done with the help of scanning electron 

microscopy (SEM) JOEL, JSM-840. Operating voltage for SEM measurements was 20 kV 

and the surface morphology of the samples was compared with 25,000 magnifications. 

Compositional variation of the samples was analyzed using energy dispersive x-ray (EDAX) 

analysis (operated at 20 kV), which is attached with the SEM (ZeissHR) instrument. Optical 

absorption studies were carried out using UV–Vis– NIR spectrophotometer (Jasco V-750 

model) in the range of 300-1200 nm. Employing Keithley 236 source measure unit, 

electrical characterization was performed using Hall effect and four probe apparatus. Silver 

electrodes were painted on the surface of the film on a fixed area with uniform thickness, 

keeping a distance of 5 mm in between the electrodes for electrical characterizations.  

4.3.  RESULTS AND DISCUSSIONS 

The thin films prepared with different substrate temperatures in the range 250 °C – 

375 °C as said in the procedure given above, were uniform, free from pinholes and cracks 

with dark gray in color. Thicknesses of these six samples deposited with different substrate 

temperatures were determined using Stylus profiliometer.The variation of thickness as a 

function of substrate temperature is plotted as shown in Fig.4.1. It reveals that the thickness 

had decreased linearly as a function of substrate temperature. A similar variation of 

thickness was observed for SnS films prepared at different substrate temperatures by 
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Sebastian et al [24]. This may be due to the re-evaporation of the compounds at elevated 

temperatures. 

 

Fig. 4.1. Variation of film thickness of SnS thin films at different substrate 

temperatures 

 

These films had predominant SnS phase, crystallized in Herzenbergate 

orthorhombic structure, as observed from the XRD patterns shown in Fig. 4.2. For Ts <  

250 °C, white spots were observed all over the film surface, which indicated the presence 

of unreacted precursors, as Ts was lower than the “pyrolytic temperature”. For Ts > 375 °C 

the films were white in color with prominent SnO2 phase. Fig. 4.2 shows XRD patterns of 

films deposited at different Ts (250 °C–375 °C) with SnS peak orientation along (111) plane 

having Orthorhombic crystal structure with lattice parameters a= 4.329 Å, b = 11.19 Å,  

c = 3.983 Å, at 2θ = 31.4932°(JCPDS data card 39-0354). The XRD pattern clearly indicated 

prominent peaks of Sn2S3 phase at lower Ts (250 °C) and SnS2 phase at higher Ts (>375 °C). 

These impurity phases almost vanished for 325 °C Ts the films were having better 
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crystallinity with a single-phase SnS. On increasing the substrate temperature above 350 °C, 

the peaks corresponding to SnS disappears and the compound was almost converted into 

SnO2.This is probably due to re-evaporation of sulphur from the film at such temperatures 

because of its high vapor pressure, leaving a tin riched surface which might have reacted 

with oxygen to form SnO2 as the deposition was carried out at atmospheric pressure. Nair et 

al (25) has reported that the conversion of SnS into SnO2 takes place when the films are 

annealed at such high temperatures. A similar behavior for the films having different phases 

deposited at different substrate temperature was reported by Koteeswara Reddy et al (27). 

Crystallite size of the films was calculated from the peak at 2θ = 31.4932° using the Debye–

Scherer formula, D = 0.9λ/(βcosθ), where D is the diameter of the crystallites forming the 

film, λ is the wavelength of CuKα line, β is the full width at half maximum in radians and θ 

is the Bragg angle. Crystallite size increased slightly as the TS increased from 250 °C to 325 

°C. (From 17nm to 39nm and slighty decreased after optimised temperature). Crystallite 

size of the film prepared at TS = 325 °C was 39 nm. 

The crystallite size increased with the substrate temperature, which is evident from 

the decrease in the full width at a half maximum (FWHM) of the (111) peak. Fig 4.3 shows the 

crystallite size plotted against substrate temperature. The crystallite size increased from 17 

to 39 nm when the substrate temperature increased from 250 °C to 325 °C and then 

decreased at 350 °C and 375 °C.Usually crystallite sizes in sprayed films are increasing with 

the deposition temperature. Reverse effect observed in sprayed tin sulfide films could be 

explained by the formation of secondary phases, which retard the growth of SnS crystallites. 

Sajeesh et al also observed a slight decrease in the SnS crystallite size using higher 

deposition temperatures. 
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Fig.4.2. X-ray diffraction pattern of SnS thin films at different substrate 

temperatures (a) TS =250°C (b) TS =275°C (c) TS = 300°C (d) TS =350°C and  

(e) TS = 375°C.  
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Fig.4.3. Variation of Crystallite size versus SnS thin films at different substrate 

temperatures 

The lattice parameters for the orthorhombic phase were evaluated using the standard 

equation.  

 

2 2 2

2 2 2 2

1 h k l

d a b c
  

        ... (4.1) 

Where h, k and l are the lattice planes and d is the interplanar distance and using the XRD 

data for the films deposited in the range of 250 °C-375 ºC, we can observe that the unit-cell 

parameter for the powder of the SnS with a/c = 1.086. According with this, the lattice 

parameters exhibit a more pronounced change as the temperature of substrate increases. The 

closest value of the unit-cell parameters to the value of the powder is the SnS thin film with 



Chapter - IV                                 Optimization of substrate temperature … SnS thin films 

 

125 

the substrate temperature at 325 ºC with a ratio of a/c= 1.081 and the farther is for the SnS 

thin film grown at 375 ºC substrate temperature with a ratio a/c= 1.254. 

The texture coefficient was determined in order to find the preferential orientation 

of the crystals in the polycrystalline SnS thin films. This factor can be compute from X-ray 

diffraction results using the following relation (2): 
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Where Im(hkl) is the measured relative intensity of the reflection from the (hkl) plane, 

I0(hkl) is that from the same plane in standard reference sample listed in the PDF#39-0354 

database, N is the number or reflection peaks from the film. For a film to have a preferential 

orientation at any (hkl) plane, the texture coefficient must be at least one [25, 26]. From the 

results of the textured coefficient calculations for different planes, it was found that the 

preferential orientation of deposited films with different substrate temperatures was the 

(111) plane. Fig 4.4 shows the graph of the texture coefficient versus the planes of the XRD 

patterns of the thin films grown at different substrate temperatures. 
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Fig. 4.4 Texture coefficient of the SnS thin films at different substrate temperatures 

The strain was calculated using the FWHM´s that can be expressed as a linear 

combination through the following equation: 

 

cos 1 sin   

  
 

     ... (4.3) 

Where β is the measured FWHM in radians, θ is the Bragg angle of the diffraction peak, λ 

is the x-ray wavelength, ε is the effective particle size and η is the effective strain. In the Fig 

4.5 we observed a strain versus substrate temperature of the SnS thin films, the lower strain 

is for the thin films grown at a substrate temperature of the 250 ºC and increase as the 

substrate temperature increase. The SnS thin film grown at 350 ºC exhibit the highest value 

of the strain, this could be due to the high temperature of the substrate and consequently the 

low mobility of atoms to have a better arrangement in the poly crystal. 
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Fig. 4.5 Strain versus different substrate temperatures 

4.3.1  Morphological Properties 

Surface morphology of the sample showed noticeable changes when Ts increased 

from 300 °C to 375 °C. It is evident from the SEM image shown in Fig. 4.6d that the samples 

prepared at Ts = 325 °C had needle like polycrystalline growth, while from Fig.4.6c, it is 

clear that for samples prepared at Ts = 300 °C the surface is smooth with regular spherical 

grains. These images agreed well with the SEM images and confirm that film surface 

changed from regular spherical grain structure to needle like structures with increase in 

temperature from 250 °C to 325 °C 
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Fig. 4.6. Scanning electron microscope ( SEM ) images of SnS thin films for different 

substrate temperatures from 250 °C – 375 °C 

 

Thickness of the films decreased from 1.038 µm to 0.45 µm with the increase in Ts 

(Fig. 4.1). This might be due to the re-evaporation of the compounds at elevated 

temperatures. Such a decrease in thickness with increase in Ts for films fabricated using 

CSP has been reported earlier [24] 
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Atomic ratios of Sn and S in the films were examined using EDAX. Variation of 

Sn/S ratio in the films with respect to the Ts is depicted in Fig. 4.7. It was observed that, as 

Ts was increased, the sulfur incorporation in the film also increased and at Ts = 325 °C we 

obtained nearly stoichiometric SnS films. But at still higher Ts (>375 °C) the sulfur content 

in the film started decreasing, probably due to re-evaporation of sulfur owing to its high 

vapor pressure. 

 

Fig.4.7 Energy dispersive X-ray (EDX) spectra of SnS thin films for different 

substrate temperatures from 250 °C – 375 °C 
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4.3.2  Optical Properties 

The dependence of absorption coefficient on photon energy is of importance in 

studying energy bandgap and transition of electrons. The relation between absorption 

coefficient (α) and the incident photon energy hν is given by  

(αhν)2=k(hν-Eg) 

Where k is proportionality constant and Eg is the direct transition band gap. Thr 

transmittance spectrum recorded in the wavelength range 300-1200 nm using double beam 

spectrophotometer. From the Fig.9, the absorption edge primarily shifted from lower 

wavelength to higher wavelength region and then shifted towards lower wavelength with 

increase of substrate temperature. The existence of shifting near the fundamental absorption 

indicated the presence of different phases in the films. 

Optical band gap of the films was determined from the (αhν) 2 versus hν plot (Fig. 

4.10). All the samples had very high absorption coefficient (105 cm−1). Linearity of the 

graphs confirmed that all the SnxSy thin films had direct band gap. Band gap of the SnS 

films prepared at Ts = 325 °C was 1.59 eV which is almost same as that for single-phase 

SnS films. For SnS films deposited in the range 250 °C to 375 °C, band gap was found to 

vary. There was no significant variation in the grain size with TS, in this temperature range 

which might affect the band gap. (Fig.4.12) depicts the variation of band gap for the entire 

range of Ts. Here we can observe close similarity with the graph giving the variation of Sn/S 

ratio (Fig.4.11). This indicates the dependence of band gap on composition. The high value 

of band gap at lower and higher temperature is probably due to the formation of Sn2S3 and 

SnS2 phases respectively [27]. Nearly stoichiometric and single phase SnS films were 

observed at 325 °C, with an absorption coefficient of α >105 cm-1 and the evaluated energy 

band gap was 1.59 eV which was good agreement with Akkari et al. on SnS deposited by 
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chemical bath deposition method.This similar type of variation in energy bandgap with 

substrate temperature was reported by Reddy et al., Lopez and Ortiz. 

 

Fig.4.8. Absorbance spectra of SnS thin films at different substrate temperatures 

 
Fig.4.9. Transmittance spectra of SnS thin films at different substrate temperatures 
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Fig.4.10. Energy band gap of SnS thin films at different substrate temperatures 

 

Fig.4.11. Variation of Sn/S ratio with different substrate temperatures 
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Fig.4.12. Variation of Band gap of the films with different substrate temperatures 

4.3.3  Electrical Properties 

Resistivity of the films decreased from 5 × 103 Ω cm to 5 Ω cm with the increase in 

Ts. High value of resistivity of the films prepared below 300 °C was probably due to 

presence of mixed valent compound Sn2S3. Hot probe analysis was carried out on the sample 

to determine the conductivity type. This measurement indicated that the films prepared in 

the range Ts = 300 °C–375 °C were p-type and the films prepared at Ts = 300 °C showed 

fluctuating nature in hot probe analysis, which may be due to the very high resistivity of 

these films. Hence it can be concluded that films prepared at 325 °C have the optimal 

qualities of an absorber layer in terms of crystallinity, high absorption coefficient, band gap 

and stoichiometry. Therefore Ts = 325 °C was chosen for further deposition of SnS films. 

The electrical resistivity, carrier concentration and mobility of the films deposited at 

different substrate temperature are given in table1. The resistivity value increases rapidly 

with increasing substrate temperature the presence of mixed phases like SnS2 and Sn2S3 with 
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SnS, that are highly[ resistive, might be responsible for the resistivity, exhibited by the films 

deposited at the lower temperature. The films formed at higher substrate temperature like 

375 °C showed lower resistivity, which was due to presence of conductivity oxide phase of 

Sn-O-S along with SnS. However, single phase SnS film deposited at 325°C had resistivity 

value of 7.897x103 Ω-cm, a net carrier concentration of 2.163x 1014 and mobility 3.65x10-1 

cm2/Vs. The similar behaviour for SnS films has been reported by Koteeswara Reddy and 

Ramakrishna Reddy. 7.2.  

Table 4.1 Electrical resistivity, Carrier concentration and Mobility for SnS thin films 

deposited at different substrate temperatures 

Substrate 

temperature(° C) 

Resistivity 

x103 (Ω-cm) 

Carrier 

concentration 

x1014 (cm-3) 

Mobility 

(cm2/Vs) x10-1 

250 7.67 4.37 3.45 

275 7.77 9.31 8.62 

300 7.84 4.85 1.64 

325 7.90 2.16 3.65 

350 8.09 9.17 8.41 

375 8.02 5.32 1.46 

 

 

4.3.4.  Optimization of precursor at different temperature for p-type SnS absorber 

layer.  

Ratio of anionic to cationic precursors in the spray solution plays a significant role 

in compound formation as well as in determining optoelectronic properties of the films, 

especially when the samples are prepared using CSP technique. Hence the films were 

prepared for optimizing concentration of precursors to obtain single-phase p-type SnS films 

so that it can be used as absorber layer in solar cells. Analyzing the films deposited by 

varying Ts, we could optimize Ts required for obtaining single-phase SnS at 325 °C of 0.1 

M in the precursor solution resulted in the formation of films with SnS phase only. But for 
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Ts > 375 °C, SnO2 was dominating and films showed presence of the ‘mixed valency’ 

compound Sn2S3, as observed from the XRD pattern (Fig. 2). 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 and when we select 0.1 M as the value of Ms, the 

substrate temperature of 325 °C is found to be optimum for depositing SnS films. 

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

resistivity measurements using ‘two probe method’ gave a resistivity value of 60 Ω cm. 

4.4.  CONCLUSION 

SnS thin films were prepared using Chemical spray pyrolysis technique at different 

deposition temperature using stannous chloride and thiourea as precursor solution and they 

were optimized for fabrication of stoichiometric SnS films that can be used as p-type, direct 

band gap absorber layer suitable for solar cells. Band gap engineering of single-phase SnS 

thin film was achieved in the temperature region 250 °C-375 °C, which finds application in 

fabrication of solar cells. For all the deposition temperatures, p-type SnS films were 

obtained and the films were highly absorbing with suitable direct energy bandgap for 

fabrication of SnS homojunction. Highly photosensitive SnS films which had photocurrent 

value thrice that of the dark current, can also find application as smart material. 
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CHAPTER – V  

 

5.1  INTRODUCTION 

Semiconductor thin films have fascinating application in the field of photovoltaic 

energy conversion [1–3]. Tin sulfide is IV-VI class of compound forming a multiplicity of 

phases such as SnS, SnS2, Sn2S3, Sn3S4, etc. due to their varying coordinating characteristics 

of tin and sulfur. Amongst these semiconductors, tin sulfide (SnS) has NaCl type structure. 

Thin film of tin sulfide is composed of sheets of tin atoms and sheets of sulfur atoms [4] and 

has many properties like high optical absorption co-efficient (>104 cm−1) in the visible 

region [5], p-type electrical conductivity [6,7], wide optical band gap [8], etc. These 

properties support the use of this material as a window layer in thin film solar cells [9]. Ozin 

and co-workers reported that excellent gas sensors can be fabricated for sensing NH3, H2S 

or alcohols with nanoporous SnS. Thin films of SnS were fabricated by various techniques 

like close-spaced sublimation [11], sulphurization of metallic precursors [12], atmospheric 

pressure chemical vapor deposition [13], chemical vapor transport [14], chemical deposition 

[15], vacuum evaporation [16,17], dip coating [18,19], solvothermal process [20], chemical 

spray pyrolysis technique. The ratio of molarities of thiourea solution was kept constant at 

0.2 M.  

5.2  EXPERIMENTAL DETAILS 

 Tin sulfide thin films were deposited onto amorphous glass substrates with different 

precursor concentrations of tin species by spray pyrolysis technique. The molarity of 

thiourea solution was kept constant at 0.2 M and the concentration of the tin species varied 

from 0.05M to 0.25M in steps of 0.05M. A detailed description of the mechanism of spray 
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pyrolysis method has been given by Amalraj et al. [24]. The precursor solutions of tin II 

chloride di hydrate (MSn) (SnCl.2H2O) and thiourea (MS) (CS (NH2)2) were prepared 

separately using a solvent containing de-ionized water and isopropyl alcohol in 1:1 ratio, 

respectively. Two drops of concentrated hydrochloric acid were added for complete 

dissolution. An equal volume of Tin II chloride di hydrate and thiourea solutions were mixed 

together and sprayed onto the hot glass substrates with an area of 75 × 24 mm2. The 

deposition parameters like the substrate temperature, carrier gas pressure, volume of the 

solution and nozzle to substrate distance were fixed as 325° C, 0.8 Kg/cm2, 40 ml and 1 cm, 

respectively. After deposition of these films, it was allowed to cool to room temperature, 

cleaned with distilled water, dried and then stored in a desiccator. 

5.3  RESULTS AND DISCUSSION 

The color of the thin film prepared with 0.05 M concentration was pale golden 

yellow with less adhesion to the substrate. Thin films prepared with 0.1 M, 0.15 M and 0.2 

M concentrations had good adherence and were gray in color. The obtained film looked 

shiny with multiple colors due to internal multiple reflections and dark gray in color due to 

transmitted light. For 0.25 M concentration, the film appeared with brown color along the 

edges of the film and with a dark gray in the middle with good adhesion. This variation in 

the color may be due to light variation in the temperature of the substrate which may be 

evident and prominent at higher concentration. The thickness values were determined as 

300, 350, 410, 555 and 520 nm for the samples prepared with the tin precursor 

concentrations of 0.05, 0.1, 0.15, 0.2 and 0.25 M, respectively. 
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5.3.1  Structural Studies 

The XRD profiles of these five samples are shown in Figure 5.1. From the XRD 

profiles, all the SnS thin films showed a broad peak around 31.7° with a preferential 

orientation along (111) plane revealing the polycrystalline nature having the Orthorhombic 

structure. The peaks corresponding to other planes of SnS were not observed, indicating 

these SnS films were highly textured. This orientation (111) was well matched with the 

JCPDS file no-39-0354. The low intensity diffraction peak was observed around 31.7° at 

the precursor concentration of 0.05 M. The intensity of diffraction peak shows 

polycrystalline phase became more intense and sharp with the increase in precursor 

concentration up to 0.2 M, which shows an enhancement of the crystallinity of the layers. 

Above this precursor concentration, the peak intensity of the (111) is reduced and other 

peaks corresponding to Sn2S3 and SnS2 materials such as 21.33° (110) and 14.88° (001), 

respectively, started to appear. At higher precursor concentration of tin species, the presence 

of multi-phases (Sn2S3 and SnS2) along with SnS phase might be due to less availability of 

sulfur atoms. These peaks are in good agreement with the standard JCPDS card No-72-0031 

(Sn2S3) and 23-0677 (SnS2). At higher precursor concentration of 0.25 M, growth in the 

surface of the substrate and leads to the nonlinear growth in this precursor concentration 

leads to the homogeneous reaction which in turn leads to the peeling of the films, therefore 

the thickness with precursor concentration can attributed to the decrease in intensity of (111) 

peak. 
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Fig. 5.1 XRD of SnS thin films with different precursor concentrations 

From the XRD pattern of all the SnS films, the peak slowly increased with the 

increase in precursor concentration of 0.2 M, the peak fully disappeared and started to 

appear for further increase in precursor concentration. The hump of SnS film was formed 

due to X-rays reflected from the amorphous glass substrates. From the XRD profiles, it was 

concluded that single phase material of SnS could be prepared with cation precursor 

concentration in the range of 0.05 to 0.2 M, the latice parameter values of the peak were 

determined from the orthorhombic structure these values were comparable with JCPDS 

standard data (JCPDS card No.39-0354). 

 The peak position (2θ), FWHM values and stacking fault probability (α*) present in 

all the samples were calculated and listed in table. 5.1. The crystallite size, strain and 

dislocation density was determined [26] and was tabulated in table 5.1. The dislocation is 

an irregularity in the crystal structure. It can strongly affect many properties of the materials. 

Crystalline material contains periodic structure with the molecules or atoms placed in 

repeating fixed positions and this periodicity can be determined by the unit cell parameters. 

The dislocation or the crystallographic defects interrupt the regular periodic lattice structure. 
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The dislocation density (δ) can be evaluated using relation [27]. The stacking fault 

probability (α*) is a fraction of layers that undergo stacking sequence faults in a given 

crystal. The stacking fault probability affect the optoelectronic properties of the films due 

to the distorted lattice and was determined using the relation [28]. The sizes of the 

crystallites in all the cases are found to be in nano range (5 nm – 35 nm) and these 

nanocrystallites explain that the SnS thin films have larger nucleation rate than the growth 

rate due to more number of nucleation centers that exist on the substrate surface [29]. The 

size of the SnS crystallites found to increase from 5 nm to 35 nm with the increase in 

precursor concentration from 0.05 to 0.2M. The increase in crystallite size may be attributed 

to the improvement of the crystallinity and an increase in the cluster formation owing to 

increase of precursor concentration leading to agglomeration of small crystallites. These 

agglomerated crystallites combine together, resulting in the formation of larger crystallites 

with better crystallinity. The crystallite size decreased to 13 nm when the precursor 

concentration was increased up to 0.25 M, where the decrease may be due to the lesser 

thickness corresponding to 0.2 M film thickness and hence less agglomeration among them. 

Kherarchi et al. [30] had reported the similar crystallite size values (12.35 nm - 16.98 nm) 

on the influence of various tin molarities for SnS thin films prepared by an ultrasonic spray 

technique. The crystallite size of the SnS can be affected by so many factors such as 

impurities, defects and heating conditions. Figure 5.2 shows the variation in the crystallite 

size, strain and dislocation density of the films as a function of precursor concentrations. 

The lattice strain, dislocation density and stacking fault probability of the films decreases 

with an increase in precursor concentration up to 0.2 M and is increased for further 

increasing of molar concentration. From these observations, it is clear that when the 

precursor concentration of tin increases, the crystallite size increases and this leads to a 

decrease in grain boundaries, lattice strain, dislocation density and stacking fault probability. 
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The decrease in grain boundaries at higher precursor concentration (0.2 M) indicates the 

reduction of crystal lattice imperfections and formation of high-quality films. 

Table 5.1 Variation of structural and elemental properties of SnS thin films with 

different precursor concentration 

Precursor 

concentration 

(Msn) 

Peak 

position 2θ 

(degree) 

FWHM 
Crystallite 

size (nm) 

Stacking 

fault (×10−3 

J/m2) 

Elemental 

composition 

Sn 

(at.%) 

S 

(at.%) 

Sn/S 

ratio 

0.05 31.7662 0.4920 11.9 20.82 50.5 49.5 1.02 

0.1 31.7710 0.4920 17.5 9.5 52.2 47.8 1.12 

0.15 31.7847 0.4920 19 5.5 56.3 46.7 1.14 

0.2 31.7932 0.3936 29.2 4.1 53.9 46.1 1.17 

0.25 31.6292 0.5904 14.6 8.6 54.4 45.6 1.19 

 

Fig. 5.2 The variation of structural parameters with different tin concentration of 

SnS thin films 
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5.3.2  Surface Morphology 

The surface morphology of tin sulfide thin films was grown by spray pyrolysis 

technique with different tin precursor concentrations and was characterized and analyzed by 

photographing the scanning electron microscope images as shown in Figure 5.3. These SEM 

photographs were recorded with magnifications of about 20,000. The SEM images show 

that the surface morphology strongly depends upon molar concentrations of the tin species 

solutions. For the films formed with the molar concentrations of 0.05–0.2 M, the solution 

droplets containing tin chloride and thiourea reach the substrates where the evaporation of 

solvent occurs thereby forming a solid phase of SnS in the form of thread-like crystallites. 

The needle-shaped grains of SnS were spread homogeneously over the surface of the films. 

It has been observed that needle-shaped SnS grains are found to increase in size with an 

increase in precursor concentrations. The definite and well-grown plate like formation of 

grains was observed for the film prepared with the precursor concentration of 0.2 M. Similar 

needle-shaped grains for SnS films were observed in the earlier reports [13,31,32]. 

However, the surface morphology of the film prepared with the precursor concentration of 

0.25 M is distinctly different from other SEM images. The high density of clusters or heaps 

was randomly distributed on the surface of the film at the higher precursor concentration of 

tin species due to faster nucleation and their grain boundary not being clearly visible. When 

increasing the precursor concentration from 0.2 to 0.25 M, there is a lower probability of 

rearrangement of the arriving material and the inhomogeneity increases inducing the 

formation of clusters [33]. Such morphology may be due to the presence of multiphase (SnS2 

and Sn2S3) material along with SnS material which was evident from the XRD analysis 

discussed earlier. 
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Fig. 5.3 SEM images of SnS thin films with different precursor concentrations 

EDAX spectrum of tin sulfide thin film prepared with the precursor concentrations 

of 0.05-0.25 M was recorded in the binding energy region of 0.5– 13.0 KeV as shown in 

Figure 5.5. The atomic percentage of tin and sulfur was observed as 50.5% and 49.5%, 

respectively, for the first sample (0.05 M). The atomic percentage of sulfur had decreased 

from 49.5% to 45.6% when increasing the precursor concentrations from 0.05 to 0.25 M, 

respectively. The nearly correct stoichiometric ratio of 49.5:50.5% was observed for tin and 

sulfur at the precursor concentration of 0.2 M. For 0.25 M precursor concentration, the 

atomic percentage of tin and sulfur was observed as 54.4 and 45.6 %, respectively, which 

predicts the mixed phases of SnS2, Sn2S3 and SnS present in this film prepared with a 

precursor concentration of 0.25 M. The changes observed in the stoichiometric ratio with 

precursor concentration were also supported by the structure analysis and surface 
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morphology. Variations of tin and sulfur percentage with different precursor concentrations 

were listed in Table 5.1. 

 Below 600 nm, multiple interference effect was not predominant in all the films, 

which may be due to the absorption of such photons and hence the absence of coherence 

[6]. The transmittance value of all the SnS films is in the visible region and it decreased with 

an increase in precursor concentration from 0.05 M to 0.2 M and with further increase in the 

precursor concentration to 0.25 M, the transmittance had increased. The decrease in 

transmittance may be attributed to the increase in film thickness which leads to an inversion 

in loss of intensity due to absorption and scattering. Thus the absorption coefficient “α” of 

the SnS thin film was calculated in the visible region using thickness “t” and the absorption 

spectrum. The variation of “α” with wavelength is plotted for these SnS thin films as shown 

in Figure 5.6. The calculated absorption coefficient value for SnS films exceeds 104 cm−1, 

which indicates that the layers were with high absorption value. Hence, the layers might be 

suitable for photo voltaic devices [35]. The absorption is more for high-energy photons in 

the recorded region for this SnS material. A similar absorption coefficient value had been 

reported by Wang et al. [31]. 

 

Fig. 5.4 EDAX images of SnS thin films with different precursor concentrations 
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5.3.3  Optical Properties 

 The optical transmittance spectra obtained from the recorded absorption spectra of 

the as grown SnS thin films prepared with different tin precursor concentrations are shown 

in Figure 5.5. The multiple interference effect was observed for all the five samples in the 

wavelength region of 400–1100 nm, which confirms the formation of uniform and smooth 

films. 

 

Fig. 5.5 A plot of transmittance spectra of SnS thin films with different precursor 

concentrations 

 Below 600 nm, multiple interference effect was not predominant in all the films, 

which may be due to the absorption of such photons and hence the absence of  

coherence [6]. 

 The transmittance value of all the SnS films is in the visible region and it decreased 

with an increase in precursor concentration from 0.05 M to 0.2 M and with further increase 

in the precursor concentration to 0.25 M, the transmittance had increased. The decrease in 

transmittance may be attributed to the increase in film thickness which leads to an inversion 

in loss of intensity due to absorption and scattering. 

 Thus the absorption coefficient “α” of the SnS thin film was calculated in the visible 

region using thickness “t” and the absorption spectrum. The variation of “α” with 
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wavelength is plotted for these SnS thin films as shown in Figure 5.6. The calculated 

absorption coefficient value for SnS films exceeds 104 cm−1, which indicates that the layers 

were with high absorption value. Hence, the layers might be suitable for photo voltaic 

devices [35]. The absorption is more for high-energy photons in the recorded region for this 

SnS material. A similar absorption coefficient value had been reported by Wang et al. [31]. 

 

Fig. 5.6 A plot of absorption co-efficient with wavelength of SnS thin films with 

different precursor concentrations of tin species 

 

The optical band gap (Eg) can be determined from the absorption coefficient (α) and 

photon energy (hυ) by the equation.    p

g
EhAh    where A is a constant, h is 

planck’s constant, ν is the frequency and p has 2, 3, 2
1 and 2

3  values for allowed indirect, 

forbidden indirect, allowed direct and forbidden direct transitions respectively . A graph was 

plotted against (αhν)2 and photon energy (hν) as shown in Figure 5.8. The straight line 

portion was extrapolated to photon energy axis to give bandgap Eg. The direct optical 

bandgap of SnS thin films were founded to be 1.78, 1.76, 1.75, 1.74 and 1.755 eV 

respectively coresponding to increase in precursor concentrations from 0.05 M to 0.25 M. 

Fadavieslam et al [36] had reported similar direct optical bandgap values from 1.63 to 1.81 
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eV for SnS thin films as a function of deposition conditions on the physical properties by 

spray pyrolysis method. Kherchachi [30] had studied the same energy bandgap value ranged 

from 1.23 to 1.8 eV for SnS thin films grown by ultrasonic spray pyrolysis method. The 

direct optical bandgap values decreased to a minimum of 1.23 eV at 0.2 M with an increase 

in precursor concentration from 0.05 M and with further increase in the precursor 

concentration to 0.25 M, the bandgap value had increased to 1.8 eV respectively. Generally 

the decrease in optical bandgap may be attributed to the increase in crystllite size [37], 

thickness and crystallinity[38], roughness and grain size. In the present study it is believed 

that increase in crystallite size and crytallinity is accountable for the decrease in the bandgap, 

which is evidenced by XRD results. The increase in bandgap at 0.25 M can be attributed to 

the decrease in thickness and crystallite size at that concentration comparing to 0.2 M, 

leading to its corresponding electronic structure. Since, the peak heights corresponding to 

SnS2 and Sn2S3 phases are very small compared to that of SnS, the presnce of those materials 

corresponding to the two phases other than SnS will be very small. The bandgap of values 

of Sn2S3 and SnS2 are of the order of 1.64 eV [39] and 2.75 eV [40], respectively. The 1.755 

eV bandgap of 0.25 M film is more than that of 0.2 M (1.75 eV). This shows that the 

presence of other two phases does not have any influence on the band gap of SnS. 
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Fig. 5.7 The (αhν)2 versus hν curves for the optical band gap determination of SnS 

thin films at different concentration of tin species 

 

Fig. 5.8 PL spectra of SnS thin films with different precursor concentrations of tin 

species 

 

 In general, the luminesence property of the films has a close relation with the film 

crystallinity because the density of the defects in film reduces with an improvement of the 

crytallinity. The PL emission spectrum for all the samples was measured in the wavelength 

range of 650 to 750 nm at an excitation wavelength of 450 nm. PL spectra of SnS thin films 



Chapter - V                                 Effect of Tin Precursor Concentration … Tin Sulfide Thin Films 

 

151 

deposited at various Sn molarities are sholwn in Figure 5.9. All the SnS films exhibit a 

strong luminescence peak near band edge emissions (NBE) at 755 nm (1.75 eV) (blue) due 

to recombination of bound excitons. All the films show only the NBE peak in the visible 

region and IR and UV emission peaks were not observed in these films indicating a good 

optical quality of the films. 

 It is seen from the figure that the NBE emission peak very slightly shifted toward 

higher wavelength side when the precursor concentration is increased up to 0.2 M and with 

further increasing the precursor concentration it shifted toward lower wavelength side. This 

result is well matched with the optical band gap values. This result reveals that the peak is 

maximum for the sample prepared with the precursor concentration of 0.2 M. The single 

emission peak in the present study may indicate the compound SnS prepared by this 

nebulized spray pyrolysis technique is free from above defects like sulfur vacancies and 

interstitials tin atoms. It reveals the fact that no impurity levels or defect levels were present 

within the forbidden band gap. Wang et al. [41] had reported the PL emission peak at 420 

nm for the SnS nanocrystallites. The gradual increase in peak intensity was observed with 

increasing the precursor concentration up to 0.2 M. The increase in peak intensity with an 

increase in precursor concentrations indicated the development in crystalline quality and 

hence an increase in density of free excitons [42]. The decrease in peak intensity was 

observed in PL spectra when the precursor concentration increased up to 0.25 M. As the 

thickness decreases, the number of molecules and hence the population will decrease which 

in turn decreases the peak height. 

5.3.4  Electrical Properties 

 The electrical resistivity, carrier concentration and Hall coefficient of SnS thin films 

grown at different precursor concentrations were determined by Hall Effect measuring 

instrument at room temperature and the corresponding values are given in Table 2. The 
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resistivity of the SnS thin films decreases from 585 × 103 Ω cm to 2 × 103 Ω cm with the 

increase in precursor concentration from 0.05 M to 0.2 M. The decrease in resistivity may 

be attributed to the increase in crystallite size which leads to a decrement in the trapping 

states at grain boundary [43]. The grain boundary plays an important role between the 

crystallites and the carrier transport. It can act as a trap center in an incomplete atomic 

bonding, which depletes the free charge carriers and as a resultant, more number of free 

carriers become immobilized as trapping state increase. The resistivity again increases to  

9 × 103 Ω cm, while the precursor concentration had increased to 0.25 M. These thin films 

are found to exhibit n-type electrical conduction. The Hall mobility and bulk carrier 

concentration increases with increase in precursor concentration up to 0.2 M and decreases 

with the further increase in precursor concentration. 

Table 5.2 The optical and electrical parameters of SnS thin films with different 

precursor concentrations of tin 

Precursor 

Concentration 

(Msn) 

Thickness 

(nm) 

Band 

gap 

(eV) 

Resistivity 

(×103 Ω 

cm) 

Carrier 

Concentration 

(×1013 cm−3) 

Mobility 

(cm2/Vs) 

Hall 

coefficient 

(×105 

cm3/c) 

0.05 299 1.78 90.82 1.124 6.114 −5.55 

0.1 338 1.76 18.24 1.974 17.33 −3.16 

0.15 410 1.75 10.08 2.600 23.81 −2.41 

0.2 555 1.74 2.192 7.683 37.15 −0.82 

0.25 520 1.755 9.027 2.172 31.83 −2.87 

 

5.4  CONCLUSION 

 SnS thin films were prepared with different precursor concentrations of tin species 

from 0.05 M to 0.25 M (in steps of 0.05 M) by spray pyrolysis technique successfully. The 

ratio of Thiourea solution was kept constant at 0.1 M. The as-deposited SnS thin films were 
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smooth, shiny, adherent and dark brown in color. XRD studies showed polycrystalline 

nature of the films having orthorhombic structured crystallites with the preferential 

orientation of (111) plane for the above precursor concentrations. For the precursor 

concentration of 0.25 M, mixed phases of Hexagonal and Orthorhombic were present. 

Direct allowed optical band gap was found to be present in all these SnS thin films, which 

may be suitable for preparing better quality solar cells. The surface morphology of SnS thin 

films was defined with needle-like structure. The EDAX result revealed the exact 

stoichiometry for the SnS film prepared with the precursor concentration of 0.2 M. The 

electrical resistivity of SnS thin films had been decreased by increasing the precursor 

concentration from 0.05 to 0.2 M. A minimum electrical resistivity was observed as 2.19 × 

103 Ω cm for the precursor concentration of 0.2 M. These thin films were found to exhibit 

p-type electrical conduction. From the above results, it can be concluded that this tin sulfide 

thin film is a good candidate for the fabrication of solar cell and photo detector devices. 
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CHAPTER – VI  

 

6.1  INTRODUCTION 

 In recent past, more importance has been committed in the field of IV-VI class of 

semiconducting compounds on account of their optoelectronic properties and applications 

[1-5]. Tin Selenide (SnSe) is a narrow band gap, binary IV–VI semiconductor, suitable for 

various optoelectronic applications like memory switching devices, photovoltaic, light 

emitting devices (LED) and holographic recording systems [6-8]. Because of their 

anisotropic character, the tin chalcogenides are attractive layered compounds and can be 

used as cathode materials in lithium intercalation batteries [9] and decreasing the photo 

corrosion reaction [10]. Considerable attention has been devoted by various authors to the 

preparation of SnSe thin films by different methods like vacuum evaporation [11-21], flash 

evaporation [22], hot wall epitaxy [23,24], reactive evaporation [25], electrodeposition [26–

29], laser ablation [30,31], brush plating [32], chemical bath deposition (CBD) [33], 

electrochemical atomic layer epitaxy (ECALE) [34] and spray pyrolysis [35,36] to study 

various physical properties. Among these methods, although high quality and uniform films 

are prepared by physical technique, they are comparably costly and highly energy 

consuming. Nebulized spray pyrolysis is a simple, versatile, inexpensive, time saving and 

efficient way of growing thin films at room atmosphere. This technique can be scalable to 

larger area deposition. The nebulized spray pyrolysis technique (NSP) has been widely used 

to deposit binary and ternary oxide thin films such as MgO [37], tin doped zinc oxide [38], 

Cd-doped SnO2 [39], GdxZn1-xO [40] and Na-doped ZnO [41]. Xiaorong et al [37] reported 



Chapter - VI                                 Influence of substrate temperature...... SnSe thin films 

 

159 

that this technique has advantages like the simplicity of the apparatus and low price of raw 

materials. E.E.Ebsenso et al [42] had reported deposition of a quaternary oxide,  

Ln1-xSrxCoO3 (Ln=La, Nd and Gd) and ternary oxide, SrRuO3 thin films by nebulized spray 

pyrolysis technique. It was observed that the film prepared by this technique exhibits low 

resistivity than other techniques which can be exploited for use as electrodes in several 

situations. SnSe Thin films were not deposited previously by NSP technique.  

 In this work, an attempt was made to deposit SnSe thin films by simple nebulized 

spray pyrolysis technique. The observations of this study reveal that SnSe thin films have 

good semiconducting nature and seem to be a promising candidate for solar cell 

applications. The structural, morphological, compositional, optical and electrical properties 

of the films were investigated and analyzed.  

6.2 EXPERIMENTAL TECHNIQUE 

 The problems associated with solution-based methods can be addressed to some 

extent by using fabrication technique based on nebulized spray pyrolysis technique of thin 

films. In the following section, we will discuss in detail of material and methods used for 

preparing SnSe thin films and the characterizing techniques for analyzing the SnSe thin 

films. 

6.2.1  Materials and methods 

 SnSe thin films were deposited on glass substrate by spraying an aqueous solution 

containing 0.1 M of SnCl2 (Sigma-Aldridch) and Se powder (Himedia) with nebulized spray 

technique. Substrate cleaning plays an important role in the deposition of thin films. The 

contamination of the substrate surface may cause nucleation sites facilitating the growth, 

which results in non-uniform film growth. Hence, the micro glass substrates of dimensions 

7.5 x 2.5 x 0.25 cm3 were first washed well with detergent. The washed glass slides were 
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put in hot chromic acid for 1h to remove grease or oil. Then, they were rinsed with acetone 

and double distilled water before the deposition of the films. In this study, different substrate 

temperatures (Ts) were used for thin film deposition. The air as carrier gas, flow rate was 

kept at1 kg/cm2 corresponding to an average pressure solution rate of 5ml per 15 minutes. 

The volume of solution was taken as 10 ml per substrate. Films are very shiny and color in 

blackish gray. All the films were kept on the hot plate until the substrate temperature is 

reached to room temperature and then preserved them in sealable pockets. 

6.2.2  Characterization technique 

 The chemical and structural phases of the SnSe films were determined by X-Pert Pro 

X-ray diffractometer (CuKα, λ=1.5418 Å) over a 2θ range of 10 - 70o. The optical properties 

using optical absorption spectrum were measured using UV-Vis-NIR double beam 

spectrophotometer (HITACHI U3410 model) over the wavelength range 300 – 1100 nm. 

Scanning electron microscope (SEM) was used to detect the dispersion of particles, rough 

morphology and the particle size on the surface of the film. The surface morphology of the 

as-deposited SnSe films was examined by scanning electron microscope (SEM, GENESIS 

model). The chemical composition of Sn and Se was determined by energy dispersive 

analysis by x-rays (EDAX) on K and L lines. The electrical conductivity of the as-deposited 

films was determined by Hall Effect measurement system by ECOPIA-HMS 5000 model. 

The thickness of the SnSe layers was found with a stylus profile meter (MITUTOYO, SJ-

301). The variation of electrical conductivity with temperature was studied from 313 to 

388K the four-probe technique with Keithley 2000 electrometer. 

6.3  RESULTS AND DISCUSSION 

 To study the impact of substrate temperature on the physical properties while 

adopting the NSP technique, the following procedure was followed. The deposited SnSe 

thin films visually found to be blackish gray in color with good adhesion to the substrate at 
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high temperature. The color of the thin film deposited at the substrate temperature of 250 °C 

was the gray color with less adhesion to the substrate. The adherence of the films increased 

with the increase of substrate temperature. Thin films at 275, 300 and 325 °C were good 

adherence and blackish gray in color. The thickness values were determined as 264, 382, 

456 and 634 nm for the samples prepared with the different substrate temperature of 250, 

275, 300 and 325 °C respectively (Table 6.2). 

6.3.1  Structural properties on SnSe thin films 

 Fig. 6.1 shows the X-ray diffraction pattern of nebulized spray deposited SnSe thin 

films at different substrate temperatures. As seen, the obtained diffraction patterns show a 

predominant peak at 2θ = 30.47o which can be assigned to the (111) plane of orthorhombic 

SnSe of 250 oC. With the increase of substrate temperature up to 300 oC there is an increase 

in intensity and sharpening of this peak, which is caused by improving crystallinity of the 

films. From the Fig. 6.1 SnSe films exhibit also two diffraction peaks at 37.77, 49.72o
 they 

are assigned to the (311), (511) reflections planes in the SnSe orthorhombic structure of 

substrate temperature 250-325 oC. Electron diffraction patterns with the standard JCPDS 

card No 48 – 1224 value shows a close agreement with the reported results in the literature. 

As seen in Fig. 6.1, the XRD pattern of prepared SnSe film at Ts= 225 °C indicated that it 

is amorphous in nature. The existing amorphous nature is due to the insufficient energy at 

low temperature to convert the amorphous tin layers into polycrystalline films. This 

intimates that the as-deposited SnSe films are formed with small crystallites embedded in 

an amorphous tissue. At the substrate temperature of 250 and 275 °C, the diffraction peaks 

at13.01o and 52.30 o corresponding to SnSe2 was observed along with the peaks of SnSe. It 

is also noticed from Fig. 6.1 that intensity of SnSe films along (111) plane is increased with 

increase in substrate temperature up to 300 oC; after reaching a maximum at Ts=325 oC it 

starts to decrease and there is small peaks at 14.42 and 41.51o that indicated the formation 
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of SnO2. The film prepared at 300 oC has a better crystalline quality of SnSe in mono-phase 

as indicated from XRD pattern. Singh et al [43] and Kumar et al [44] had obtained 

orthorhombic structured crystallites for their SnSe thin films prepared using hot wall epitaxy 

and thermal evaporation methods respectively.  

Crystalline size is estimated by using Scherrer’s formula given by equation [45] 

           … (6.1)  

where k varies from 0.89 to 1.39. But in most of the cases, it is closer to 1, λ is the 

wavelength of X-ray, β is the full width at half of the peak maximum in radians and θ is 

Bragg’s angle. The crystalline size was calculated for all the planes of reflection. The 

FWHM values are found to decrease with the substrate temperature up to 300 oC and further 

found to increase with increase in substrate temperature. It is observed that crystalline size 

increases initially with the increase in substrate temperature attains the maximum of 55.82 

nm at 300 oC and thenceforth it goes on decreasing with the increase in substrate 

temperature. Increase in crystallinity and crystalline size with substrate temperature is owing 

to the optimum rate of supply of thermal energy for recrystallization with substrate 

temperature [46]. From particle size analysis it is clear that the films are nanocrystalline in 

nature.  
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Fig. 6.1 X-ray diffraction pattern of SnSe thin films deposited for different substrate 

temperature 

The lattice strain (εs) of all the films was determined using the formula   

           … (6.2) 

The dislocation density (δ) defined as length of fracture lines per unit volume of the crystal 

using crystallite size values (D) has been determined using the Williamson and Smallman’s 
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formula [47] as in the 
2/N t D and the number of crystallites per unit area can be 

calculated by the equation. 

Table 6.1 Structural parameters of SnSe thin films at different substrate temperature 

 

 Table 6.1 exhibits the full width at half maximum (FWHM) value, crystallite size 

and micro strain of the different (hk)l planes of SnSe thin films at different substrate 

temperatures from 250 to 325 oC. At lower substrate temperature, the crystallite size is low 

since the deposited atoms in lieu of incorporating to the neighbouring crystallites and 

increasing their size are condensed and stay stuck to the region to form small nuclei and 

clusters. At higher substrate temperature Ts = 300 oC, a large crystallite size is ascertained 

due to the increasing mobility of the surface of atoms and increasing cluster formation. It is 

observed that the crystallite size increases and attains a maximum 55.82 nm at 300 oC. 

Mariappan et al [48] obtained orthorhombic structured crystallite size of 39 to 66 nm for 

their SnSe thin films prepared using spray pyrolysis technique. Fig. 6.2 shows the variation 

of average crystallite size value with different substrate temperature was calculated for all 

the samples found to be increased from 27.75 to 51.01 nm. The decrease in lattice strain was 

observed by increasing the substrate temperature.  
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Fig. 6.2 Variation of average crystallite size as a function of temperatures 

 Indeed, the strain in the films is tensile at the initial stage of SnSe films formation 

and tends to the compression and lattice strain of the films prepared at the terminal stage. 

The minimum value of dislocation density is obtained for the film grown at the substrate 

temperature 300 oC. The dislocation density of as prepared SnSe films decreased as the 

substrate temperature increased. The change in crystallite size with substrate temperature 

explained this behaviour. Indeed, the larger crystallites have a smaller surface to volume 

ratio, thus giving up a rise to the dislocation network. 

 Table 6.2 expresses the change in texture coefficient, dislocation density and number 

of crystallites of SnSe thin films at different temperatures from 250 °C to 325 °C. From 

Table 6.2, it is observed that dislocation density and number of crystallites exhibit higher 

value at 250 °C and the further increase of temperature decrease the values. This ensures 

the increase in the volume fraction of its crystallized phase. 
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Table 6.2 Value of texture coefficient, dislocation density and number of crystallites 

for different temperatures from 250 °C to 325 °C 

 

 

6.3.2 Analysis of surface morphology of SnSe thin films 

 The surface morphology of the SnSe thin films deposited at different substrate 

temperatures was analysed by photographing the scanning electron microscope images of 

the above samples respectively as shown in Fig. 6.3. These SEM pictures were recorded 

with the same magnification of 100000x for comparison. It is observed that the surfaces of 

the films are found to be uniform and homogeneous. As it can be seen, the surface of the as-

deposited SnSe thin film grown at Ts=250 oC was found to be little circular grains gradually 

spread along horizontal of the substrate. The average grain size of these films is 

approximately 60-170 nm. With the increase in the substrate temperature up to 300 oC, the 

SnSe film grows mature to form uniform over-grained morphology composed of nano 

circular shaped grains. These circular grains change into the small circular grains when the 

substrate temperature was increased further to 325 oC which is evidenced by the coincidence 
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of nano-circular grains shown in Fig. 6.3. Similar spherical-shaped grains for SnS films 

were observed by Zainal et al in the chemical bath deposition method [33]. 

 

Fig. 6.3 SEM photographs of the SnSe films deposited at different substrate 

temperature 
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6.3.3 Compositional analysis of SnSe thin films 

 The purity and the specific composition of the as-deposited SnSe thin films were 

determined by EDX study, which exposed the presence of Sn and Se as elementary 

components. The typical EDX spectra of SnSe thin films are shown in Fig. 6.4. The 

numerical atomic percentage of the compositional elements such as Sn and Se present in 

SnSe thin films are given as inset of Fig. 6.4. Two different peaks related to Sn and Se are 

found in the SnSe spectrum, which supports the SnSe thin film. The EDX analysis affirms 

their nominal percentage and chemical purity of system. Initially, the as-deposited SnSe thin 

film is selenium rich but increase in substrate temperature to SnSe thin film show increase 

in the percentage of tin in order to reach the stoichiometric ratio of 1:1. The quantitative 

weight percentage of the compositional elements such as Sn and Se from Ts = 250 to 325 oC 

are listed in Table 6.3. The atomic percentage of tin is increased from 47.43 to 52.52 by 

increasing the substrate temperature from 250 to 300 oC and then it decreased to 47.24 at 

the substrate temperature 325 oC. EDX spectrum exhibits that the weight percentage is 

closely equal to their nominal stoichiometry within the experimental error. Higher 

temperatures increased the Sn to Se ratio. Engelken et al [49] and Fernandez et al [50] had 

also reported similar findings with ZnSe and Sb2Se3 films. 

Table 6.3 Variation of elemental analysis of SnSe thin films at differentsubstrate 

temperature  
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Fig. 6.4 EDAX spectra of SnSe films prepared at different substrate temperature 

6.3.4  A report on optical absorption analysis of SnSe thin films 

 The optical transmittance spectra of SnSe thin films prepared at different substrate 

temperatures by nebulized spray pyrolysis technique, in the wavelength range of 300 – 1100 

nm are presented in Fig. 6.5. It is observed that the transmittance with increases wavelength, 
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which points better crystallinity of the films. A close observation designates that the 

transmittance gets down at lower wavelengths and increases at higher wavelengths when 

increasing the substrate temperatures up to 300 oC and decreasing at 325 oC as seen from 

Fig. 6.5 where the film deposited at 250 oC has high transmittance. The detected changes in 

the transmission are owing to the thickness variation and the cardinal differences in the film 

absorption. The nature of this transmittance variation may be proposed as being eligible as 

a window material fabrication for solar cells. The optical absorption spectra of nebulized 

spray deposited SnSe thin films have been used to calculate the coefficient of absorption, 

optical band gap and the nature of transition concerned. The photon energy dependence of 

the absorption coefficient of SnSe films is shown in Fig. 6.6. It is established that high 

optical absorption coefficient (α =104 cm-1) was ascertained for all the compositional 

parameters. The absorption through the film is comparatively high at higher wavelength 

region designating high concentration of defects and free carriers. The absorption reduces 

suddenly in the lower wavelength.  

 The optical band gap of as-deposited SnSe thin films is calculated by employing the 

Tauc’s model [51]. For semiconductors, n=1/2, 2, 3/2, 3 values related to the allowed direct, 

allowed indirect, forbidden direct and forbidden indirect transition only. Since n=1/2 and 

the absorption coefficient is of the order of 104 cm-1 sustains the direct band gap nature of 

SnSe semiconductor for allowed direct transition. The band gap of SnSe thin films was 

found for each film by plotting (αhν)2 versus photon energy. The Tauc’s plot is used to find 

the band gap of SnSe thin films as in Fig. 6.7.  

 The direct optical band gaps of SnSe thin films was found to be decreased from 1.24, 

1.19, 1.14 eV with the increase of substrate temperature from 250 to 300 oC and then 

increased to 1.22 eV with the further increase in the substrate temperature to 325 oC.  
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Fig. 6.5 Transmittance spectra of nebulized spray deposited SnSe thin films at 

different substrate temperature 

 

Fig. 6.6 Absorption coefficient spectra of nebulized spray deposited SnSe thin films at 

different substrate temperature 
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Fig. 6.7 Plot of (αhν)2 versus photon energy for nebulized spray deposited SnSe thin 

films at substrate temperatures a) 250 oC b) 275 oC c) 300 oC, d) 325 oC 

 

 The direct band gap values of SnSe thin films reported in the literature extend from 

0.9 eV up to 1.3 eV [52,53].The sharp augmentation of energy band gap at higher substrate 

temperature could be due to the constitution of localized states in the band gap region and 

that the crystallinity of the polycrystalline SnSe films improves with increasing substrate 

temperature [54].  

6.3.5  Photoluminescence studies on SnSe thin films 

 The correlation between structure and property is investigated by PL spectra which 

originate from the recombination of the surface states [55]. The PL is one of the significant 

studies which can give us more important information on the crystal quality and purity of 
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the material. The presence of defects such as electron–hole recombination centres, oxygen 

vacancies and defects are responsible for optical absorption and the emission spectra. The 

room temperature photoluminescence spectra of the SnS thin films in the wavelength region 

from 400 nm to 550 nm are shown in Fig.6.8. The low intensity luminescence peaks 

observed in the films might be attributed to inter-impurity transitions and larger 

stoichiometric deviations in the films. The peaks at 420, 485 and 498 nm may be ascribed 

to defect centers attributed to excitonic transitions which are size dependent and excitation 

wavelength-independent in certain wavelength range [56]. The emission peak at 529 nm 

may be due to the presence of electron hole recombination via trap states or imperfection 

sites [57]. These impurities or defects that were not traced in the XRD analysis might be 

developed or formed at the time of growth of SnSe films. 

 

Fig. 6.8 Photoluminescence (PL) spectra of SnSe thin films deposited under different 

substrate temperatures 
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6.3.6  Electrical conductivity studies on SnSe thin films 

 The electrical conductivity, Hall coefficient and mobility of nebulized spray 

deposited SnSe thin films deposited at the different substrate temperatures from 250 to 325 

oC were determined by Hall effect measuring instrument and the corresponding values were 

listed in Table 6.4. 

 The Hall positive coefficient values confirm that the as-deposited SnSe films had an 

p-type nature. Fig. 6.9 shows the variation in the resistivity, carrier concentration and Hall 

mobility of the films as a function of substrate temperature. The resistivity of the SnSe films 

decreases with the increase of substrate temperature from 250 to 300 oC and then it increases 

with the further increase in the substrate temperature to 325 oC. The lowest resistivity value 

was 4.84 Ωcm at the substrate temperature of 300 oC. The decrease of the electrical 

resistivity of the film layers after increasing the substrate temperature from 250 to 300 oC 

can be explained using the Petritz barrier model [58]. Since the crystallites do not grow 

sufficiently large at low temperatures, the intercrystalline regions offered high resistance for 

the movement of the charge carriers. At high substrate temperatures, the formation of fewer 

nucleation centres results in large crystallite sizes, which may ultimately decrease the 

intercrystalline barriers, hence decreasing the electrical resistivity and then is decreased by 

a further rise in substrate temperature of 325 oC. Lots of reports have been reported in the 

resistivity of SnSe thin films whereas Hema Chandra et al. [59] had reported the closer 

resistivity value from 8.1 to 30 Ωcm after performing with the substrate temperature range 

303- 513 K for the SnSe thin films deposited by the flash evaporated technique. The bulk 

carrier concentration and mobility of the SnSe thin films increase with increasing substrate 

temperature from 250 to 300 oC up to 5.676 x 1017 cm-3 and 7.8 cm2/Vs and then they 

decrease to 2.542 x 1017 cm-3 and 5.2 cm2/Vs respectively by a further rise in substrate 

temperature. 
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 The mobility increases as a result of reconstituting and the crystallinity prosperity of 

the material. The increased bulk carrier concentration caused by increasing substrate 

temperature shrunken the grain boundary potential barrier. Because of that, the carrier 

mobility of the SnSe films also increases. The results showed in this work have presented 

the feasibility of using SnSe thin films suitable for fabrication of solar cells. 

 The activation energy of SnSe thin film can be calculated using the Eq. (4.6). The 

temperature dependence of resistivity was studied from room temperature to 313 K. The 

decrease of resistivity (ρ) is usually expressed by the Eq. (4.6). An Arrhenius plot of log (ρ) 

versus 1000/T for four typical SnSe thin films at different substrate temperature has been 

shown in Fig. 6.10. 

 The curves clearly show two conduction regions. The slope is high in the low 

temperature region but decrease with further increase of temperature. From the slopes of an 

Arrhenius plot, the activation energies are calculated and presented in Table 6.4. The value 

of pre-exponential factor ρ0, which is the resistivity of the film as the temperature reaches 

to infinity, is determined to be 20.44, 12.63, 2.74 and 15.34 Ωcm for the SnSe films prepared 

at different substrate temperatures from 250 to 325 oC. It is seen from the activation energies 

that the films do not possess the intrinsic resistivity strictly in this entire range of applied 

temperature. The shallow trapping states preferably due to those interstitial tin or selenium 

vacancies are expected to dominate the extrinsic resistivity near the room temperature 

whereas those deep trap states influence at high temperature range. Kumar et al [60] have 

reported the activation energy for the SnSe thin film deposited in the range of 300-450 K 

using thermal evaporation method is 0.14-0.28 eV. 
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Table 6.4 Variation of optical and electrical properties of SnSe thin films at different 

substrate temperature 

 

 

 

Fig. 6.9 Variation of resistivity, carrier concentration and mobility of SnSe thin films 

of different substrate temperature 
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Fig. 6.10 Arrhenius plot of SnSe thin films of different substrate temperature  

6.4  CONCLUSION 

 The p-type semiconducting SnSe thin films have been successfully deposited by 

simple and inexpensive nebulized spray pyrolysis technique. Polycrystalline nature of as-

deposited SnSe thin films was confirmed from X-ray diffraction studies. X-ray diffraction 

studies depicted orthorhombic crystal structure irrespective of substrate temperature. 

Scanning electron microscopy studies revealed uniform deposition with the grain size in the 

nano metre range. Stoichiometric films of SnSe were observed from energy dispersive 

analysis by X-ray studies. The optical band gap was found to be in the range of 1.14 – 1.24 

eV with the direct allowed transition depending on substrate temperature. The lower 

absorption and high transmittance in the visible region observed at lower substrate 

temperature represented the good optical quality of the crystals with the low absorption or 
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scattering losses which lead to the applications particularly as a window layer in solar cells. 

Electrical studies showed that the films are semiconducting which may be used in 

optoelectronic devices. The structural, optical, morphological and electrical conductivity 

studies of tin selenide thin films confirmed that the optimum substrate temperatures for 

depositing SnSe thin films by this NSP technique is 300 oC. The corresponding results 

obtained by preparing SnSe thin films may be suitable for conventional absorber layer in 

solar cells. 
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CHAPTER – VII  

 

 

The effect of precursor concentration on various properties of nebulized spray 

pyrolysised SnSe thin films were studied using the precursor solutions of Tin (II) chloride 

and Selenourea. X-ray diffraction (XRD) pattern confirmed SnSe thin film with 

orthorhombic structure. The variation in grain size and energy gap by increasing precursor 

concentration made the samples as a promising candidate for the applications of 

optoelectronic device such as photodiodes and solar cells. The high transmittance and lower 

absorption in the visible region observed at lower concentrations illustrated the good optical 

quality of the crystals with the low absorption or scattering losses which leads to the 

applications especially as an absorber layer in solar cells. The optical parameters such as 

direct band gap energy decreased from 1.24 to 1.12 eV by increasing the concentrations. 

The change in morphology of SnSe thin films for different precursor concentration was 

studied by scanning electron microscope. Energy dispersive X-ray pattern confirmed the 

presence of Sn and Se with the chemical stoichiometric. The selenium percentage decreased 

from 48.37 to 44.59 by increasing precursor concentration from 0.025 to 0.150 M. The 

electrical resistivity of as-deposited SnSe thin films decreased by increasing the precursor 

concentration to 0.125 M and increased slightly at 0.150 M. The maximum carrier mobility 

of 8.1 cm2/Vs was obtained at 0.125 M. The investigation results of the SnSe thin films 

deposited by nebulized spray pyrolysis technique ensure the stability of the film and their 

employability in solar cell application. 
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7.1.  INTRODUCITON 

Tin selenide (SnSe) is a binary compound semiconductor with an orthorhombic 

crystal structure. This material possess the following qualities that make it a potential 

candidates in photo electrochemical solar cells. Their band gap lies between 1.0 and 2.0 eV 

hence it absorbs light energy from the high energy end of the solar spectrum [1]. They are 

also both chemically and electrochemically stable in either acid or alkaline condition and 

their constituent elements are abundantly available on earth. Tin selenide (SnSe) which has 

been used in memory switching devices, holographic recording systems, infrared electronic 

devices and solar cell applications [2]. SnSe has been studied in the form of both single 

crystal and thin films. The use of tin selenide for these purposes suppresses photo corrosion 

and enhances the fill factor in electrical switches and p-n junction devices [3]. For large 

scale production of solar cells, a thin film deposition technique that can be easily handled at 

low cost is important. Thin films of SnSe can be prepared using different techniques such 

as vacuum thermal evaporation [4], laser ablation [5], brush plating [6], chemical bath 

deposition(CBD) [2], spray pyrolysis [7-9], chemical vapor deposition [10] and electro 

deposition [11,12]. The physical deposition techniques are comparably very expensive and 

high energy consuming even though it provided quality and uniform films. Nebulized spray 

pyrolysis (NSP) technique is a simple and cost effective by which an efficient way of 

growing thin films is possible. Binary and ternary semiconductor oxide thin films such as 

MgO [13], tin doped zinc oxide [14] and Cd-doped SnO2 [15] have been deposited by NSP 

technique. A ternary chalcogenide CdSnSe thin film had also been deposited by this 

technique [16]. Although NSP synthesis has been widely used to prepare a variety of thin 

films, studies on the nebulized spray pyrolysis preparation of SnSe thin films did not exist. 

Herein, we report on a nebulized spray pyrolysis technique to fabricate SnSe thin films on 
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glass substrate of different precursor concentration. The structural, optical, morphological, 

elemental and electrical conductivity properties of SnSe thin films have been investigated. 

In this paper, the optimizing temperature was found as 325 oC for the as-deposited 

SnSe thin films. Furthermore, the optimization condition should also be evaluated by 

optimizing other preparative parameter such as precursor concentration. This will be useful 

for obtaining clear idea about the structural, optical and other properties of the samples. In 

the present investigation, the binary SnSe thin films have been deposited on the micro glass 

substrate by NSP technique for different precursor concentration (mc) from 0.050 M to 0.150 

M in steps of 0.025 M. Structural, optical, morphological, elemental and electrical 

conductivity properties of nebulized spray deposited SnSe thin films have been reported. 

7.2  EXPERIMENTAL TECHNIQUE 

In the following section, we will discuss in detail about the material and deposition 

method used for the preparation of SnSe thin films of different precursor concentration and 

the characterizing techniques for analysing the films have been furnished for ready 

reference. 

7.2.1  Materials and methods 

For the preparation of SnSe thin films, high purity chemicals (> 99% purity) such as 

Tin chloride (SnCl2) (Sigma-Aldridge) and selenium powder (Himedia) were used as 

precursor without further purification. The precursor SnCl2 and selenium powder were used 

as source materials of Sn and Se ions respectively. Micro glass slides have been used as 

substrates to deposit SnSe thin films. Substrate cleaning leads to a major role in the thin film 

deposition. The contamination on the surface of the substrate may create nucleation sites 

alleviating the growth, which results in non-uniform film growth. Hence, the micro glass 
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substrate of dimension 7.5 x 2.5 x 0.25 cm3 was first water washed well with soap detergent. 

The washed glass slides were kept in hot chromic acid for an hour to remove grease or oil 

presented during the manufacturing process of glass plates. After that, they were rinsed with 

acetone and double distilled water before the deposition of the films. In this work, the SnSe 

thin films were deposited with different precursor concentration from 0.050 M to 0.150 M. 

The substrate temperature was constrained by an iron-constantan type thermocouple and 

kept constant as its optimized value of 325 oC. The air as carrier gas flow rate was 

maintained at 1 kg/cm2 corresponding to an average pressure solution rate of 10ml per 10 

minutes. The precursor solution was held in the nebulizer unit, which is connected to an air 

compressor. The compressed air is transported by tubing and stimulates the precursor 

solution through an “L” glass tube. The mist like tiny droplets of particles was carried from 

the glass tube to deposit onto the glass substrate kept in the uniform hot zone of the furnace. 

After deposition, the films were allowed to cool at room temperature and then preserved 

them in desiccators. 

7.3.  RESULTS AND DISCUSSION 

The recent tremendous advancement of materials science in general is due to the 

discovery of development of modern characterization equipments. In this section, various 

characterizing techniques are described for the as-deposited SnSe thin films for different 

precursor concentration and the results for the corresponding films have been discussed. 

The color of the thin film prepared with 0.050 M concentration was pale gray with less 

adhesion to the substrate. Thin films prepared with 0.075 M, 0.100 M, 125 M and 0.150 M 

concentrations had good adherence and were blackish gray in color. These films looked 

shiny with multiple color due to internal multiple reflections and blackish gray in color due 
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to transmitted light. Further, the films prepared at precursor concentration up to 0.150 M 

depicted the crystallinity increased with the increase in precursor concentration.  

 

Fig. 7.1 Variation of thickness of SnSe thin films at different precursor 

concentrations 

 

 Fig.7.1 shows the variation of thickness as a function of precursor concentrations 

from 0.050 M to 0.150 M. When precursor concentration is increased from 0.050 M to 0.150 

M the film thickness increases from 384 to 518 nm. The preparative parameters as substrate 

temperature, deposition time, molar ratio, pressure etc. decide the growth and quality of the 

film.  
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7.3.1  X-ray diffraction studies of SnSe thin films for different Precursor 

concentration 

Fig. 7.2 depicts the X-ray diffraction patterns for SnSe thin films deposited at 

different precursor concentration of optimized substrate temperature of 300 oC with the 

SnSe thin films show three major diffraction peaks related to the diffraction angles 30.47o 

(111), 37.72o (311) and 49.72o (511) with a preferred orientation along (111) plane of 

orthorhombic structure. The standard diffraction peaks exhibited by SnSe thin film are 

matched with the JCPDS card No. 48-1224 corresponding to orthorhombic phase. The 

degree of texture along the (111) preferred orientation depends on the SnSe phase only. The 

intensity of the diffraction peaks with orthorhombic phase turned more intense and sharp 

with the increase of precursor concentration up to 0.150 M, which notices an improvement 

of the crystallinity of the grain layers. At lower concentration mc =0.050 M, the presence of 

SnO2 with diffraction angle of 33.61 o along with SnSe phase might be due to less 

availability of sulphur, selenium might react with atmospheric oxygen to obtain stabilised 

structure and forms phases belongs Sn-O-S complex. At higher concentration mc =0.150 M, 

the presence of SnO2 with diffraction angles of 14.41 and 33.71 o along with SnSe phase 

might be due to the lack of thermal energy of top clusters. Kumar et al. [17] reported 

orthorhombic structured SnSe thin films with (111) preferential orientations grown by 

thermal evaporation method.  
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Fig 7.2 X-ray diffraction pattern of SnSe thin films prepared at different precursor 

concentration 

 

According to Bauer [18], there are two attainable mechanism of the orientation 

owing to nucleation and final growth, both of which effect from the nucleation at the film 

substrate with the inclination of nuclei to work out a minimum free energy configuration. 
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The final growth orientation results from the endurance of nuclei having an energetically 

unstable plane parallel to the substrate surface amidst randomly oriented nuclei due to their 

different growth rates. This means that the growth orientation is formulated into one 

crystallographic direction of the lowest surface energy. 

Then, the grains became larger as the film grows with lower surface energy density. 

As thickness reckons on the band gap of thin film deposition at higher molar concentrations 

are thicker as compared to films deposited at lower molar concentration. Since in thin films, 

the average crystallite size is proportional to thickness of films, the decrease in band gap 

with the increase in film thickness in this study indicates that there is no charge accumulation 

at grain boundaries in SnSe thin films.  

Table 7.1 Structural parameters of SnSe thin films deposited at different precursor 

concentration (mc) 

 

The texture coefficient Tc(hkl) of the films [19] has been calculated from the XRD 

data using Eq. (7.1). The preferred orientation of the films can be confirmed by the higher 

value of texture coefficient. The increased number of grains along the plane associates the 

increase in preferred orientations [20]. 
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The dislocation density (δ) defined as length of dislocation lines per unit volume of 

the crystal using crystallite size values (D) has been determined using the Williamson and 

Smallman’s formula [21] Eq. (3.2). 

The optoelectronic properties of the films are affected by stacking fault probability 

due to the distorted lattice and was appraised using the relation [22] 
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Table 7.1 shows the FWHM, crystallite size (D) and lattice strain (εs) of SnSe thin 

films with different precursor concentration. The crystallite size is low at lower precursor 

concentration since the deposited atoms in lieu of incorporating to the neighbouring grains 

and increasing their size are condensed and stay stuck to the region to constitute small nuclei 

and clusters. At higher precursor concentration, a large crystallite size is noticed due to the 

increasing mobility of the surface of atoms and increasing cluster formation. 

It is observed that the crystallite size increases and obtains a maximum value of 

60.99 nm at mc = 0.125 M whereas the decrease in lattice strain was observed by increasing 

the precursor concentration. Surely, the lattice strain is decreased owing to the prevailing 

re-crystallization process in the SnSe polycrystalline thin films. The observed decrease of 

full width at half maximum (FWHM) of diffraction peaks with increase of precursor 

concentration can be attributed to the increase in crystallite size up to 0.125 M. The increase 

in crystallite size may be attributed to the improvement of the crystallinity and an increase 

in the cluster formation owing to increase of precursor concentration leading to 

agglomeration of small crystallites. These agglomerated crystallites combine together, 

resulting in the formation of larger crystallites with better crystallinity. At mc = 0.150 M, a 
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small decrease in value of crystallite size as 60.01 nm, where the decrease may be due to 

the less agglomeration among them. The crystallite size of the SnSe can be affected by so 

many factors such as impurities, defects and heating conditions.  

Table 7.2 Value of texture coefficient, dislocation density, number of crystallites and 

stacking fault for different precursor concentration (mc) 

 

 

Fig. 7.3 The variation average crystallite size with different precursor concentration 

of SnSe thin films 

The average crystallite size calculated for all the samples prepared at precursor 

concentration from 0.050 to 0.150 M was found to be increased from 27.75 to 51.01 nm 
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(Fig. 7.3). In table 7.2 shows the texture coefficient, dislocation density and stacking fault 

probability of the films decreases with an increase in precursor concentration up to 0.125 M 

and is increased for further increasing of molar concentration of 0.150 M. The change in 

grain size with precursor concentration explained this behaviour. Indeed, the larger 

crystallites have a smaller surface to volume ratio, thus giving up a rise to the dislocation 

network. The number of crystallites per unit area (N) depends on the parameters like 

equidimensional crystallites and the degree of the agglomeration of the thin films. It is 

ascertained that the number of crystallites decreases as the precursor concentration 

parameter increases up to 0.125 M. From these observations, it is clear that when the 

precursor concentration of tin increases, the crystallite size increases and this leads to a 

decrease in grain boundaries, lattice strain, dislocation density and stacking fault probability. 

The decrease in grain boundaries at higher precursor concentration of 0.150 M indicates the 

reduction of crystal lattice imperfections and formation of high-quality films. 

7.3.2  Surface morphological studies of SnSe thin films for different precursor 

concentration using SEM 

 SEM is an auspicious technique for the surface morphological study of the films and 

it furnishes the worthy information about the shape and size of the grains or particles. The 

surface morphology of SnSe thin film deposited at different precursor concentration is 

shown in Fig. 7.4. These SEM photographs were recorded with magnifications of about 

100000. The SEM micrograph of thin film contains particles with almost spherical shape 

aggregated severely. These results are in good agreement with some other reports [23]. The 

SEM micrograph of film shows a distribution of particles which covers the surface of the 

substrate completely. No pin holes or cracks could be observed. One can see the uniform 

distribution of grain size over total coverage of the substrate with a compact and fine grained 

morphology. This type of morphology has also been observed by others for nanocrystalline 

SnSe [6,17,24,25]. However, as the precursor concentration was increased from 0.050 to 
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0.125 M also the grain size increased. It is also clear that the grain size increases with the 

increase of precursor concentration. Samples prepared at higher concentration of 0.125 M 

have larger grain size; clearly the average grain size of thin films is in nanometer range of 

47-170 nm.  

7.3.3  Compositional analysis of SnSe thin films by EDAX 

The distinct composition and the purity of as-deposited SnSe thin films deposited at 

different precursor concentration were determined by EDX study, which brought out the 

presence of Sn and Se as elementary components. The characteristic EDX spectra of SnSe 

thin films grown at substrate temperature 300 oC of precursor concentration from 0.050 to 

0.150 M are shown in Fig. 7.5. The quantitative weight percentage of the compositional 

elements such as Sn and Se in SnSe thin films for different precursor concentration is 

presented in Table 7.3. Two different peaks related to Sn and Se are found in the spectrum 

(Fig. 7.5) for the films deposited at precursor concentration from 0.050 to 0.150 M, which 

confirms the SnSe thin films. The atomic percentage of tin and selenium was observed as 

51.63% and 48.37% respectively, for the concentration 0.050 M. The atomic percentage of 

selenium had decreased from 48.37% to 44.59% when increasing the precursor 

concentrations from 0.050 to 0.150 M, respectively. EDX spectrum exhibits that the weight 

percentage is closely equal to their nominal stoichiometry of 0.050 M within the 

experimental error. The atomic percentage of tin is increased from 51.63 to 55.41 by 

increasing the precursor concentration. For 0.150 M precursor concentration, the atomic 

percentage of tin and selenium was observed as 55.41 and 44.59%, respectively, which 

predicts the mixed phases of SnO2 and SnSe present in this film prepared with a precursor 

concentration of 0.150 M. 
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Fig. 7.4 Scanning electron microscope (SEM) images of SnSe thin films for different 

precursor concentration 
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Fig. 7.5 Energy dispersive X-ray (EDX) pictures of SnSe thin films for different 

precursor concentration 
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Table 7.3: The quantitative analysis of the weight percentage of the compositional 

elements presents in the SnSe thin films at different precursor concentration 

 

 

7.3.4  Optical absorption analysis of SnSe thin films 

The precursor concentration influenced change in transmittance and optical 

absorption coefficient spectra of SnSe films recorded in the wavelength range of 300-1100 

nm are presented in Fig.7.6 and Fig.7.7 respectively. Fig. 7.6 shows that the average 

transmittance of the film varies between 50 and 70%. It is noticed that large percentage of 

transmittance for the films grown at precursor concentration of 0.050 M is due to the low 

thickness of the films. This is because as the film thickness increases, the strain value decreases 

because of the influence of the glass-SnSe lattice mismatch implied generation of defects in 

the SnSe layer close to the glass substrate. These defects gradually decrease as the film 

thickness increases. 

It was observed that, SnSe thin films of 0.150 M concentration had the highest 

absorption coefficient while thin films with a concentration of 0.050 M had the least 

absorption coefficient as shown in Fig. 7.7. This is because of reduction in stacking faults 

and lattice defects as film thickness increased; thus an improvement in film  

crystallinity [26].  



Chapter - VII                                 Effect of Precursor Concentration … Deposited SnSe Thin Films 

 

198 

 

Fig. 7.6 Transmittance spectra of SnSe thin films at different precursor 

concentration 

 

Fig. 7.7 Absorption coefficient (α) spectra for SnSe thin films prepared for different 

precursor concentration 
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High absorption coefficient is achieved when the photon energy is higher than the 

energy gaps of a semiconductor material. The minimum absorption in the visible and 

infrared region for all the films is observed and it shows a similar evaluation in the 

transmittance spectra with different precursor concentration. The optical band gap of as 

deposited SnSe thin films is determined by applying the Tauc model [27]. For 

semiconductors, n=1/2, 2, 3/2, 3 and values corresponding to the allowed direct, allowed 

indirect, forbidden direct and forbidden indirect transition, respectively. Since, n=1/2 and 

the absorption coefficient is of the order of 104 cm-1 supports the direct band gap nature of 

SnSe semiconductor for allowed direct transition. Fig. 7.8 shows the plot for the variation 

of (αhν)2 versus hν. The direct optical band gap values decreased to a minimum of 1.09 eV 

at 0.125 M with an increase in precursor concentration from 0.050 M and with the further 

increase in the precursor concentration to 0.150 M, the band gap value had increased to 1.12 

eV. Enue Barrios-Salgado et al. [28] had reported band gap values of 0.95-1.14 eV for the 

film prepared by chemical deposition method on glass substrates. Generally, the decrease in 

optical band gap may be attributed to the increase in crystallite size, thickness and 

crystallinity, roughness and grain size. In the present study, it is believed that the increase 

in crystallite size and crystallinity is accountable for the decrease in the band gap, which is 

evidenced by XRD results. The increase in band gap at 0.150 M can be attributed to the 

decrease in thickness as well as the crystallite size at that concentration comparing to 0.125 

M, leading to its corresponding electronic structure. The 1.12 eV band gap of 0.150 M film 

is more than that of 0.125 M film (1.09 eV). This shows that the presence of SnO2 phase 

with SnSe influence on the band gap of SnSe. 
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7.3.5.  Photoluminescence studies on SnSe thin films 

 

Fig. 7.8 The (αhν)2 versus hν curves for the optical band gap determination of SnSe 

thin films of different precursor concentration 
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Fig. 7.9 Photoluminescence (PL) spectra of SnSe thin films under different precursor 

concentration 

 

 The correlation between structure and property is investigated by PL spectra which 

originate from the recombination of the surface states [29]. The PL is one of the significant 

studies which can give us more important information on the crystal quality and purity of 

the material. The presence of defects such as electron–hole recombination centres, oxygen 

vacancies and defects are responsible for optical absorption and the emission spectra. The 

room temperature photoluminescence spectra of the SnSe thin films in the wavelength 

region from 450 nm to 550 nm are shown in Fig.7.9. The peaks at 460, 485, 498 and 528 

nm may be ascribed to defect centers attributed to excitonic transitions which are size 

dependent and excitation wavelength-independent in certain wavelength range [30]. In these 
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values are quite so different from optical band gap value but photo luminescence have some 

limitation to determine the range. From this spectrum, it can be found that the SnSe thin 

films have high luminescence properties in the visible region. The low intensity 

luminescence peaks observed in the films might be attributed to inter-impurity transitions 

and larger stoichiometric deviations in the films. 

7.3.6. Electrical conductivity studies on SnSe thin films 

The electrical conductivity, Hall coefficient and bulk carrier concentration of SnSe 

thin films deposited at different precursor concentration were determined by Hall effect 

measuring instrument and the corresponding values were listed in Table 7.3. The Hall 

coefficient values confirm that all the films had an p-type characteristic. Fig. 10 depicts the 

resistivity and Hall mobility of the films as a function of precursor concentration. The 

resistivity of the as-deposited films decreases with increase of precursor concentration from 

0.050 to 0.125 M. The lowest resistivity value was 3.04 Ω-cm at the concentration of 0.125 

M. The decrease in resistivity may be attributed to the increase in crystallite size which leads 

to a decrement in the trapping states at grain boundary [31]. The grain boundary plays an 

important role between the crystallites and the carrier transport. It can act as a trap center in 

an incomplete atomic bonding, which depletes the free charge carriers and as a resultant, 

more number of free carriers become immobilized as trapping state increase. The resistivity 

again increases to 4.83 Ω-cm, while the precursor concentration had increased to 0.150 M. 

The bulk carrier concentration and mobility of the SnSe thin films increase with 

increasing precursor concentration up to 0.125 M of 5.757 x 1017 cm-3 and 8.1 cm2/Vs, 

respectively and decreases with the further increase in precursor concentration of 0.150 M. 

The increased bulk carrier concentration caused by increasing concentration reduced the 

grain boundary potential barrier. Due to that, the carrier mobility of the films also increases. 
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As a result, the resistivity diminishes with increasing precursor concentration attained a 

minimum.  

The activation energy of SnSe thin films can be calculated by using Eq. 7.3. 

0 exp

E

KT 
 
 
        ...(7.3) 

The Arrhenius plot is drawn with the experimental data as shown in Fig. 7.11, which 

it can be predicted that the variation of resistivity of this SnSe film is being assisted by a 

single activation process with activation energy is tabulated in Table 7.3, which are 

determined by the best fit of the experimental data to Eq. (7.4). The Arrhenius plot is drawn 

as shown in Fig. 7.11 for various precursor concentrations. Activation energy for SnSe thin 

films were calculated as 0.201 eV, 0.198 eV, 0.194 eV, 0.189 eV and 0.191 eV 

corresponding to 0.050 M, 0.075 M, 0.100 M, 0.125 M and 0.150 M precursor 

concentrations respectively. Kumar et al. [32] had reported the activation energy of SnSe 

thin film using thermal evaporation method is in the range of 0.14 eV-0.28 eV. 

 

Fig. 7.10 Variation of resistivity and mobility of SnSe thin films at different 

precursor concentration 
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Fig. 7.11 Arrhenius plot for SnSe thin films at different precursor concentration 
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Table 7.4 Variation of optical and electrical properties of SnSe thin films at different 

precursor concentration 

 

Such differences activation energies may be due to varying preparation parameters 

and the presence of different defect states during the growth of SnSe thin films. It was found 

that the activation energy values decreases with increase in precursor concentration up to 

0.125 M and then increases for the further increase in precursor concentrations. The 

decrease in activation energy with the increase in precursor concentration may be attributed 

to the change in the electronic structure corresponding to the increase in thickness values 

[33]. The corresponding pre-exponential factor (ρ0) for the SnSe thin films prepared at 

substrate temperatures of 300 oC of different precursor concentration from 0.050 to 0.150 

M is determined to be 7.60, 5.76, 3.11, 2.08 and 0.22 Ω-cm for the films by the fit to the y-

intercept of the Fig. 7.11. The minimum value of pre-exponential factor value was obtained 

for the film prepared at the precursor concentration of 0.150 M. 

7.4  CONCLUSION 

The effect of precursor concentration on various properties of nebulized spray 

pyrolysised SnSe thin films were studied in detail. X-ray diffraction (XRD) pattern 

confirmed SnSe thin film with orthorhombic structure. The variation in grain size and 
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energy gap by increasing precursor concentration made the samples as a promising 

candidate for the applications of optoelectronic device such as photodiodes and solar cells. 

The high transmittance and lower absorption in the visible region observed at lower 

concentrations illustrated the good optical quality of the crystals with the low absorption or 

scattering losses which leads to the applications especially as an absorber layer in solar cells. 

The optical parameters such as direct band gap energy have been discussed in detail. The 

change in morphology of SnSe thin films for different precursor concentration was studied 

by scanning electron microscope. Energy dispersive X-ray pattern confirmed the presence 

of Sn and Se with the chemical stoichiometric. The percentage of selenium decreased from 

48.37 to 44.59 by increasing precursor concentration from 0.025 to 0.150 M. The electrical 

resistivity of as-deposited SnSe thin films decreased by increasing the precursor 

concentration to 0.125 M and increased slightly at 0.150 M. The maximum carrier mobility 

of 8.1 cm2/Vs was obtained at 0.125 M. The investigation results of the SnSe thin films 

deposited by nebulized spray pyrolysis technique ensure the stability of the film and their 

employability in solar cell application. 
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CHAPTER – VIII  

 

8.1  INTRODUCTION  

 Stannous Sulphide (SnS) and Stannous Selenide (SnSe) are becoming an emerging 

prominent materials in recent years because of their potential technological importance. The 

synthesis of binary metal chalcogeenide of II-VI semiconductors in thick film, thin film a 

nd nanocrystalline form has been rapidly growing area in the material research due to their 

important non-linear optical, photo luminescent and other physical and chemical properties 

[1]. It is found that the band gap of Stannous Selenide material is 1.1 eV where as of 

Stannous Sulphide is 1.8 eV, both these are suitable for solar spectrum. This feature makes 

these m aterials useful for solar energy conversion in photovoltaic form [2]. These materials 

can be synthesized in thin film form from several methods like Thermal evaporation [3, 4], 

Sputtering, ion, Chemical bath deposition[5], Flux Techniques [6], Molecular beam epitaxy 

[7], Spray Pyrolysis[8]. etc., Out of these, Spray Pyrolysis is the most promising for 

producing inexpensive thin films of good quality with various dopants over a large area. 

 Here the efforts were taken to synthesize the ternary material of Stannous sulpho 

selenide by altering the concentration of sulphur and selenium componeent for the study of 

effect of the concentration for the change in energy gap and its effect on photosensing and 

photoluminescent performance of the material. SnSSe is ternary compound has recently 

attracted much interest in solar energgy conversion because of the bandgap in tailoring 

effected by incorporation of S in SnSe. The two compounds SnS and SnSe form a 

continuous series of mixed crystals with a minimum melting point of 1128 K. The crystals 

are all p-type with hole concentration of about 1018 cm-3. The band edge absoorption is found 
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to be allowed indirect transitions.The band gap of SnS and SnSe at 573 K was found to be 

1.08 and 0.9 eV respectively. The bandgap of mixed crystals SnSSe varies linnearly with 

the x composition. 

 Structural properties of the material play a vital role in the performance of the 

devices and a knowledge of the influence of the deposition parameters on the structural 

properties [11-12]. The mixed crystals of commposition SnSSe have the same crystal 

structure as SnS and SnSe. The unit cell contains eight atoms, placed in position about the 

scaled coordinates. The atoms are arranged in two adjacent double layers orthogonal to the 

largest dimensions [13,14]. 

 The aim of this work is to produce SnSSe thin films of equal sulphur and selenium 

concentration by spray pyrolysis and to study the Crystal structure, Structural, Optical, 

Electrical, Photo sensing and Photo luminescent properties. 

8.2  EXPERIMENTAL MATERIALS AND METHODS 

 The SnSSe films were prepared by spraying equimolar mixture of aqueous solutions 

of Thiourea as source of Sulphur, Selenourea as source of Selenium and Stannous chloride 

Sn(Cl2) each of 0.05M as starting solution in deionized water. The proportions of the 

precursors are maintained such that Stannous precursor is 50% of the composition and 

remaining 50% composition is of equal parts of sulphur and selenium precursors. The 

substrates used were insulated microscopic plane glass slides of area 7.5 cm x 2.5 cm, were 

heated at the optimized temperature of 325 °C + 5 °C. The following reaction was taken 

place at the surface of heated substrate for synthesis of SnSSe thin film by spray Pyrolysis. 

SnCl2 + (NH2)2 CSe + (NH2)2 CS +2H2O  SnSSe+2NH4Cl ↑ +CO2 ↑  ...(8.1) 
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 The as deposited thin films were annealed at 500 °C in nitrogen atmosphere for 30 

minutes. 

 The major preparatory parameters in the spray pyrolytic process are substrate 

temperature, the concentration and molar ratios of starting solutions. The spray rate was 1 

ml/min and the distance between the spray nozzle and substrate was 29 cm. After deposition, 

the films were first cooled to room temperature. The texture of the films was observed under 

Epignost microscope. The films were observed to be quiet uniform and free from pinholes 

throughout the sample. 

8.3  RESULTS AND DISCUSSION 

8.3.1  Structural properties 

The ternary compound has recently attracted much interest in the field of solar 

energy conversion because of the bandgap tailoring effected by the incorporation of SnSSe. 

Preparation and properties of mixed crystals of SnS(1-x)Se have been already reported [15]. 

 Structural properties of the material play a dominant role in the performance of the 

devices and a knowledge of the influence of various deposition parameters of thin films is 

essential before the application of these materials in the devices. The mixed crystals of 

composition of Tin Sulpho Selenide have the same crystal structure of SnS and SnSe. The 

unit cell contains eight atoms placed in posion by the scaled coordinates (111) or - and 

(,1/4,) and + or - (1/2,, 1/4,1/2,) The atoms are arranged in two adjacent double layers 

orthogonal to the largest cell dimensions as shown in figure [16,17]. Within either double 

layer, each atom has three nearest atoms lies in the other double layer and provides the bond 

between the double neighbours and the two next neighbours. The resulting highly layered 

structure, typical of all orthogonal chalcogenide crystals, causes a strong anisotropy of the 

physical properties of these compounds [16]. 
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 X-ray diffraction method is one of the best methods for the estimation of the 

crystallographic parameters. Figure 8.2 represents the XRD pattern of SnSSe thin film 

[18].It was observed that the diffraction peak corresponding to (111) orientation was the 

predominant. The unit cell dimensions of the orthorhombic SnSe lattice was calculated as 

a=4.444 Ǻ, b=11.496 Ǻ and c=4.151 Ǻ. These dimensions compared to the low temperature 

phase orthorhombic structure of SnSe. The peak intensities are high and the narrow width 

indicated larger grain sizes. This observation was supported by the larger grain sizes are 

seen in SEM micrographs [17]. 

 

Fig 8.1 XRD pattern of SnSSe thin film deposited at 325 ° C 

 As there are only few reports available on SnSSe in the literature to our knowledge. 

Patel et al [24] prepared SnSSe thin films by flash evaporation on NaCl crystal as well as 

on glass substrates. Thin films deposited at 300 K were poor crystalline and fine grained in 

nature, which is attributed in electron beam heating, whereby electron charge or thermal 

gradient is set up in the poorly conducting beam where subjected to electron beam. 

Therefore all the beams are examined under low beam current. The d-spacing values 

(interplanar distance) calculated from the electron diffraction pattern were fairly agreement 

with the XRD obtained from bulk SnSSe. The electron diffraction patterns revealed that 
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orthorhombic plane (111) is highly preferred orientation. It was also observed that SnSSe 

films grown are single phase polycrystalline in nature. 

8.3.2  Optical Properties of SnSSe films  

 The optical absorption of spray pyrolysed SnSSe thin films were obtained in the 

wavelength range 300 nm to 1200 nm at 325 °C. The spectrum of the Tin sulpho selenide 

had been shifted towards shorter wavelength exhibited direct bandgap of 0.9 eV, it was 

found to be in the same order as Bhatt et al, have calculated absorption coefficient upto 2  

104cm -1. This was attributed to the surface nature of the films. The variation of optical 

bandgap with thickness of the film was found to be decreased with the increasing thickness. 

The variation was explained due to the quantum effect. The transmission effect of single 

crystals of SnSSe was measured at 325 °C. The square root of the absorption coefficient in 

this region was found to be linear function of photon energy which indicated absorption was 

due to the direct and indirect transitions of electrons from valence band to conduction band 

[19]. Optical absorption of flash evaporated SnSSe thin films were obtained in the 

wavelength of 200 nm to 1500 nm at room temperature [20]. It was noted that the bandgap 

increased with increasing substrate temperature, which led to an improvement in 

crystallinity of the films.  

 For the optical band gap study the square of αhv was plotted against hv for each 

sample as shown in Fig 8.3. The extrapolation of the each curve to zero yields an direct 

character of band gap. The value of band gap (Eg) obtained for SnSSe was found to be 0.9 

eV which is in agreement with Albers et al. [28] indirect band gap of SnSe is 0.90 and Bhatt 

et al. [30] reported it as 0.936. Also according to Yu et al. [33] it is 0.923 whereas it is 0.948 

as reported by Elkorashy [31]. The observed indirect character of band gap is a common 

property of orthorhombic IV–VI compounds [26,27] and has been confirmed by band 

structure calculations for SnSe single crystals [28,29]. 
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Fig 8.2. Absorbance spectra of SnSSe thin films deposited at 325 °C 

 
Fig 8.3. Transmittance spectra on SnSSe thin films deposited at 325 °C 

 

Fig 8.4 Band gap of SnSSe thin films deposited at 325 °C 
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8.3.3  Electrical Properties 

 The electrical properties of SnSe films deposited by flash evaporation on glass, mica 

and KCL substrates are reported [21]. The films deposited at KCL substrates showed a lower 

resistivity than those deposited on glass and mica substrates. The films were found to be p-

type in nature. Single crystals of SnSSe were used for hall voltage and resistivity 

measurements according to vander pauws method [22]. Good electrical contacts were 

obtained using silver paint or by welding 100 micro gold wires to the samples. The SnSSe 

thin films prepared by spray pyrolysis were p-type with a free hole concentration at 325 °C 

will be 80 Ωcm, 59 cm2V-1s-1 and 9.5 ×10 16 c m-3. Hot probe measurements indicated that 

the films are p-type with a free hole concentration between 1017 and 5 ×10 18 cm-3. The 

temperature dependence of the hole mobility measured on the cleavage plates of SnSSe 

showed that at high impurity concentrations, the mobility was observed to decrease 

drastically at low temperatures. 

8.3.4  Photo Sensing Performance 

 When light radiations incident on the semiconducting sample, excess electron hole 

pairs are created in semiconducting materials, thereby results in increase in conductivity. 

This gives important applicability to the material as sensors of radiations. During present 

investigation, the samples were illuminated by 100W tungsten filament lamp as source of 

light. Incident from 12 cm distance from as deposited SnSe thin films and the 

photosensitivity was measured by the equation as shown below: 

  minillu ated
s

dark

I
Photosensitivity P

I
      ...(8.2) 

Intensity of the light radiation was varied by dimmerstat. The observations were 

taken for the intensity of light radiations at 60 V a. c. to 230 V a. c. mains by the step of 10 
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V a. c. customized the photo sensing performance of the thin films by arranging the 

unimolecular layers of nanostructured materials. 

 

Fig 8.5 Experimental setup of measurement of photosensitivity. 

 The photosensitivity performance of the SnSSe thin film was observed to be 

maximum, at the 150 Vdc across the film. There are imperfections created in the SnSSe thin 

film structure. These imperfections associated with the incorporation of atoms of elements 

other than the host elements can be termed as impurity imperfections or simply impurities. The 

imperfections associated with structural deviations from atomic arrangement in the 

compositions create defects in the semiconducting materials sample. This defect category 

of the imperfections includes vacancies, interstitial atoms, dislocations, etc. there is 

increasing experimental evidence that similar electronic defects can be caused by both 

impurities and defects [9,10]. 

Optical excitation and PL emission spectra under 389 nm excitation of thin film 

recorded at room temperature and indicated in figure 8.7. Figure shows that there intense 

band in green region at 521 nm and less intense in blue region at 485 nm. This is in close 

agreement of the work of J. P. Singh et. al. [34] Figure showing the large stokes shift 

between optical absorption spectrum and Pl emission band may be attributed to presence of 
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one deep trapping site and electron hole recombination via trap state or imperfection site 

(12) Such lattice phenomena is observed in nanomaterials, This predicts the spray deposited 

SnSSe thin film in present investigation is nanocrysatalline thin film. It is also reported that 

in nanocrystalline thin films, the deep states are mainly associated with stiochiometric 

defects or presence of external atoms like oxygen [35] 

 

Fig 8.6 Photoluminescence of SnSSe thin films deposited at 325 °C 

 SnSSe thin film indicate that photoresponse of the sample which increases gradually 

with a. c. voltage, (intensity of light radiation) may be attributed to knocking of charge 

carriers from the base materials, releasing them from the bulk of the materials and makes 

available the charge carriers to carry the current independently, which causes to enhance the 

conductivity of the films. Initially, the sensitivity was observed to increase by negligibly 

small amount and then slowly and thereafter the sensitivity increases suddenly with intensity 

of light radiations. This may be attributed to the creation of EHPs by light agitation. This 

increases the carrier concentration in the material, which helps in carrying the current, which 

constitutes the rise of sensitivity. 
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 Photo sensing performance of the SnSe thin films shows enhanced photo sensing 

properties and we can tailor any value of photo sensing property from this material for 

desired intensity of light. Photo luminescent spectra show the major peak at 485.44 and 

511.16, which are in close agreement of the reported peaks of 485nm and 521nm. [14] This 

indicates that the material has good photo luminescent properties and thus the as formed 

material is good for phosphor applications. 

8.4  CONCLUSION 

 Tin sulpho selenide (SnSSe) thin films were prepared by chemical spray pyrolysis 

technique using precursor Stannous chloride, Thiourea and Selenourea for deposition kept 

at optimized temperature 325 °C. X-ray diffraction studies show that the films are 

polycrystalline in nature with orthorhombic crystal structure .Crystallite size of the film was 

found to be 292 nm.SEM micrographs revealed larger spherical grains with stochiometric 

value. Optical absorption study reveals a band gap of 0.9 eV. Photo sensing properties of 

the SnSSe thin films indicates the response of the synthesized material to the incident 

radiations for equal concentration of sulphur and selenium. A Photoluminescence spectrum 

shows the peaks in the close agreement of the reported values of SnSSe material. Thus 

SnSSe would very useful for the fabrication of solar cells and phosphor material. 
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CHAPTER – IX 

 

The significance of energy crisis, solar energy conversion, need of low-cost 

photovoltaic technology, the special features and different of types of photovoltaic cells 

such as silicon solar cells, thin film chalcogenide solar cells particularly CIGS solar cells 

and nano photovoltaic solar cells were discussed and presented. With suitable data and 

relevant references, it has been recognized that the main focus of the departments of research 

and development of photovoltaic industries is the realization of cost reduction for the 

utilization of photovoltaic energy. The fabrication of low cost PV materials with thin film 

geometry is the requirement for economic solar cells. The characteristics of metal 

chalcogenide thin films as an absorbing material or buffer layer - one of the key element of 

solar cells had been discussed in detail. In particular, a review of SnS and SnSe thin films 

has been presented. Then, scope and social relevance of the present work have been given 

in brief. 

A simplified nebulized spray pyrolysis system attached with nebulizer which is 

particularly used for providing treatment of asthma patients, replacing spray gun assembly in 

the spray pyrolysis technique has been indigenously designed and fabricated with the help 

of which, SnS and SnSe thin films have been deposited after optimizing the parameters such 

as substrate temperature, precursor concentration, volume of solution, nozzle to substrate 

distance, spray rate etc. The structural, electrical, optical, surface morphological and 

elemental properties have been studied using various characterization techniques and the 

obtained results are discussed with the help of appropriate references. 
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Thin films of SnS with crystallites of nano dimensions had been deposited on to 

glass substrates by nebulized spray pyrolysis technique at different substrate temperatures. 

Polycrystalline nature of the film with orthorhombic structure grown with high preferential 

orientation along (111) Miller plane with low strain is identified. All the SnS thin films were 

deposited in the thickness range of 375-1038 nm and are found to exhibit p-type electrical 

conduction. A thermal activation process with an activation energy is determined with respect 

to the substrate temperature. The optical transparency was increased up to 55% with the rise 

in substrate temperatures. The structural, optical, morphological and electrical studies of tin 

sulfide thin films confirmed that the optimum substrate temperature for preparing SnS thin 

film by this technique is 325 oC. They were deposited with different precursor concentration 

at the optimized substrate temperature. The variation in grain size and energy gap by 

increasing precursor concentration made the samples as a favourable candidate for the 

applications of solar cells. The high transmittance in the visible region observed at lower 

precursor concentrations, represented the good optical quality of thin film with the low 

absorption or scattering losses which may lead to the applications particularly as an absorber 

layer in solar cells. The optimized value of precursor concentration was found using 

different characterizing techniques as 0.2 M. Such SnS thin films prepared with these 

optimized conditions could be a potential candidate for opto-electronic devices, particularly 

for solar cell device as an absorbing material. 

SnSe thin films were deposited at different substrate temperatures using the NSP 

technique with other constant preparative parameters. Polycrystalline nature of as-deposited 

SnSe thin films was confirmed with standard orthorhombic structure from X-ray diffraction 

studies. The optical studies indicated that films posses direct band gaps. The high 

transmittance in the visible region observed at different substrate temperature symbolished 

the good optical quality of the crystals with the low absorption or scattering losses which 
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results to the applications particularly as an absorber layer in solar cells. Electrical studies 

showed that the films are p-type semiconducting material which may be used in 

optoelectronic devices. The optimized substrate temperature was confirmed at 300 oC by 

using all characterization results.  

The influence of precursor concentration on various properties of nebulized spray 

pyrolysised SnSe thin films were studied in detail. X-ray diffraction (XRD) pattern 

confirmed SnSe thin film with orthorhombic structure. The optical parameters such as direct 

band gap energy had been discussed in detail. Electrical conductivity studies showed the 

semiconductor nature of the film with p-type conductivity. This nebulized spray pyrolysised 

SnSe thin film is found to have a direct allowed transition with a band gap of Eg = 1.05 eV 

at 0.150 M. The mentioned optimum band gap and resistivity studies suggest that the 

polycrystalline SnSe thin films prepared in the present work under the optimized conditions 

could be used as a promising semiconductor materials in the development of low cost and 

efficient thin film solar cell devices. The investigation results of SnSe thin films deposited 

by nebulized spray pyrolysis technique ensure the stability of the film and their 

employability in solar cell application. 

Future scope 

Natural progression of present research would be its application in solar cell 

fabrication. Fabricating a solar cell using tin sulfide, indium sulphide and tin selenide thin 

films as an absorbing material or buffer layer of solar cells can be the direction of future 

research. IV–VI semiconductors are already used in solar photovoltaic converters, providing 

a high absorption coefficient in the visible and near infra red spectral range and, because of 

that, a smaller quantity of material is needed for complete absorption of solar radiation, thus 

leading to a smaller cost. The involvement in this material is stimulated owing to its 

applications in optoelectronic devices as a buffer layer in photovoltaic structures and as an 
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absorber layer in nanostructured solar cells. In solar cell technology indium sulphide has 

been identified as a desirable alternative to cadmium sulphide (CdS) buffer layer in thin film 

solar cells. The wide band gap photosensitive material developed can be optimized for its 

potential application in Se through PV modules. The simplicity of the process is quite 

admirable and this can be utilized in producing absorbing material in fabricating a solar cell. 

This has opened up a new avenue of cell fabrication that has to be further optimized for 

optimal performance. Fine adjustments in the thickness of layers, adding dopants and substrate 

temperatures may result in better efficiency of the cell. In addition to the cost benefits, the 

proposed metal chalcogenide thin films using nebulized spray pyrolysis technique such as 

SnS and SnSe thin films may improve the efficiency of the PV cells over 20 percent. 

  



 

225 

LIST OF PAPERS PRESENTED IN CONFERENCES  

 

NATIONAL CONFERENCES            :  03 

INTERNATIONAL CONFERENCES :   03 

 

 

PARTICIPATION IN WORKSHOP / CONFERENCES 

1.  Presented a Paper on SnS Thin Films Prepared By Chemical Spray Pyrolysis At 

Different Substrate Temperatures for Photovoltaic Application in International 

conference ICRAM15 conducted by Anna university of Technology, Trichy. 

2.  Presented a paper and published in an International Conference Proceeding entitled 

“Preparation and Characterisation of SnS thin films by Chemical spray pyrolysis 

technique, ICRAM 17, August 31, Urumu Dhanalakshmi College, Trichy. 

3.  Poster Presentation entitled Tin sulphide (SnS) Thin Films with Different [S]/[Sn] 

Ratios Prepared by Chemical Spray Pyrolysis Technique, ICRAM 18,KSR college 

of Arts and science, Tiruchengode. 

4.  Presented a paper entitled  Effect of Substrate temperatures of spray deposited Tin 

Selenide thin films by Spray Pyrolysis technique, National conference in National 

college, Trichy on Feb 2019. 

5.  Presented a paper entitled “Effect of Precursor Concentration on Physical Properties 

of Nebulized Spray Deposited Tin Selenide Thin Films, AVVM  Sri Poondi  

pushpam college, National conference in Sep 2019. 

6. Presented a paper on" Effect of precursor solution volume of Sprayed SnSe thin 

films for photovoltaic applications"  in National conference at Urumu Dhanalakshmi 

college, Trichy on February 2020. 



 



Influence of Substrate Temperature on Physical Properties of
Nebulized Spray Deposited SnSe Thin Films
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Tin-based binary chalcogenide semiconductors SnSe and SnS have created increased interest in the production of earth-abundant
and eco-friendly thin film solar cells. Thin films of SnSe were prepared on glass substrates at different temperatures via a nebulized
spray pyrolysis technique using Stannous chlroride dihydrate and Se powder. Deposited films were characterized by structural,
morphological, compositional, optical, and electrical properties. X-ray diffraction studies confirm the films are of polycrystalline
orthorhombic crystal structure irrespective of substrate temperature. Scanning electron microscopy studies revealed uniform
deposition with nanometer range grain size. Stoichiometric films of SnSe were observed from energy dispersive analysis by X-ray
studies. UV–vis spectroscopy confirmed the formation of good adherence thin films with an average transmittance of ∼70% in the
visible region. Optical band gap was in the range of 1.14–1.24. The lower absorption and high transmittance in the visible region
observed at lower substrate temperature represented the good optical quality of the crystals with low absorption or scattering losses.
The lower electrical resistivity value of 4.84 Ωcm showed that the films are semiconducting. The structural, optical, morphological,
and electrical conductivity studies of tin selenide thin films confirmed that the optimum substrate temperatures for depositing SnSe
thin films by this NSP technique is 300°.
© 2021 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/2162-8777/
ac1e6b]
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In this scenario, tin-based binary semiconductors such as SnS and
SnSe are expected to a play a crucial role in replacing toxicating
cadmium compounds and scarced elements based CIGS absorbers in
photo-voltaic devices. They are relatively earth abundant, non-toxic
nature and easy controllability of stoichiometric. Moreover, the
annual production of tin, sulphur, and selenium is large (low-price)
as compared to other absorber elements. These materials exhibit
favourable properties such as high chemical stability, suitable band
gap (1.0 eV to 1.5 eV) and high absorption co-efficient (∼105 cm−1)
with P-type conductivity. On the other hand, the solar cells
fabricated from SnSe thin films exhibited lower efficiencies (⩽1%
by non-vacuum methods and >5% by vacuum methods) than CIGS
and CZTS solar cells.

In recent past, more importance has been committed in the field
of IV–VI class of semiconducting compounds on account of their
optoelectronic properties and applications.1–5 Tin Selenide (SnSe) is
a narrow band gap, binary IV–VI semiconductor, suitable for various
optoelectronic applications like memory switching devices, photo-
voltaic, light emitting devices (LED), and holographic recording
systems.6–8 Because of their anisotropic character, the tin chalco-
genides are attractive layered compounds, and can be used as
cathode materials in lithium intercalation batteries9 and decreasing
the photo corrosion reaction.10 Considerable attention has been
devoted by various authors to the preparation of SnSe thin films by
different methods like vacuum evaporation,11–21 flash evaporation,22

hot wall epitaxy,23,24 reactive evaporation,25 electrodeposition,26–29

laser ablation,30,31 brush plating,32 chemical bath deposition
(CBD),33 electrochemical atomic layer epitaxy (ECALE)34 and
spray pyrolysis35,36 to study various physical properties. Among
these methods, although high quality and uniform films are prepared
by physical technique, they are comparably costly and highly energy
consuming. Nebulized spray pyrolysis is a simple, versatile, in-
expensive, time saving and efficient way of growing thin films at
room atmosphere. This technique can be scalable to larger area
deposition. The nebulized spray pyrolysis technique (NSP) has been
widely used to deposit binary and ternary oxide thin films such as
MgO,37 tin doped zinc oxide,38 Cd-doped SnO2,

39 GdxZn1−xO,
40

and Na-doped ZnO.41 Xiaorong et al.37 reported that this technique
has advantages like the simplicity of the apparatus and low price of
raw materials. E. E. Ebsenso et al.42 had reported deposition of a

quaternary oxide, Ln1−xSrxCoO3 (Ln=La, Nd, and Gd) and ternary
oxide, SrRuO3 thin films by nebulized spray pyrolysis technique. It
was observed that the film prepared by this technique exhibits low
resistivity than other techniques which can be exploited for use as
electrodes in several situations. SnSe Thin films were not deposited
previously by NSP technique.

In this work, an attempt was made to deposit SnSe thin films by
simple nebulized spray pyrolysis technique. The observations of this
study reveal that SnSe thin films have good semiconducting nature
and seem to be a promising candidate for solar cell applications. The
structural, morphological, compositional, optical and electrical
properties of the films were investigated and analyzed.

Experimental Technique

The problems associated with solution-based methods can be
addressed to some extent by using fabrication technique based on
nebulized spray pyrolysis technique of thin films. In the following
section, we will discuss in detail of material and methods used for
preparing SnSe thin films and the characterizing techniques for
analyzing the SnSe thin films.

Materials and methods.—SnSe thin films were deposited on
glass substrate by spraying an aqueous solution containing 0.1 M of
SnCl2 (Sigma-Aldridge) and Se powder (Himedia) with nebulized
spray technique. Substrate cleaning plays an important role in the
deposition of thin films. The contamination of the substrate surface
may cause nucleation sites facilitating the growth, which results in
non-uniform film growth. Hence, the micro glass substrates of
dimensions 7.5 × 2.5 × 0.25 cm3 were first washed well with
detergent. The washed glass slides were put in hot chromic acid for
1 h to remove grease or oil. Then, they were rinsed with acetone and
double distilled water before the deposition of the films. In this
study, different substrate temperatures (Ts) were used for thin film
deposition. The air as carrier gas, flow rate was kept at1 kg cm−2

corresponding to an average pressure solution rate of 5 ml per
15 min. The volume of solution was taken as 10 ml per substrate.
Films are very shiny and color in blackish gray. All the films were
kept on the hot plate until the substrate temperature is reached to
room temperature and then preserved them in sealable pockets.

Characterization technique.—The chemical and structural
phases of the SnSe films were determined by X-Pert Pro X-rayzE-mail: anivishaal123@gmail.com
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diffractometer (CuKα, λ = 1.5418 Å) over a 2θ range of 10°–70°.
The optical properties using optical absorption spectrum were
measured using UV–vis-NIR double beam spectrophotometer
(HITACHI U3410 model) over the wavelength range 300–1100 nm.
Scanning electron microscope (SEM) was used to detect the
dispersion of particles, rough morphology and the particle size on
the surface of the film. The surface morphology of the as-deposited
SnSe films was examined by scanning electron microscope (SEM,
GENESIS model). The chemical composition of Sn and Se was
determined by energy dispersive analysis by X-rays (EDAX) on K
and L lines. The electrical conductivity of the as-deposited films was
determined by Hall Effect measurement system by ECOPIA-HMS
5000 model. The thickness of the SnSe layers was found with a
stylus profile meter (MITUTOYO, SJ-301). The variation of
electrical conductivity with temperature was studied from 313 to
388 K the four-probe technique with Keithley 2000 electrometer.

Results and Discussion.—To study the impact of substrate
temperature on the physical properties while adopting the NSP
technique, the following procedure was followed. The well estab-
lished scratch test using a hemispherical diamonded stylus, loaded
tangentially to the plane of the surface which offers a high degree of
reproducibility at the expense of information about the adherent
quality of the film. The deposited SnSe thin films visually found to
be blackish gray in color with good adhesion to the substrate at high
temperature. The color of the thin film deposited at the substrate
temperature of 250 °C was the gray color with less adhesion to the
substrate. The adherence of the films increased with the increase of
substrate temperature. Thin films at 275, 300 and 325 °C were good
adherence and blackish gray in color. Thickness of the tin selenide
thin films were determined using stylus profiliometer by measuring
the step height between the film and the substrate and the thickness
values were determined as 264, 382, 456 and 634 nm for the samples
prepared with the different substrate temperature of 250, 275, 300
and 325 °C respectively (Table II).

Structural properties on SnSe thin films.—Figure 1 shows the
X-ray diffraction pattern of nebulized spray deposited SnSe thin
films at different substrate temperatures. As seen, the obtained
diffraction patterns show a predominant peak at 2θ = 30.47° which
can be assigned to the (111) plane of orthorhombic SnSe of 250 °C.
With the increase of substrate temperature up to 300 °C there is an
increase in intensity and sharpening of this peak, which is caused by
improving crystallinity of the films. From the Fig. 1 SnSe films
exhibit also two diffraction peaks at 37.77, 49.72° they are assigned
to the (311), (511) reflections planes in the SnSe orthorhombic
structure of substrate temperature 250 °C–325 °C. Electron diffrac-
tion patterns with the standard JCPDS card No 48–1224 value shows
a close agreement with the reported results in the literature. As seen
in Fig. 1, the XRD pattern of prepared SnSe film at Ts = 225 °C
indicated that it is amorphous in nature. The existing amorphous
nature is due to the insufficient energy at low temperature to convert
the amorphous tin layers into polycrystalline films. This intimates
that the as-deposited SnSe films are formed with small crystallites
embedded in an amorphous tissue. At the substrate temperature of
250 and 275 °C, the diffraction peaks at 13.01° and 52.30°
corresponding to SnSe2 was observed along with the peaks of
SnSe. It is also noticed from Fig. 1 that intensity of SnSe films along
(111) plane is increased with increase in substrate temperature up to
300 °C, after reaching a maximum at Ts = 325 °C it starts to
decrease and there is small peaks at 14.42 and 41.51° that indicated
the formation of SnO2. The film prepared at 300 °C has a better
crystalline quality of SnSe in mono-phase as indicated from XRD
pattern. Singh et al.23 and Kumar et al.43 had obtained orthorhombic
structured crystallites for their SnSe thin films prepared using hot
wall epitaxy and thermal evaporation methods respectively.

Crystalline size is estimated by using Scherrer’s formula given by
equation44

λ
β θ

= [ ]D
k

cos
. 1

Where D is the mean crystalline size, k is the shape factor value
0.94, λ is the wavelength of an X-ray used (CuKα radiation), β is the
Full Width Half Maximum in radians and θ is the Bragg’s angle.

It is observed that crystalline size increases initially with the
increase in substrate temperature attains the maximum of 55 nm at
300 °C and henceforth it goes on decreasing with the increase in
substrate temperature. Increase in crystallinity and crystalline size
with substrate temperature is owing to the optimum rate of supply of
thermal energy for recrystallization with substrate temperature.45

From particle size analysis it is clear that the films are nanocrystal-
line in nature.

The lattice strain (εs) of all the films was determined using the
formula

ε β θ= [ ]cos

4
. 2s

The dislocation density (δ) is defined as length of fracture lines per
unit volume of the crystal using crystallite size values (D) has been
determined using the Williamson and Smallman’s formula46

β θ λ ε θ= + [ ]k

D
cos 4 sin . 3hkl

and the number of crystallites per unit area can be calculated by the
equation

= [ ]N
t

D
. 4

3

Table I exhibits the full width at half maximum (FWHM) value,
crystallite size and micro strain of the different (hk)l planes of SnSe
thin films at different substrate temperatures from 250 to 325 °C. At
lower substrate temperature, the crystallite size is low since the
deposited atoms in lieu of incorporating to the neighbouring
crystallites and increasing their size are condensed and stay stuck

Figure 1. X-ray diffraction pattern of SnSe thin films deposited for different
substrate temperature.
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to the region to form small nuclei and clusters. At higher substrate
temperature Ts = 300 °C, a large crystallite size is ascertained due to
the increasing mobility of the surface of atoms and increasing cluster
formation. It is observed that the crystallite size increases and attains
a maximum 55 nm at 300 °C. Mariappan et al. obtained orthor-
hombic structured crystallite size of 39 to 66 nm for their SnSe thin
films prepared using spray pyrolysis technique. Figure 2 shows the
variation of average crystallite size value with different substrate
temperature was calculated for all the samples found to be increased
from 27 to 51 nm. The decrease in lattice strain was observed by
increasing the substrate temperature. Indeed, the strain in the films is
tensile at the initial stage of SnSe films formation and tends to the
compression and lattice strain of the films prepared at the terminal
stage. The minimum value of dislocation density is obtained for the
film grown at the substrate temperature 300 °C. The dislocation
density of as prepared SnSe films decreased as the substrate
temperature increased. The change in crystallite size with substrate
temperature explained this behaviour. Indeed, the larger crystallites
have a smaller surface to volume ratio, thus giving up a rise to the
dislocation network.

Table II expresses the change in texture coefficient, dislocation
density and number of crystallites of SnSe thin films at different
temperatures from 250 °C to 325 °C. From Table II, it is observed
that dislocation density and number of crystallites exhibit higher
value at 250 °C and the further increase of temperature decrease the
values. This ensures the increase in the volume fraction of its
crystallized phase.

Analysis of surface morphology of SnSe thin films.—The surface
morphology of the SnSe thin films deposited at different substrate
temperatures was respectively as shown in Fig. 3. These SEM
pictures were recorded with the same magnification of 100000 × for
comparison. It is observed that the surfaces of the films are found to
be uniform and homogeneous. As it can be seen, the surface of the
as-deposited SnSe thin film grown at Ts = 250 °C was found to be
little circular grains gradually spread along horizontal of the
substrate. The average grain size of these films is approximately
60–170 nm. With the increase in the substrate temperature up to
300 °C, the SnSe film grows mature to form uniform over-grained
morphology composed of nano circular shaped grains. These circular
grains change into the small circular grains when the substrate
temperature was increased further to 325 °C which is evidenced by
the coincidence of nano-circular grains shown in Fig. 3. Similar
spherical-shaped grains for SnS films were observed by Zainal et al.
in the chemical bath deposition method.33

Compositional analysis of SnSe thin films.—The purity and the
specific composition of the as-deposited SnSe thin films were
determined by EDX study, which exposed the presence of Sn and

Se as elementary components. The typical EDX spectra of SnSe thin
films are shown in Fig. 4. The numerical atomic percentage of the
compositional elements such as Sn and Se present in SnSe thin films
are given as inset of Fig. 4. Two different peaks related to Sn and Se
are found in the SnSe spectrum, which supports the SnSe thin film.
The EDX analysis affirms their nominal percentage and chemical
purity of system. Initially, the as-deposited SnSe thin film is
selenium rich but increase in substrate temperature to SnSe thin
film show increase in the percentage of tin in order to reach the
stoichiometric ratio of 1:1. The quantitative weight percentage of the
compositional elements such as Sn and Se from Ts = 250 to 325 °C
are listed in Table III. The atomic percentage of tin is increased from
47.43 to 52.52 by increasing the substrate temperature from 250 to
300 °C and then it decreased to 47.24 at the substrate temperature
325 °C. EDX spectrum exhibits that the weight percentage is closely
equal to their nominal stoichiometry within the experimental error.
Engelken et al.47 and Fernandez et al.48 had also reported similar
findings with ZnSe and Sb2Se3 films. On increasing Ts at 325 °C, the
peaks corresponding to selenium content in the film started
decreasing (deficiency of selenium). This is probably due to
re-evaporation of selenium owing to its high vapour pressure,
leaving a tin riched surface reacts with oxygen to form SnO2.

A report on optical absorption analysis of SnSe thin films.—The
optical transmittance spectra of SnSe thin films prepared at different
substrate temperatures by nebulized spray pyrolysis technique, in the
wavelength range of 300 nm–1100 nm are presented in Fig. 5. It is
observed that the transmittance increases with gradual increase in
wavelength (300–600 nm), which points better crystallinity of the
films. A close observation designates that the transmittance gets
down at lower wavelengths and slightly increases at higher
wavelengths when increasing the substrate temperatures from 250
to 300 °C and decreasing at 325 °C as seen from Fig. 5. The film
deposited at 250 °C has high transmittance. The detected changes in
the transmission are owing to the thickness variation and the cardinal
differences in the film absorption. The nature of this transmittance
variation may be proposed as being eligible as a window material
fabrication for solar cells. The optical absorption spectra of
nebulized spray deposited SnSe thin films have been used to
calculate the coefficient of absorption, optical band gap and the
nature of transition concerned. The photon energy dependence of the
absorption coefficient of SnSe films is shown in Fig. 6. It is
established that high optical absorption coefficient (α = 104 cm−1)
was ascertained for all the compositional parameters. The absorption
through the film is comparatively high at higher wavelength region
designating high concentration of defects and free carriers. The

Table I. Structural parameters of SnSe thin films at different
substrate temperatures.

TS (°C) FWHMβ Crystalline size Strain
hkl (degree) (nm) ×10−3

250 (111) 0.197 41 8.28
(311) 0.310 25 13.51
(511) 0.525 15

275 (111) 00.195 42 8.21
(311) 0.285 27 12.42
(511) 0.410 20 17.22

300 (111) 0.148 55 6.21
(311) 0.149 53 6.45
(511) 0.190 43 7.98

325 (111) 0.236 34 9.94
(311) 0.245 32 10.68
(511) 0.275 30 11.55

Figure 2. Variation of average crystallite size as a function of temperatures.
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absorption reduces suddenly in the lower energy region at 325 °C
due to the formation of tin oxide.

The optical band gap of as-deposited SnSe thin films is calculated
by employing the Tauc’s model.49 For semiconductors, n = 1/2, 2,
3/2, 3 values related to the allowed direct, allowed indirect, forbidden
direct, and forbidden indirect transition only. Since n = 1/2 and the

absorption coefficient is of the order of 104 cm−1 sustains the direct
band gap nature of SnSe semiconductor for allowed direct transition.
The band gap of SnSe thin films was found for each film by plotting
(αhν)2 vs hν photon energy and then extrapolating to the linear portion
to the energy basis at α = 0. The Tauc’s plot is used to find the band
gap of SnSe thin films as in Fig. 7.

Table II. Value of texture coefficient, dislocation density and number of crystallites for different temperatures from 250 °C to 325 °C.

TS (°C) Dislocation Density ×1015 No. of Crystallites Thickness (nm)
Texture coefficient (Lines m−2) ×1016(m2)

225 — — — 213
250 1.2528 0.8218 1.4936 264
275 1.0459 0.5705 0.7621 382
300 1.0365 0.5613 0.5079 456
325 1.3542 0.3209 0.3597 634

Figure 3. SEM photographs of the SnSe films deposited at different substrate temperature.
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The direct optical band gaps of SnSe thin films was found to be
decreased from 1.24, 1.19, 1.14 eV with the increase of substrate
temperature from 250 to 300 °C and then increased to 1.22 eV with
the further increase in the substrate temperature to 325 °C. The direct
band gap values of SnSe thin films reported in the literature extend
from 0.9 eV up to 1.3 eV.50 The sharp augmentation (reduction) of
energy band gap at higher substrate temperature could be due to the
constitution of localized states in the band gap region and these
states must be elicited in the band gap on account of the structural

disorder owing to the selenium deficiency. Thus the crystallinity of
the polycrystalline SnSe films improves with increasing substrate
temperature upto 300 °C.51

Photoluminescence studies on SnSe thin films.—The correlation
between structure and property is investigated by PL spectra which
originate from the recombination of the surface states.52 The PL is
one of the significant studies which can give us more important
information on the crystal quality and purity of the material. The

Figure 4. EDAX spectra of SnSe films prepared at different substrate temperature.
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presence of defects such as electron–hole recombination centres,
oxygen vacancies and defects are responsible for optical absorption
and the emission spectra. The room temperature photoluminescence
spectra of the SnSe thin films in the wavelength region from 400 nm

to 550 nm are shown in Fig. 8. The low intensity luminescence peaks
observed in the films might be attributed to inter-impurity transitions
and larger stoichiometric deviations in the films. The peaks at 420,
485 and 498 nm may be ascribed to defect centers attributed to
excitonic transitions which are size dependent and excitation
wavelength-independent in certain wavelength range.53 The emis-
sion peak at 529 nm may be due to the presence of electron hole
recombination via trap states or imperfection sites.54 These impu-
rities or defects that were not traced in the XRD analysis might be
developed or formed at the time of growth of SnSe films.

Electrical conductivity studies on SnSe thin films.—The electrical
conductivity, Hall coefficient and mobility of nebulized spray
deposited SnSe thin films deposited at the different substrate
temperatures from 250 to 325 °C were determined by Hall effect
measuring instrument and the corresponding values were listed in
Table IV.

The Hall positive coefficient values confirm that the as-deposited
SnSe films had an p-type nature. Figure 9 shows the variation in the
resistivity, carrier concentration and Hall mobility of the films as a
function of substrate temperature. The resistivity of the SnSe films
decreases with the increase of substrate temperature from 250 °C to
300 °C and then it increases with the further increase in the substrate
temperature to 325 °C. The lowest resistivity value was 4.84 Ωcm at
the substrate temperature of 300 °C. The decrease of the electrical
resistivity of the film layers after increasing the substrate tempera-
ture from 250 °C to 300 °C can be explained using the Petritz barrier
model.55 Since the crystallites do not grow sufficiently large at low
temperatures, the intercrystalline regions offered high resistance for
the movement of the charge carriers. At high substrate temperatures,
the formation of fewer nucleation centres results in large crystallite
sizes, which may ultimately decrease the intercrystalline barriers,
hence decreasing the electrical resistivity and then is decreased by a
further rise in substrate temperature of 325°C. Lots of reports have
been reported in the resistivity of SnSe thin films whereas Hema
Chandra et al.56 had reported the closer resistivity value from 8.1 to
30 Ωcm after performing with the substrate temperature range
303–513 K for the SnSe thin films deposited by the flash evaporated
technique. The bulk carrier concentration and mobility of the SnSe
thin films increase with increasing substrate temperature from 250 to
300 °C up to 5.676 × 1017 cm−3 and 7.8 cm2 V−1 s−1, and then they
decrease to 2.542 × 1017 cm−3 and 5.2 cm2 V−1 s−1 respectively by
a further rise in substrate temperature.

The mobility increases as a result of reconstituting and the
crystallinity prosperity of the material. The increased bulk carrier
concentration caused by increasing substrate temperature shrunken
the grain boundary potential barrier. Because of that, the carrier
mobility of the SnSe films also increases. The results showed in this
work have presented the feasibility of using SnSe thin films suitable
for fabrication of solar cells.

The activation energy of SnSe thin film can be calculated using
the equation

( )ρ ρ= [ ]exp . 5
E

KT0

The temperature dependence of resistivity was studied from room
temperature to 313 K. An Arrhenius plot of log (ρ) vs 1000/T for
four typical SnSe thin films at different substrate temperature has
been shown in Fig. 10.

The curves clearly show two conduction regions. The slope is
high in the low temperature region but decrease with further increase
of temperature. From the slopes of an Arrhenius plot, the activation
energies are calculated and presented in Table IV. The value of pre-
exponential factor ρ0, which is the resistivity of the film as the
temperature reaches to infinity, is determined to be 20.44, 12.63,
2.74 and 15.34 Ωcm for the SnSe films prepared at different
substrate temperatures from 250 to 325 °C. It is seen from the
activation energies that the films do not possess the intrinsic

Table III. Variation of elemental analysis of SnSe thin films at
different substrate temperature.

Atomic percentage of the elements (%)

TS (°C) Sn Se Sn/Se ratio

225 46.16 53.84 0.86
250 47.43 52.27 0.91
275 48.12 51.88 0.93
300 52.52 47.48 1.11
325 47.24 52.76 0.90

Figure 5. Transmittance spectra of nebulized spray deposited SnSe thin
films at different substrate temperature.

Figure 6. Absorption coefficient spectra of nebulized spray deposited SnSe
thin films at different substrate temperature.

ECS Journal of Solid State Science and Technology, 2021 10 084008



resistivity strictly in this entire range of applied temperature. The
shallow trapping states preferably due to those interstitial tin or
selenium vacancies are expected to dominate the extrinsic resistivity

Figure 7. Plot of (αhν)2 vs photon energy for nebulized spray deposited SnSe thin films at substrate temperature (a) 250 °C, (b) 275 °C, (c) 300 °C,
(d) 325 °C.

Figure 8. Photoluminescence (PL) spectra of SnSe thin films deposited
under different substrate temperature.

Figure 9. Variation of resistivity, carrier concentration and mobility of SnSe
thin films of different substrate temperature.
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near the room temperature whereas those deep trap states influence at
high temperature range. Kumar et al.57 have reported the activation
energy for the SnSe thin film deposited in the range of 300–450 K
using thermal evaporation method is 0.14–0.28 eV.

Conclusions

The p-type semiconducting SnSe thin films have been success-
fully deposited by simple and inexpensive nebulized spray pyrolysis
technique. Polycrystalline nature of as-deposited SnSe thin films was
confirmed from X-ray diffraction studies. X-ray diffraction studies
depicted orthorhombic crystal structure irrespective of substrate
temperature. Scanning electron microscopy studies revealed uniform
deposition with the grain size in the nano metre range.
Stoichiometric films of SnSe were observed from energy dispersive
analysis by X-ray studies. The optical band gap was found to be in
the range of 1.14–1.24 eV with the direct allowed transition
depending on substrate temperature. The lower absorption and
high transmittance in the visible region observed at lower substrate

temperature represented the good optical quality of the crystals with
the low absorption or scattering losses which lead to the applications
particularly as a window layer in solar cells. Electrical studies
showed that the films are semiconducting which may be used in
optoelectronic devices. The structural, optical, morphological and
electrical conductivity studies of tin selenide thin films confirmed
that the optimum substrate temperatures for depositing SnSe thin
films by this NSP technique is 300 °C. The corresponding results
obtained by preparing SnSe thin films may be suitable for conven-
tional absorber layer in solar cells.
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Table IV. Variation of optical and electrical properties of SnSe thin films at different substrate temperature.

TS (°C) Band gap (eV) Conductivity (Ω-cm)−1 Mobility (cm2 V−1 s−1) Hall coefficient (cm−3 C−1) Activation energy (eV)

250 1.24 0.04 2.6 61.70 0.10
275 1.19 0.05 4.4 17.30 0.15
300 1.14 0.21 7.8 11.01 0.16
325 1.22 0.07 5.2 24.59 0.27

Figure 10. Arrhenius plot of SnSe thin films of different substrate temperature.
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Effect of Substrate Temperature on Structural, Electrical and
Optical Properties of Sprayed Tin Selenide Thin Films Applicable
for Photovoltaic Measurements
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Thin films of Tin selenide (SnSe) have been prepared on glass substrates at different temperatures in the range of 250 °C–375 °C in
steps of 25 °C for optimization were discussed. The deposited tin selenide thin films were characterized using X-ray diffraction
analysis (XRD), Elemental dispersive X-ray analysis (EDAX), Scanning electron microscopy (SEM), Optical absorption,
Photoluminescence (PL), Raman spectroscopy and electrical measurements. From XRD analysis a single-phase tin selenide thin
film having orthorhombic crystalline structure with crystallite size of 17 nm to 62 nm were investigated. The surface morphology
revealed the presence of uniformly distributed spherical grains of SnSe thin films without pores and voids. Optical absorption
spectrum revealed a direct band gap of 1.15 eV and having very high absorption coefficient (˃104/cm) was calculated. The Raman
scattering analysis confirmed the presence of B3g and Ag vibrational modes of SnSe thin films. PL studies revealed a strong
luminescence peak near-band-edge (NBE) emission at 785 nm due to recombination of bound excitons. Photoconductivity
characteristics of SnSe thin films were due to the existence of continuous distribution of localized states in the band gap data. Thus
tin selenide thin films were used as an absorber layer in the photovoltaic application.
© 2022 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/2162-8777/
ac4ffd]
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In this scenario, tin-based binary semiconductors such as SnS and
SnSe are expected to a play a crucial role in replacing toxicating
cadmium compounds and scarced elements based CIGS absorbers in
photo-voltaic devices. They are relatively earth abundant, non-toxic
nature and easy controllability of stoichiometric. Moreover, the annual
production of tin, sulphur, and selenium is large (low-price) as compared
to other absorber elements. These materials exhibit favourable properties
such as high chemical stability, suitable band gap (1.0 eV to 1.5 eV) and
high absorption co-efficient (∼105 cm−1) with P-type conductivity. On
the other hand, the solar cells fabricated from SnSe thin films exhibited
lower efficiencies (⩽1% by non-vacuum methods and >5% by vacuum
methods) than CIGS and CZTS solar cells.

In recent years, semiconducting compounds play a vital role for
the researcher due to their potential application in the solar energy
conversion, sensors, laser materials, thin films polarizer and thermo-
electric cooling materials.1–5 Tin selenide (SnSe) is a IV–VI binary
semiconductor that crystallizes in orthorhombic crystallographic
structure whose atomic arrangement within the crystal resembles
like distorted NaCl structure.6 The existence of the tightly bound
double layers of tin and selenium atoms stacked along the crystal-
lographic c-axis and anisotropic character, thus tin based chalco-
genide semicoductors are attractive layered compounds which can
be used as cathode materials in lithium ion batteries7 and decreasing
the photo corrosion.8 It is a narrow band semiconductor with high
chemical stability, p-type conductivity and their band gap lies
between 1.0 eV and 2.0 eV and absorbs light energy from the high
energy end of the solar spectrum.9 SnSe has numerous applications
in memory switching devices, in holographic recording systems or
as an anode material to improve light diffusivity.9–13 Owing to this,
SnSe has been studied in the form of both single crystal and thin
films.14–16 Researchers investigated a number of methods to prepare
SnSe thin films viz. epitaxial laser ablation method,17 atomic layer
deposition,18 closed space vapor transport,19 chemical bath
deposition,20–22chemical vapor deposition,23 vacuum deposition,24

spray pyrolysis,25,26 etc. Among these techniques spray pyrolysis is
a simple and low cost technique for the preparation of semiconductor
thin films. It has capability to produce large area, high quality
adherent films of uniform thickness, low temperature growth, enable

morphological and film thickness controlled by electrical para-
meters.

In the present work, SnSe thin films were grown on glass
substrates, held at different substrate temperatures (Ts), by the spray
pyrolysis technique. We study the effect on the structural, morpho-
logical, optical and electrical properties of SnSe thin films sprayed at
different substrate temperature ranging from 250 °C to 375 °C.

Experimental

Tin selenide (SnSe) thin films were deposited onto glass
substrates at different substrate temperatures using the spray
pyrolysis unit.26 It consists of a spray nozzle, a furnace for heating
the substrate, and a mechanical system for rotor, thermocouple
included temperature controller and air compressor. A hot plate
(base plate) made up of iron disc is used to measure the temperature
in which a maximum temperature of 450 °C can be achieved with
the help of chromel—alumel thermocouple. Substrate temperature
(Ts) was maintained with the help of a feedback circuit which
controls the heater supply. Temperature of the substrate can be
varied from room temperature to 450 °C using this coating unit.
During the spray, temperature of the substrate was kept constant
with an accuracy of ±2 °C. The nozzle is made up of borocil glass
and consists of solution tube which is surrounded by a glass bulb.
Due to air pressure of the carrier gas, a vacuum is created at the tip
of the nozzle to suck the solution from the tube after which the spray
starts. Spray head and hot plate with substrates were kept inside a
chamber provided with an exhaust fan for removing gaseous by-
products and vapours of the solvent. Pressure of the carrier gas (air)
used for spraying the precursor solution was adjusted manually from
an air compressor unit. With the help of indigenously developed
dispensing unit, the spray rate of the solution can also be precisely
controlled. Spray rate is an important parameter in controlling
different properties of the films which can be controlled with an
automated spray pyrolysis unit. In the spray mechanism, the nature
of the substrate surface is very important in order to get uniform film
at the entire surface. The basic principle involved in chemical spray
pyrolysis was that when a droplet of the spray solution reaches the
substrate owing to the pyrolytic decomposition of the solution, well
adherent films are deposited. Substrate cleaning plays a dominant
role since the contaminated surface provides nucleation sites
facilitating in non uniformity grow of thin films.zE-mail: anivishaal123@gmail.com
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Cleaned boro silicate glass slides, with dimensions of 37 × 24 ×
1.2 mm3 were used as the substrates. First of all the glass slides were
boiled in chromic acid for 30 min, then washed with liquid detergent
and rinsed in acetone. Finally the slides were ultrasonically cleaned
with double distilled water for 20 min before deposition. In this
study, Tin Mono Selenide thin films were prepared onto glass
substrates from an aqueous solution containing doubly hydrated
Stannous chloride (SnCl2·2H2O) and Selenourea (SeC(NH2)2) of 0.1
molarity each dissolved in deionised water in separate beakers.
Aqueous solutions of stannous chloride and selenourea were used as
the sources of tin and selenium respectively. Both the solutions were
mixed for 1 h with a magnetic stirrer to get a clear solution. The film
was prepared by varying substrate temperatures from 250 °C to 375
°C in steps of 25 °C. The colourless precursor solution turned gray in
colour and then to gray-black in colour. The other deposition
parameters like solution flow rate, carrier gas pressure, nozzle to
substrate distance were kept as 2 ml min−1,0.8 kg cm−2, 30 cm and
the total volume of the solution sprayed was 40 ml, which contained
equal volumes (20 ml) of SnCl2·2H2O and (SeC(NH2)2) respec-
tively. The spray rate was fixed at 2 ml min−1 since low spray rate
favoured formation of films with superior surface morphology.26

Further lowering of deposition rate would require longer coating
durations, which is an undesirable condition for preparing SnSe thin
films.

The tin selenide thin films of blackish dark gray coloured films
were obtained. Thickness of the films was measured using Stylus
method (Stylus thickness profiler). The structural analysis was
performed by employing X-ray diffraction (XRD) using Rigaku (D.
Max.C) X-ray diffractometer having CuKα (λ = 1.5405Ǻ) radia-
tion and Ni filter operated at 30 kV and 20 mA. All samples were
scanned in the range 10° to 80° with a scan speed of 5° min−1.
Surface studies of the samples were done with the help of Scanning
electron microscopy (SEM) JOEL, JSM-840 operating voltage for
SEM measurements was 20 kV and the surface morphology of the
samples was compared with 25k 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 (ZeissHR) instrument. Optical absorption studies were
carried out using UV–Vis-NIR Spectrophotometer (JascoV-750
model) in the range of 400–1100 nm. Employing Keithley 236
source measure unit, electrical characterization was performed
using Hall effect and four probe apparatus. Silver electrodes were
painted on the surface of the film on a fixed area with uniform
thickness, keeping a distance of 5 mm in between the electrodes
for electrical characterizations. Photoluminescence effect was
measured by fluorescence spectrophotometer (PL, Schimadzu

RF-5301) by studying the spectra of thin films wavelengths
between 400 nm to 800 nm.

Results and Discussions

The thin films prepared with different substrate temperatures in
the range 250 °C–375 °C as said in the procedure given above, were
uniform, free from pinholes and cracks with dark gray in colour.
Thicknesses of these six samples deposited with different substrate
temperatures were determined using Stylus profiliometer. The
variation of thickness as a function of substrate temperature is
plotted as shown in Fig. 1. It reveals that the thickness had decreased
linearly with respect to increase in substrate temperature. A similar
variation of thickness was observed for SnSe films prepared at
different substrate temperatures by Kumar et al.27This may be due to
the re-evaporation of the compounds at higher temperatures.

Structural studies.—The X-ray diffraction pattern of SnSe thin
films deposited at different substrate temperatures are shown in
Fig. 2. The XRD patterns of films deposited at different Ts (250 °C–
375 °C) with SnSe peak orientation along (111) plane having
orthorhombic crystal structure with lattice parameters a = 4.151 Å,
b = 11.46 Å, c = 4.444 Å, at 2θ = 30.5 °(JCPDS data card
32-1382).28–30 For Ts = 250 °C, the spectra showed presence of
different phases like Sn2Se3 white spots were observed all over the
film surface, which indicated the presence of unreacted precursors of

Figure 1. Variation of film thickness with TS.

Figure 2. XRD patterns of SnSe films prepared at (a) TS = 250 °C (b) TS =
275 °C (c) TS = 300 °C (d) Ts = 325 °C (e) TS = 350 °C and (f) TS =
375 °C.
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Stannous chloride and Selenourea, as Ts was lower than the
‘pyrolytic temperature. For Ts = 275 °C, mixed phases of SnSe2 and
Sn2Se3 were present. For 300 °C, peak intensity of Sn2Se3 decreases
and at 325 °C only single phase SnSe films was observed and at 350
°C there will be the deficiency of selenium contents and for 375 °C
the films were white in color with the conversion of selenium
contents into oxide phase as prominent SeO2. Since when the Ts is

very low the deposits were amorphous due to the spatial influence
experienced by impinging atoms due to the lack of regularity of the
substrate atoms at the contact region. The pre-nucleation adsorption
sites will have no orientation influence on the deposit. When the
substrate temperature increases, two phenomena takes place (1)
increase in the crystallite size and (2) enlargement of the nucleation
centres which might result in increased density of crystallites and
intensity of the diffraction peaks.

The XRD pattern clearly indicated prominent peaks of Sn2Se3
phase at lower Ts (250 °C) and SnSe converts as oxide phase at
higher Ts (> 375 °C). These impurity phases almost vanished for
325 °C Ts the films were having better crystallinity with a single-
phase SnSe. On increasing the substrate temperature above 350 °C,
the peaks corresponding to SnSe decreases and the compound was
almost converted into SeO2.This is probably due to re-evaporation of
selenium from the film at such temperatures because of its high
vapor pressure, leaving a tin riched surface which might have
reacted with oxygen to form SeO2 as the deposition was carried out
at atmospheric pressure. Mariappan et al. has reported that the
conversion of SnSe into SeO2 takes place when the films are
annealed at such high temperatures. A similar behavior for the films
having different phases deposited at different substrate temperature
was reported by Kumar et al. Bhatt et al.31 and by Dang Tran
Quan,32 H. Chandra et al. had observed (400) diffraction plane for
films grown by flash evaporation technique and Teghil et al. had
reported the orientation of grains with (011) and (200) crystal-
lographic plane by laser ablation method. The various preferred
orientation of the grains by various deposition techniques indicate
that the mode of deposition plays a dominant role for the growth of
structure of films. The analysis of diffraction patterns also reveals
that SnSe thin films deposited at 325 °C had single phase highly
preferred orientation along (111) direction. No other peaks were
observed which confirms the optimized temperature.

Crystallite size of the films were calculated using the Scherrer
formula,

λ β θ= ( ) [ ]D k cos 1

Where D is the diameter of the crystallites forming the film, λ is the
wavelength of CuKα line, k is the shape factor value is 0.94, β is the
full width at half maximum in radians and θ is the Bragg angle of
the diffraction peak. As the substrate temperature increases from
250 °C to 375 °C, the crystallite size also increases from 17 nm
to 62 nm and slightly decreased after optimised temperature. The
crystallite size of the film prepared at Ts = 325 °C was 37 nm.

The crystallite size increased with the increase in substrate
temperature, which is evident from the decrease in the full width
at half maximum (FWHM) of the (111) peak. Figure 3 shows the
crystallite size plotted against substrate temperature. The crystallite
size of a vapour-deposited polycrystalline film increased with
substrate temperature may be due to the increased surface mobility
of ad atoms and clusters during deposition. The variation of
crystallite size with substrate temperature can be recognized by
melting point for the vapour source, adatoms interact strongly with
each other to become chemisorbed with little surface migration,
thereby resulting in a fine grained deposit and higher the surface
mobility more marked the film thickness. Usually crystallite sizes in

Figure 3. Crystallite size vs Substrate temperature.

Figure 4. Strain vs Substrate temperature of SnSe thin films.

Table I. Value of Crystallite size, Strain, Dislocation density and Thickness of SnSe thin films at different substrate temperature.

Temp (°C) Peak intensity d-spacing FWHM Crystallite size(nm) Strain × 10−3 Dislocation density × 1016 Thickness (nm)

250 30.59 2.9395 0.7872 17 0.37 0.836 1038
275 30.57 2.9392 0.4920 29 1.2 3.269 925
300 30.56 2.9170 0.5904 32 2.1 4.710 840
325 30.5 2.9048 0.1962 37 3 2.036 750
350 30.49 2.9029 0.4428 50 3.3 2.648 610
375 30.42 2.9031 0.1968 62 2.4 5.234 480
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sprayed films are decreasing with the deposition temperature.
Reverse effect observed in sprayed tin selenide films could be
explained by the formation of secondary phases, which retard the
growth of SnSe crystallites at different substrate temperatures, which
is in agreement with S. Anwar et al.

The micro strain was calculated by the equation

ε β θ= [ ]cos

4
2s

From the Fig. 4 we observed a strain vs substrate temperature of the
SnSe thin film, the lower strain is for the thin films grown at a
substrate temperature of the 250 °C and increased as the substrate
temperature increases. The SnSe thin film grown at 350 °C exhibit
the highest value of the strain, this could be due to the high
temperature of the substrate and consequently the low mobility of
atoms to have a better arrangement in the polycrystal. The value of
crystallite size, dislocation density and thickness of SnSe thin films
will be given in Table I.

Morphological Properties

Scanning electron microscope (SEM) studies provide micro-
scopic information of the surface topography. Thus SEM studies
were carried out to assess the quality of the SnSe thin films spray
deposited at different temperatures from 250 °C to 375 °C. These
SEM photographs were recorded with the magnifications of about
25,000. SEM images show that the surface morphology of the
sample strongly depends upon the concentrations of tin species
solutions at different Ts. It is evident from the SEM image that the
grains are distributed to cover the surface of the substrate comple-
tely. No pin holes or cracks could be observed for the samples. From
Fig. 5d that the samples prepared at Ts = 325 °C had cluster of
spherical grains such that the grains are distributed uniformly to
cover the surface of the substrate completely with increase in grain
size and the density of the grain decreases. While from Fig. 5a, it is
clear that for samples prepared at Ts = 250 °C the surface is smooth
with a close packed adherent films. At Ts = 275 °C the images
reveals the presence of dense structures and above this temperature

Figure 5. SEM images of SnSe films at 250 °C–375 °C.
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spherical grains are formed without pores, voids or cracks. These
images confirm that film surface changed from regular spherical
grain structure to cluster like crystallite structures with increase in
temperature from 250 °C to 375 °C, with the conversion of SnSe into
SeO2 due to deficiency of selenium compounds. Thus the SEM
images showed increase in substrate temperature has the significant
effects on the grains and modify the structure of crystallites. The
results obtained from SEM coincidence with the XRD results.

EDAX analysis.—The chemical composition and purity of the
deposited SnSe thin films (Atomic ratios of Sn and Se) in the films
were examined using EDAX spectrum in the binding energy region
of 1 eV to 10 eV. Variation of Sn/Se ratio in the films with respect to
the Ts is depicted in Fig. 6. The quantitative weight percentage of the
compositional elements such as Tin and Selenium was presented in
Table III. It was observed that, as Ts was increased, the composition
of selenium compounds in the film also increased, and at Ts =
325 °C we obtained nearly stoichiometric SnSe thin films which is in

good agreement with the reports of Tomkiewicz et al. and Skyllas
Kazcos and Miller et al.33 But at still higher Ts (>325 °C) the
selenium content in the film started decreasing, probably due to re-
evaporation of selenium owing to its high vapour pressure and
conversion of selenium into oxides.

Optical properties.—Band gap energy is the most significant
semiconducting property which plays a vital role in the determina-
tion of application fields of materials. Temperature is one of the
factor affects the band gap of the materials which changes the
structure of compounds. Two reasons were significant for tempera-
ture band gap dependence (1) influence of electron-phonon interac-
tion and phonon dispersion due to band gap shrinkage (2) semi-
conducting devices worked at high temperature range.

The most important factor for a semiconducting material is the
transmittance which provides information about band gap energy by
revealing absorption rate of a material. The transmittance value
suddenly drops off near the absorption edge due to band to band

Figure 6. EDAX images of SnSe films at 250 °C–375 °C.
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transitions in the figure 8. From the analyses of transmission
spectrum we can found band gap energy of a semiconducting
material and transition of electrons. The relation between absorption
coefficient (α) and the incident photon energy hν is given by

α ν ν( ) = ( − ) [ ]h k h E 3g
2

Where k is proportionality constant and Eg is the direct transition
band gap. The transmittance spectrum recorded in the wavelength
range 300 nm–1200 nm using double beam spectrophotometer.
From the figure7, the absorption edge primarily shifted from lower
wavelength to higher wavelength region and then shifted towards
lower wavelength with increase of substrate temperature. The
existence of shifting near the fundamental absorption edge indicated
the presence of different phases in the films. This behaviour
indicates that band gap of the thin films decreased with increase of
temperature.

Optical band gap of the films was determined from the (αhν)2 vs
hν plot (Fig. 9). All the samples had very high absorption coefficient
(105 cm−1). Linearity of the graphs confirmed that all the SnSe thin
films had direct band gap. Band gap of the SnSe films prepared at
Ts = 325 °C was 1.15 eV which is almost same as that for single-
phase SnSe films. For SnSe films deposited in the range 250 °C to
375 °C, band gap was found to vary as 1.35 eV to 1.25 eV. (Fig. 11)

depicts the variation of band gap for the entire range of Ts. Here we
can observe close similarity with the graph giving the variation of
Sn/Se ratio (Fig 10). This indicates the dependence of band gap on
composition. The high value of band gap at lower and higher
temperature is probably due to the formation of Sn2Se3 and SnSe2
phases respectively.34–38 Nearly stoichiometric and single phase
SnSe films were observed at 325 °C, with an absorption coefficient
of α >105 cm−1 and the evaluated energy band gap was 1.15 eV
which was good agreement with Mariappan et al. and Kumar et al.
on SnSe deposited by spray pyrolysis and thermal evaporation
method.

Photoluminescence studies.—The Photoluminescence (PL)
study is an important parameter to analyze the defects and their
effects on optical studies. In general the photoluminescence proper-
ties of the films were associated with the crystallinity of the films
because the density of defects reduces improvement in crystallinity.
The PL spectra recorded with an excitation wavelength of 585 nm
for SnSe thin films deposited at different substrate temperatures are
shown in Fig. 12. The PL spectra revealed the presence of strong
intense peak corresponding to the wavelength between 400nm–-
800nm centred at 785 nm (maximum emission) may be due to donor
acceptor pair transition between a selenium vacancy and tin
compounds.39,40 All the SnSe thin films exhibit a strong lumines-
cence peak near band edge emissions (NBE) at 785 nm (1.15 eV)
(blue) due to recombination of bound excitons. All the films show
only NBE peak in the visible region and IR and UV peaks were not
observed in these films indicating a good optical quality of thin
films. It is seen in the figure that the NBE emission peak is slightly
shifted towards lower wavelength from higher wavelength. This
result is well matched with the results of the optical band gap. The
gradual increase in peak intensity was observed with an increase in
substrate temperature indicated the development in crystalline
quality and hence increase in density of free excitons. As the
thickness decreases the number of molecules and hence decreases
the peak height.

Raman studies.—Raman spectroscopy is a powerful tool for
analyzing the phase, spatial location and structure of SnSe thin films.
Raman spectra were analyzed to confirm the presence of tin selenide
phase and other phases such as SnSe2 and Sn2Se3. Raman spectra of
SnSe thin films deposited at different substrate temperatures were
shown in Fig. 13. It is clear that peaks located at 150 cm−1 is the
most peak in Raman spectra of given samples. This peak refers to
Ag1 mode. Broad peaks located at 255 cm−1 refers to SeO2.

Resistivity measurement.—The electrical resistivity, carrier con-
centration and Hall coefficient of SnSe thin films deposited at
different substrate temperatures were determined by Hall Effect
measuring instrument at room temperature and the corresponding
values are given in Table II. For all electrical measurements
performed in this study, non rectifying ohmic contact with the
investigated tin selenide thin films were achieved using silver paste
electrodes. The type of electrical conduction was verified using hot
probe method while the resistivity measurements were carried out
using standard Hall-effect set up. Resistivity of the films decreased
from 7 × 103 Ω cm to 7 Ω cm with the increase in Ts. The decrease
in resistivity may be attributed to the increase in crystallite size
which leads to the decrement in trapping states at the grain
boundary. Grain boundary plays an important role between crystal-
lites and the carrier transport. It can act as a trap center in a complete
atomic bonding, which depletes the free charge carriers and as a
result immobilized as trapping state increase. The electrical resis-
tivity of a polycrystalline thin film is a complex phenomenon,
involving charge carriers through the bulk part and inter-crystalline
boundaries of a semiconductor. Thus the electrical resistance of
semiconducting thin films decreases with increase in Ts which was
due to the increase in drift-mobility of the charge carriers and free-
carrier density due to lattice vibrations. High value of resistivity of

Figure 7. Absorbance vs wavelength for the different temperature.

Figure 8. Transmittance vs wavelength at different temperature.
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the films prepared below 300 °C was probably due to presence of
mixed compound Sn2Se3. Hot probe analysis was carried out on the
sample to determine the conductivity type. This measurement
indicated that the films prepared in the range Ts = 250 °C–375 °C
were p-type and the films prepared at Ts = 300 °C showed
fluctuating nature in hot probe analysis, which may be due to the
very high resistivity of these films. Hence it can be concluded that
films prepared at 325 °C have the optimal qualities of an absorber
layer in terms of crystallinity, high absorption coefficient, band gap
and stoichiometric. Therefore Ts = 325 °C was chosen for further
deposition of SnSe films.

The electrical resistivity, carrier concentration and mobility of the
films deposited at different substrate temperature are given in
Table II. The resistivity value decreases rapidly with increasing
substrate temperature showed the presence of increase in crystalline
size and due to the presence of mixed phases like SnSe2 and Sn2Se3
with SnSe, that are highly resistive might be responsible for the
resistivity, exhibited by the films deposited at the lower temperature.
The films formed at higher substrate temperature like 375 °C showed
lower resistivity, which was due to presence of conductivity oxide
phase of Sn–O–Se along with SnSe. However, single phase SnSe
film deposited at 325 °C had resistivity value of 7.897 x 103 Ω-cm, aFigure 10. Variation of Sn/Se ratio with Ts.

Figure 9. Energy band gap of SnSe at different temperature.

Table II. Variation of electrical properties of SnSe thin films at different substrate temperature.

Substrate temperature (°C) Resistivity × 103 (Ω-cm) Carrier concentration × 1014 (cm−3) Mobility (cm2 V−1s−1) × 10−1

250 7.67 4.37 3.45
275 7.77 9.31 8.62
300 7.84 4.85 1.64
325 7.90 2.16 3.65
350 8.09 9.17 8.41
375 8.02 5.32 1.46
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net carrier concentration of 2.163 × 1014 and mobility 3.65 × 10−1

cm2 Vs−1. The similar behaviour for SnSe films has been reported
by H. Chandra et al. and Mariappan et al.41,42

Photoconductivity.—The photoconductivity and photosensitivity
(s) of the films were calculated by the relation

σ σ
σ

=
−

[ ]S 4
light dark

dark

Where I is the measured current, d is the film thickness, V is the
applied voltage, A is the device area and SnSe thin films coated with
silver ohmic contacts. The samples are connected to the experi-
mental set up and the current values are recorded in the sequence of
20 s in dark condition and 20 s under illumination. The photocon-
ductivity of SnSe thin films deposited at different substrate tem-
peratures. It was found that at low temperature the photoconductivity
increases and at higher temperature it decreases due to the oxidation
of material leading to the formation of selenium oxide SeO2. The
persistent photoconductivity (PPC) effect was observed for the SnSe
thin films deposited at 325 °C under the dark condition. The transient
decay current under the dark, which followed the illumination period
indicate the presence of charge carrier traps in the films.

Conclusions

SnSe thin films were prepared using Chemical spray pyrolysis
technique at different deposition temperature using stannous chloride
and selenourea as precursor solution and they were optimized. Single-
phase SnSe thin film with the orthorhombic polycrystalline was
achieved in the temperature region 325 °C, optimized with needle like

Figure 12. PL spectra of SnSe thin films deposited at different substrate
temperature.

Figure 13. Raman spectra of SnSe thin films deposited at different substrate
temperature.

Figure 11. Variation of Bandgap of the films with Ts.

Table III. Variation of elemental analysis of SnSe thin films at different substrate temperature.

Substrate Temperature (° C)
Atomic percentage of the elements (%)

Sn/Se ratio
Sn Se

250 50.1 49.9 1.01
275 50.7 49.3 1.03
300 51.8 48.2 1.07
325 51 49 1.04
350 52.5 47.5 1.10
375 53.3 46.7 1.14
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structures along the stoichiometric elemental composition. For all the
deposition temperatures, p-type SnSe films were obtained and the films
were highly absorbing with suitable direct energy band gap for
fabrication of SnSe homojunction. The resistivity value decreases
rapidly with increasing substrate temperature showed the presence of
mixed phases like SnSe2 and Sn2Se3 with SnSe, that are highly resistive
might be responsible for the resistivity, exhibited by the films deposited
at the lower temperature. The films formed at higher substrate
temperature like 375 °C showed lower resistivity, which was due to
presence of conductivity oxide phase of Sn–O–Se along with SnSe.
However, single phase SnSe film deposited at 325 °C had resistivity
value of 7.897 x 103 Ω-cm, a net carrier concentration of 2.163 ×
1014 cm−3 and mobility 3.65 × 10−1 cm2 Vs−1.
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