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Abstract

There has been a lot of anomalies in the climate in recent years. The situation is
getting worse with every passing day, this alarming situation is the talk of the town
amongst the world’s scientific community. There has been a consistent search for
cleaner and sustainable source of energy which can replace the conventional fossil
fuel. To this date renewable energy such as solar, wind, ocean, hydrothermal are in
application. Among these, solar photovoltaic (PV) is the most effective and widely
used one due to its abundant availability and zero contribution to pollution. In order to
harness this energy conventional wafer based solar cells were used which have high
cost of production and a longer by back time. Second generation thin film based solar
cells are the talk of the time as they can be produced with less consumption of
material and energy and hence are economical. Three materials are currently in the
market; they are amorphous silicon (a-Si), cadmium telluride (CdTe) and copper
indium gallium selenide (CIGS). Amongst them, CIGS has shown the highest
efficiency of above 20% in laboratory scale, while CdTe has the highest market share.
A drawback with CIGS and CdTe technologies is the use of scarce and expensive

elements indium and tellurium.

It is therefore clear that these are issues which are of concern for long-term
availability of CdTe and CIGS. It is in this context; investigations have been initiated
all over the world for an alternative, abundant and non-toxic absorber material.
Antimony chalcogenide (Sh2Ses, Sh.S, Sh2(S,Se)s) are promising absorber materials
for thin film photovoltaic cells due to their high absorption coefficient (>10%m™) and
optimum direct band gap (~1.2eV). Sb2Ses has excellent optoelectronic properties
with low processing temperature these are key factors responsible for the growing
interest within the PV community. The best performing cells have reached above 10%
till date.

This thesis entitled “Sh.Ses thin film solar via low thermal evaporation technique” is a
detailed study of the fabrication of Sh.Ses absorber films by low temperature thermal
evaporation technique. Films have been as deposited, vacuum annealed as well
selenized and studied in detail in this thesis. The studies included in the thesis are

divided into eight chapters.
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Chapter 1
Introduction and Motivation

1. Introduction.

1.1 The global need for sustainable energy sources.

In classical thermodynamics energy is defined as the capacity to do work. Energy can
be associated directly or indirectly with the evolution, growth and survival of all
living beings. Energy plays vital role in the human welfare and economic
development of a country. Indisputably, humanity depends on energy, without it the
proper functioning of our society would be impossible. The current global electricity
consumption accounts to nearly 23,398 TWh which [1].There is increase in energy
consumption day by day, due to quick advancement and growing world population.
Historically, fossil fuels (coal, petroleum and natural gas) have dominated our energy
production. Today roughly 80% of our energy is supplied by fossil fuels; nuclear
energy provides 5%, and the remaining share, which constitutes nearly 14%, is from
renewable sources (biomass, wind, hydro, solar) [2] shown in fig. 1.1.
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Figure 1.1 Energy demand graph of last ten years [2].

Development of technologies which are not fossil fuels based is the current

requirement in order to minimize pollution or environmental problems during the
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energy generation stage. The global electricity demand is outweighed and thus
harnessing it by means of photovoltaics is an extremely challenging and attractive
prospect. Solar is a powerful renewable source: the energy that reaches the earth in
one hour is enough to meet the global needs of one year. It can be used directly or
indirectly for energy supply. Fig 1.2 presents the solar radiation spectrum at both the

top of Earth's atmosphere and at sea level.
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Figure 1.2. Solar radiation spectrum for direct light at both the top of Earth's

atmosphere (yellow area) and at sea level (red area) [3].

Solar spectrum can be divided into three regions (I) UV which is on the left and
extends up to 400 nm, (Il) Visible which is in the range of 400-700 nm and (I1I)
Infrared which is beyond 700 nm. The yellow portion depicts the sunlight without any
atmospheric absorption. The red band is the primary sunlight energy that is available
at the sea level. There is some deterioration from yellow to red in the figure: 1367
W/m? reaches the Earth’s top, but after consecutive losses it reduces to 1000 W/m?

near the sea level.

Solar energy is essentially useful and exploited in two contexts: solar thermal and
photovoltaics. Solar thermal reflectors concentrate the light on absorbers that convert

it into heat, which is transmitted to an internal fluid that can be used to generate



electricity or for other purposes [4]. Providing clean and sustainable energy is, the
main driving force. As such, solar PV must strive to outperform fossil fuel
technologies sufficiently enough to provide ample financial incentive to replace the
already established modes of energy generation.

1.2 P-N Junction.

A p-n junction consists of two semiconductor regions with opposite doping. First,we
consider two separate pieces of semiconductor - one being n-type and the other being
p-type. The n-type material has large numbers of free electrons or negatively charged
that can move through the material. Similarly, for the p-type material, there are large
numbers of free holes or positively charged that can move through the material. The
doped n-type and p-type semiconductor materials are electrically neutral.
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Figure 1.3. Working of a p-n junction [5].



Now when the n-type and the p-type materials are mergerd together they behave
differently with the formation of p-n junction. Upon joining them together a large
density gradient exists between both sides of the p-n junction. The free electrons from
the donor impurity atoms begin to migrate across the newly formed junction to fill up
the holes in the p-type region producing negative ions. However, because the
electrons moves from the n-region to the p-region , they leave behind positively
charged donor ions (Np) on the negative side and now the holes from the acceptor
impurity migrate across the junction in the opposite direction into the region where

there are large numbers of free electrons [5-7].

The charge density of the p-type along the junction is filled with negatively charged
acceptor ions (Na), so consecutively the charge density along the n-type becomes
positive. This charge transfer of electrons and holes across the p-n junction is known
as diffusion. The width of the p and n layers depends on doping with acceptor

density Na, and donor density Np, respectively.

The process continues until the number of electrons which have crossed the junction
have enough charge to repel any more charge carriers from crossing the junction.
State of equilibrium occurs producing a barrier zone near the junction as the donor
atoms repel the holes and the acceptor atoms repel the electrons. The area around

the p-n junction is known as the depletion region.

If a positive voltage and negative voltage is applied to the p and n side, the current
will flow depending upon the magnitude of the applied voltage this is forward biased
configuration. If a negative voltage is applied to the p-type side and a positive voltage

to the n-type side, then this configuration is a reverse biased one.

1.2.1 Solar cell operation.

Photovoltaics is the direct conversion of photons into electricity, using semiconductor
materials that exhibit photovoltaic effect. The photovoltaic effect was first introduced
by A. E Becquerel in 1839. After a long research in this field, researchers could

convert photons into electrons (light into electricity). Mainly, solar cell is a p-n



junction under illumination. The operation of a photovoltaic cell or solar cell requires

three basic attributes:

e Excitation of charge carrier
When solar cell is illuminated under sunlight, electrons in the ground state (valence
band) absorb light energy and jump to higher energy levels (conduction band). This

generates electron-hole pairs .

e Separation of charge carrier
By juxtaposing p- and n-type semiconductors, a p-n junction is formed: electrons flow
from the region with highest concentration (n) to the one with lowest (p) (diffusion),
creating a potential across the junction. Drift and diffusion are the two major
mechanism in a p-n junction [8]. Minority carriers, electrons in p side and holes in n

side move to n and p side through the junction, respectively.

e Collection of charge carrier
Separated electrons and holes flow through front and back contact, respectively, and

power the external circuit [9,10].

1.2.2 Solar cell parameters.

In this section we will discuss the cell parameters such the current-voltage (V) curve,

short circuit , open circuit voltage, fill factor, efficiency etc.

1.2.2.0 I-V curve.

The 1-V characteristic curve shown in fig 1.4 shows the current voltage
characteristics of a photovoltaic (PV) cell, module. It gives a detailed description of
its solar energy conversion ability. Knowing the electrical I-V characteristics of a
solar cell, or panel is critical in determining the device’s performance. The power
delivered by a single solar cell is the product of its output current and voltage (IxV). If
the multiplication is done, point for point, for all voltages from short-circuit to open-

circuit conditions, the power curve above is obtained for a given radiation level.



The equation for the IV curve in the first quadrant is:
I =1.—lo [exp (qQV/NKT) — 1] Q)

The -1 term in the above equation can be neglected. The exponential term is mostly

>> 1 except for voltages below 100 mV. at low voltages, the 1. dominates the I,.So
the equation can be re written as.

I =1 lo [exp (QV/nKT)] (i)
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Figure 1.4 Current voltage (V) cure of a solar cell [11].

The power curve shown above the maximum power (Pmp) where the solar cell gives

the maximum power output Pmax occurs at a voltage of Ve and a current of lve
[9,12].



1.2.2.1 Short ciruit current.

The short-circuit current is the current through the solar cell when the voltage across
the solar cell is zero. For an ideal solar cell, the short-circuit current and the light-
generated current are identical and the short-circuit current is the largest current which

can be drawn from the solar cell.

The short-circuit current depends on several factors [13]:
1. Area of the solar cell
2. Number of photons

w

Optical properties

e

Collection probability

1.2.2.2 Open circuit voltage.

The open circuit voltage is the maximum voltage that the array provides when the
terminals are not connected to any load. This value is higher than Vmp. The equation
for V¢ can be calculated by setting the net current equal to zero and is given below in
equation (iii)

Vocznqﬂ In(I/lo+1) (iii)

The above equation indicates that Vo is linearly dependent on temperature and

saturation current of the solar cell [14-16].

1.2.2.3 Fill factor.

The fill factor (FF) is the relationship between the maximum power that is actually
provided under normal operating conditions and the product of the open-circuit

voltage and short-circuit current (P = Voc X lsc) [17,18].

The FF is calculated by equation (iv),



V; I
FF = -2 X mp (iv)

Voc x Ioc

FF is the measure of the area of the largest rectangle which will fit in the IV curve as
shown in the figure 1.5 below.

| S/IC
|
mpp
— Mpp
L=
()
=
-]
O
\oltage Vieo Vor

Figure 1.5 Graph showing the FF [19].

1.2.2.4 Efficiency.

The efficiency is the most important parameter which describes performance of a
solar cell. Efficiency can be defined as the ratio of energy output to energy input from
the sun. The efficiency of solar cell depends on the spectrum, intensity of incident
light and the operating temperature of the solar cell. Terrestrial solar cells are
measured under standard AM1.5 and temperature of 25°C. The efficiency of a solar
cell is determined by the ratio of incident power which is converted to electricity and

is represented below in eq (v, vi):

Pmax = Voc X Isec X FF (V)



I]:

(Voc X Isc X FF) / Pin (Vl)

Where:

Voc: Open circuit voltage.

Isc: short-circuit current.
FF: fill factor.

n : efficiency.

1.3 Solar PV technology.

PV

cells are made of light-sensitive semiconductor materials that use photons to

dislodge electrons to drive an electric current.There are many ways in which the solar

cells have been classified some of which we will be discussing briefly here. Primarily

classifications are based on generation of solar cell.

(@)

First generation solar cells: These are also called conventional or traditional solar
cells where wafers of cells are made of crystalline silicon. This is till date the
predominant technology and includes materials such as monocrystalline and
polycrystalline silicon.

(b) Second generation solar cells: These are thin film based solar cells and they

(©)

CdTe, CIGS, CZTS, CZTSSe, ShsSes, Sh,S etc. and they can be commercially
significant in building integrated photovoltaics.

Third generation solar cells: These cells include emerging photovoltaics. Most of
them have not yet been commercially applied as they are still in the research or
development phase. Many use organic materials, often organometallic

compounds as well as inorganic substances [20].

The other classification of the solar cell which we are going to discuss is shown
in fig 1.6. and is based on silicon, thin film and organic. Competitive devices are
already on the market with good performance, however there is still room for
novel high efficiency and, low-cost materials. The absorber layer is the heart of a
p-n junction solar cell, where the main part of electron-hole pairs production

takes place. The cells, in fact, also take their name from this layer: example,



silicon (Si), cadmium telluride (CdTe), copper indium gallium diselenide (CIGS),
etc. Most of the technologies are based on non-organic materials. The dominant
technology is based on crystalline silicon, where the typical cell thickness is
around 200-300 microns, because of the low absorption coefficient of the
absorber. On the other hand, CdTe, CIGS, a-Si, GaAs, etc, can be used in thin
film form (2-10 microns) due to their higher absorption coefficient. As compared
to competing technologies, crystalline silicon is the most mature because of its
abundant availability and oldest presence in the semiconductor industry.
Furthermore, it possesses an optimal band gap of nearly 1.1 eV, which however
is indirect, implying the low absorption coefficient. Modules with efficiencies up
to 26 % are now available on the market, and in recent years the price has rapidly
decreased. Nevertheless, a further price reduction, related to production cost, is
difficult to achieve due to the high purity of the material required for solar cell
application. Thin film technologies are potentially cheaper: unlike crystalline
silicon devices, the modules can be fabricated in a single manufacturing line. In
fact, these absorber materials are suitable for simpler and faster deposition

techniques [21].

Moreover, they are direct band gap semiconductors, therefore with a higher
absorption coefficient that allows to absorb all the light in a few microns of
thickness. This leads to the use of a much smaller amount of material, ensuring
further economic savings. Another huge advantage of thin film technology is its
compatibility with the use of cheap substrates such as ordinary soda lime glass,
but also and above all flexible substrates such as ultra-thin glasses, metal foils
and polymers [22,23]. This allows to manufacture light and flexible modules that
have greater potential for integration into buildings. On the other hand, the most
mature thin film technologies are limited by the scarcity of rare earths elements
such as In and Te.

Shockley-Queisser (S-Q) model predicts that an absorber layer with a band gap
(Eg) ~1.14 eV possesses a maximum power-conversion efficiency (PCE) around
33 %. CdTe and CIGS have achieved a conversion efficiency of 22.1 % and 23.4

% respectively, slightly lower than crystalline silicon [21,24]. Organic and
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perovskite solar cells are another attractive area in PV technology; their
efficiency has recently exceeded 18 % and 25 % respectively [25,26]. However,

stability is the main concern for these devices.

Solar cell
. | 1
Silicon Crystal Thin film Organic & chemical
Mono Silicon — Amorphous Silicon DSSC
Poly Silicon — CdTe Organic/Polymer
— GaAs
— CIS/CIGS
— CZTS

Figure 1.6 Classification of solar cell.

The third class of thin-film solar cells that is largely discussed is the one that includes
chalcogenides. Chalcogenides are all chemical compounds consisting of at least one
chalcogen anion of group 16. The five elements that belong to group 16 are: oxygen
(O), sulfur (S), selenium (Se), tellurium (Te), and the radioactive polonium (Po).
CuzSnSz [27], CuSbS; [28], Cu2ZnSnSes [29], CuShSe> [30], Sha(S,Se)s [31], Sh2Ses
[32], CdTe [33] and CIGS [34] are some of the earth-abundant metal chalcogenides
with attractive PV properties. These materials can act as good alternative absorbers by
being cost-effective, environmentally friendly and having good stability and high

theoretical efficiency.

The kesterite Cu2ZnSn(S,Se)s (CZTS/Se), a lo-11-1V-VI4 quaternary compound, is a
promising absorber material for low-cost thin film solar cells. This material has a
band gap of 1.4 - 1.5 eV and an absorption coefficient >10* cm™ in the visible region.
CZTS based solar cell is expected to have a theoretical efficiency of more than 30 %
and has been being extensively investigated in recent years. CZTS can be obtained
from the chalcopyrite CIGS, by substituting the trivalent In/Ga with a bivalent Zn and
tetravalent Sn. Each component of CZTS is abundant in earth’s crust (Cu: 50ppm, Zn:

11



75ppm, Sn: 2.2ppm, S: 260ppm) and these elements possess extremely low toxicity.
On the other side, in the case of CIS/CIGS, the abundance of indium and selenium in
the earth’s crust is very low. The highest conversion efficiency reported for CZTSSe
solar cells is 11.0 % by IBM [35].

1.4 Conclusion.

Solar power is energy from the sun that is converted into thermal or electrical energy.
The energy moves from sun and reaches the earth surface where human collects it
through solar collectors and convert it into desirable form of energy. To convert
sunlight into electricity solar panels, photoelectric technologies and thermoelectric
technologies are used. Next-generation solar cells could be more useful present day
most solar cells use silicon as the absorber material to absorb light, however the
drawbacks in the material have led scientists to investigate alternate materials to
enhance the light absorption capabilities. New generation of solar cells made from
chalcogenide and perovskite have shown the potential to convert solar energy
effectively and have the potentials to replace silicon.
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Chapter 2
Solar cell Fabrication and Characterization

In this chapter, a framework of deposition methods and brief descriptions of
the equipment’s used to characterize thin films and opto-electronic devices produced
in this work are given. Substrate is also important factor for thin film deposition,
therefore before describing the deposition methodology and characterization. A brief

summary of substrates used have been discussed.

2.1 Substrate and cleaning process and selection:

For thin film deposition, mostly flourine doped tin oxide (FTO) or-ZnO:Al
(ZAO) coated on soda lime glass (SLG) is used as front electrode because of its good
conductivity, availability and low cost. Physical adhesion and other physical
properties of thin film depend on substrate surface; therefore, it must be cleaned for
obtaining high quality thin films. The substrates are glass squares with a side of 3 cm,

and 4 mm thick.

Particulates were removed using compressed argon gun, followed by mechanical
washing to remove greasy residues from its surfaces by using commercial soap. The
substrate is then rinsed with deionized water and subsequently placed in a beaker with
deionized water on a hot plate at 400 °C for 30 minutes. In the last phase of its
cleaning, the sample undergoes four subsequent ultrasonic baths (10 minutes per bath)
with acetone and isopropyl alcohol. The substrate is finally dried with the compressed

argon gun, to remove the solvent and to avoid its evaporation from the substrate.

In our work we used the commercially available substrate, we adopted superstrate
configuration. Transparent conducting films are used as electrodes when we are
looking for low resistance electrical contacts without blocking light. Transparent
materials possess wide bandgap whose energy value is greater than those of visible
light. As such, photons with energies below the bandgap value are not absorbed by
these materials and visible light passes through it.
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2.2 Thin film deposition:

Thin  films are advanced applications in optical,

telecommunication and energy storage devices. The crucial issue for all applications

important  for

is the morphology and stability. The morphology of thin films strongly depends on
deposition techniques [1]. Good quality films can be obtained by two common
depositions: physical and chemical depositions. It can be summarized as shown in

Table 1. Thin film undergoes the following series of steps [2]:

a) Conversion from the solid phase to the vapor phase.
b) Transportation of that vapor from source to substrate.

c¢) Condensation of vapor on the substrate.

Table 2.1. VVarious deposition techniques.

Physical deposition Chemical deposition

1. Evaporation techniques 1. Sol-gel technique

a. Vacuum thermal evaporation.
b. Electron beam evaporation.
c. Laser beam evaporation.

d. Arc evaporation.

e. Molecular beam epitaxy.

f. lon plating evaporation.

2. Sputtering techniques

a. Direct current sputtering (DC
sputtering).
b. Radio frequency sputtering

(RF sputtering)

2. Chemical bath deposition
3. Spray pyrolysis technique

4. Plating

a. Electroplating technique.

b. Electroless deposition.

5. Chemical vapor deposition (CVD)

a. Low pressure (LPCVD)

b. Plasma enhanced (PECVD)

c. Atomic layer deposition (ALD)
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2.2.1 Thermal evaporation:

Thermal evaporation is a basic PVD technique, and it works on the principle
of mean free path of particles. Evaporating particles travel in the medium and collide
with the particles which are present in environment. Therefore, in order to increase
the path length of the particles, it is necessary to minimize the unwanted gas particles
in the deposition environment. In case of thermal evaporation, material is heated up to
its evaporation temperature in vacuum (~10° mbar). The material to be evaporated is
kept on the boat or filament and a high current is passed to heat it (shown in figure
2.1a). Boat or the filaments are made of molybdenum or tungsten.

Substrate <

Deposition of thin film ~ CO%% % O

Vaporized material \OO O ©
@)

O

Target Material | O O

Evaporator \Céo
Heater — I l' I

To Vacuum Pump

Figure 2.1 (a) Schematic diagram [3].

By controlling the vacuum, current and the distance between the source and substrate
one can control the quality of film. The mass evaporation rate from a free surface
follows the Hertz-Knudsen relation shown in eq.(i), where ay the sticking coefficient,
m is the evaporant molecular mass, P* the equilibrium vapor pressure of the

evaporant which is a function of the temperature (T) and pressure (P).
I = av (P*— P) N\m/2nmkBT )

Evaporation from a free surface is isotropic whereas evaporation through an orifice is

angular. Fig. 2.2 depicts the Knudsen cell the mass deposition rate per unit of
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condensation surface dM¢/dA¢ and per unit of time can be calculated using equation
(ii):
dM./dAcdt=(TInr?) x cos ¢ x COSA.

P e
Substrate
_—

Knudsen cell

Figure 2.2 Evaporation from a Knudsen cell. The vapour condenses on a substrate
located at a distance r from the source [4].

I" is the mass evaporation rate and it depends on the source temperature, chamber
pressure, evapforant vapour pressure, molecular mass and the geometrical factors. The
process of thin film deposition follows the following steps (1) Adsorption: in addition
to the momentum, energy must be also considered (energy exchange between the
impinging atoms or molecules and the substrate surface). (2) Diffusion: molecules
that are trapped in a weakly-adsorbed state spend their residue momentum diffusing
from site to site, upon the surface (physisorption). (3)Nucleation and growth:
adsorbed molecules could then interact one another forming nucleation centres which
grow into clusters (island); clusters then coalesce into new bigger clusters [5]. For the
deposition of Sb,Ses films we used our home developed thermal evaporation unit.
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2.2.2 Sputtering:

Sputtering is a well-known technique used in lab as well as in industries. Almost all
materials can be sputtered using sputtering. Sputtering is very popular because of
uniform deposition, good film quality, adhesion control and compositional control.
Sputtering can be used as DC and RF configurations according to the requirement. It
can be categorized according to configuration of sputter guns as well; such as co-
sputtering, single gun sputtering and sequential sputtering (many sputtering guns). In
the present study single gun sputtering and sequential reactive sputtering with DC

power supply have been used to deposit thin film.

2.2.2.1 DC magnetron sputtering:

DC Power Supply

Electron Gun
Target
Vacuum Chamber «——] o%ace
:"3; Sputtered Atoms
‘.~.
ofae &
Substrate Lty Substrate Holder
Gas Insert »‘;;:i

Vacuum Line

Figure 2.3 Schematic of DC sputter deposition system [3].

The basic construction of a DC sputter is shown in Figure 2.3 DC sputtering system is
composed of a pair of planar electrodes the cathode and the anode. The front surface
of cathode is covered with target material to be deposited. The substrates are placed
on the anode. The sputtering chamber is filled with argon at 1-10 x 10" mbar. Under
the application of dc voltage glow discharge is maintained between the electrodes.
The Ar™ ion generated in the glow discharge are accelerated at the cathode and the
sputter target, resulting in deposition of thin films on the substrates. To increase the
ionization rate, a ring magnet is used below the target in the magnetron sputtering.

The magnetic field in the magnetron is oriented parallel to the cathode surface. The

20



local polarity of the magnetic field is oriented such that E x B drift of the emitted
secondary electrons forms a closed loop. In magnetron sputtering, substrate heating is

eliminated due to lesser bombardment of secondary electrons.

2.2.3 Spin Coating:

Spin coating is solution-based technique which provides better distribution of
elements at molecular scale. It has also been an age-old technology to deposit uniform
thin film over a flat substrate. A small puddle of a fluid resin is put on the center of
the substrate and then the substrate is spined at high speed. The centripetal
acceleration causes the resin to spread across the substrate and eventually off the edge
leaving behind a thin film of resin. The properties of the films and thickness depends
on the viscosity, drying rate, surface tension etc. Spin coating is widely used in micro-
fabrication. Spin coating has four distinct stages.

(a) Dispense stage: In this process the resin is deposited onto the substrate by
either static dispense or dynamic dispense.

(b) Substrate acceleration stage: This is the second stage and is characterized by
expulsion of fluid from the surface due to the rotational motion. The spin
speed can range from 1500 to 9000 rpm which can last from 10 sec to a
minute.

(c) Substrate spinning stage with a constant rate and viscous fluid: In this stage of
the process the fluid gradually gets thinner. The fluid thinning is uniform with
solutions containing volatile solvents, often it is possible to see interference
colors.

(d) Stage spinning at a constant rate with solvent evaporation: In the final stage of
the spinning process the fluid thickness reaches a point where the viscosity
effects yield minor net fluid flow. The coating effectively “gels” as the
solvents [6][7].

Drying (Solvent evaporation): After the thin film deposition by spinning an
additional drying step is added. Drying removes all the remaining volatiles
substance and increases the stability of the film. Mostly drying is carried out on a
hot plate at varying temperature and time. For the present work we used spin

coater as shown in fig 2.4 for TiO2 deposition.
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Figure 2.4 Spin coater.

2.2.4 Chemical Bath deposition:

Chemical bath deposition is the simplest methods of thin film depositions among the
chemical methods. The process requires a vessel which contains the solution (an
aqueous solution of chemical) and the substrate on to which the deposition takes
place [8]. Chemical bath deposition technique works on the controlled precipitation
of the desired compound from the solution on to the substrate. Generally, three

stages are involved in chemical bath deposition.

a) Generation of the species (ions, atoms, molecules)
b) Transport of these species
c) Condensation of these on the substrate.

Thin film coated on the substrate can be by ion-by-ion or cluster-by-cluster
mechanism [9]. At the earlier stage ion-by-ion growth mechanisum is more
prominent which results in a compact and highly oriented film which is then
followed by, fast formation of the colloids (material being depsoited) leading to the
cluster-by-cluster deposition [10]. Due to good surface coverage and nm range
thickness CBD is preferred. Ideally a wvessel containing solution, a stirring
mechanism, a heating mechanism with thermostat and a suitable substrate on which

deposition takes are required.
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Figure 2.5 Spin coater.

2.3 Solar Cell characterization

Superstrate SboSes thin films were characterized to study the optical, electrical
properties, phase analysis was done by X-ray diffraction (XRD), AFM, FE-SEM,
Raman spectroscopy, and transmittance studies were conducted by UV-Vis
Spectrometer.

2.3.1 X-ray Diffraction Technique (XRD):

X-ray diffraction is a non-destructive analytic technique which gives first-hand
information about the materials crystalline phase. The structural properties such as
lattice parameters, crystallite size, lattice strain, preferred orientation, phase
composition, etc can be measured. When a monochromatic X-ray beam is incident on
a sample surface, a portion of the beam will be scattered in all direction by the
electrons associated with an atom or ion that lies within the path of the beam.
Diffraction of monochromatic x-rays takes place for particular angles which satisfy
the Bragg law [11]. Bragg’s condition is such that when a monochromatic intense
beam of light falls on parallel lattice planes of a crystal, the incident beam is reflected

from various planes of crystal. This can happen only when the extra distance travelled
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be an exact multiple of the wavelength of the radiation. This means that the peak of

each wave is aligned with each other. The Bragg’s condition is:

2 dnkiSin 0 = Ani (i)
Were,

dni =The perpendicular distance between lattice planes and miller indices (h, k, ).
20g = The deviation of the diffracted beam from the incident beam.

Anki = Wavelength of the incident x-ray of the sample.

.
®
I

Figure 2.6 Schematic diagram of diffraction in a crystal [12].

As the wavelength is fixed for X-ray, we get the d value by varying 0, every phase has
a particular d value. Thus, by matching the d value from the JCPDS database we can
identify the different phase formed. For thin films generally low angle XRD is to be
performed by keeping the incident beam at low angle which allows investigation of
phases of interest by minimizing the substrate interference.

All the XRD patterns were collected at the Solid-State Chemistry Laboratory of the
University of Verona with a Thermo ARL XTRA powder diffractometer and is shown
in fig 2.6. The instrumentation works in Bragg-Brentano geometry, and it is equipped
with an X-Ray source emitting at a wavelength of A = 1.5418 A by exciting a Cu-
anode. The diffraction pattern is recorded with a Si (Li) solid state detector cooled by

Peltier effect.
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2.3.1.0. Estimation of Crystallite Size:

X-ray diffraction can also be used for determination of crystallite size. The analysis of
the crystallite size has been carried out using the broadening of the X-ray diffraction
peaks. Peak broadening can be observed due to instrumental effect, finite crystallite
size and also due to the strain within the crystal lattice[13]. The crystallite size can be
calculated by using Scherer’s formulae and Williamson- Hall plot. The Scherrer’s

formula is given as:

_ KA
" RCos©

(i)

Where D is the crystallite size, k is a constant and depends upon the shape of the
crystallite size (=0.89, assuming the circular grain), A is the wavelength of the X-ray,
0 is Bragg’s diffraction angle and. # = Full width at Half Maximum (FWHM) which

is defined as:

R =VRobs? + Rinsz (i)

Here pobs is the FWHM of observed pattern. gins is the observed recording from
XRD pattern. It is a powerful tool for nanocrystalline material as here the crystallite

size is equal to grain size.

2.3.2. Atomic Force Microscopy (AFM):

To study the morphology of a material microscopy is the most important instrument.
Traditionally, optical microscopy based on the transmission of light supported by
different glasses and lenses has been largely used for the investigation of
morphological properties at micrometric size scale. A new type of microscope which
can measure extremely small forces on an atomic scale has been developed. AFM
works like the methods used with stylus profilometer and tunneling microscope as
shown in fig 2.7. The sharp tip of the AFM is brought in proximity of the sample and

scanned over it to map the contours of the surface. AFM measures the variations in
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the force between the tip and the surface atoms[14-16]. AFM provides a 3D profile of
the surface on a nanoscale. VVan der Waals force is the dominant interaction force at a
short probe-sample distance. During contact with the sample, the probe predominately
experiences repulsive Van der Waals forces (contact mode). As the tip moves further
away from the surface attractive Van der Waals forces are dominant (non-contact

mode).

There are three primary imaging modes in AFM [17][18]:

(1) Contact mode AFM (< 0.5 nm probe-surface separation): The cantilever bends
when the spring constant of the cantilever is less than surface. The tip
undergoes repulsive force. By maintaining a constant cantilever deflection, the
force between the probe and the sample remains constant. Contact mode study
is good for rough samples and friction analysis.

(2) Intermittent contact (tapping mode, 0.5-2 nm probe-surface separation): A
high resolution image like the contact mode is generated. However, in this
mode the cantilever is oscillated at its resonant frequency. The probe slightly
“taps” on the sample surface during scanning. A constant oscillation amplitude
(20-100 nm) is maintained during the semi contact mode. Tapping is very
helpful in studding biological samples.

(3) Non-contact mode (0.1-10 nm probe-surface separation): As the name
suggests in the non-contact mode the probe does not contact the sample
surface during scanning. The change in amplitude due to the attractive vander
waal force can be monitored by a feedback loop.

The thin films morphology was studied in our laboratory with a NT-MDT Smena-A
Atomic Force Microscopy as shown in fig 2.7 below in semi-contact mode with
NSGO1 high resolution non-contact golden coated silicon. AFM probes from NT

MDT with nominal radius < 10 nm (cantilever length about 125 um).
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electronics

(AR four quadrant

Figure 2.7 Block diagram of an Atomic Force Microscope [4].

2.3.3. Scanning Electron Microscopy (SEM):

Scanning electron microscopy (SEM) is a versatile instrument available for the study
of the topography, morphology and composition of the bulk as well as nanomaterials
with higher resolution. The SEM and EDX analyses were carried out at the
Department of Neurosciences of the University of Verona with a Philips FEI XL30
Environmental Scanning Electron Microscope equipped with an Energy Dispersive

X-ray analyser. Typical electron beam energies are in the 10 - 25 kV range.

When a sample is irradiated by electron beam, secondary electrons are emitted from
the surface of the sample. SEM requires a source of electron, series of
electromagnetic coil, vacuum system, detectors and a display device. In a SEM series
of electromagnetic coils are used as lenses to focus the electron beam. Under high
vacuum electrons are generated by a field emission source and are accelerated in a
field gradient. The high energetic electron beam passes through electromagnetic
lenses, focusing onto the specimen. The electron beam is scanned over the specimen
surface by deflection coils. As a result, there is interaction of electrons with the atoms
of the sample which then after produces signals that contains information about the
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sample’s surface morphology and topography. There is various type of signals
produced which includes secondary electrons (ejected by low energy electron
striking), backscattered electrons (ejected by high energy electron striking) and

photons.

The secondary electron has energy less than 50 eV due to the less energy range; it is
responsible for the topological contrast and provides information about the surface
morphology. The backscattered electrons (BSE) are highly energetic beam of
electrons which are elastically scattered from the sample. These BSE images provide
information about the distribution of different elements in the sample. Samples which
are electrically conductive do not need any preparation for samples which are non-
conducting or insulating in nature require some special treatment otherwise there
would be accumulation of charges at the surface and images will be blurred. In order
to have a conducting surface a thin metal (Au, Pt) coating of about 10nm is done on
the sample as metal films are highly stable and their secondary electron yield is also
higher. Other ways to eliminate surface charging can be having a low accelerating

voltage and low vacuum SEM observation [19-22].

electron probe beam

Auger electrons secondary electrons
backscattered electtrons

characteristic X-Ray . R
continuum X-Ray

cathodoluminescence bremsstrahlung

sample

Figure 2.8 Electron-matter interaction [4].
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2.3.4. Raman Spectroscopy:

When an electromagnetic radiation with energy /v is irradiated on a molecule or
crystal, it may be transmitted, absorbed or scattered. Most of the photons are
elastically scattered i.e., the scattered photons have the same energy and wavelength,
as that of the incident photons, but a very tiny portion (1 in 107) of the scattered
radiation is shifted to a different wavelength, this inelastic scattering is known as
Raman scattering. Raman spectroscopy is a non-destructive material characterization
technique employed to study vibrational, rotational, and other low frequency modes in
a system. It is quite sensitive to structural disorder. It relies on inelastic scattering, of
monochromatic light, usually from a laser in the visible, near infrared, or near
ultraviolet range. The laser light interacts with phonons or other excitations in the
system, resulting in the energy of the laser photons being shifted up or down. The
phonon modes in the system are identified by the shift in energy levels. Raman
spectroscopy is a form of vibrational spectroscopy, quite like infrared (IR)
spectroscopy, however IR bands arise from a change in the dipole moment of a

molecule whereas Raman bands arise from the change in polarizability.
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;,-;:';
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Figure 2.9 Raman Scattering[23].

At room temperature the thermal population of the vibrational excited states is very

low. The initial state is the ground state, and the scattered photon will have lower
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energy (longer wavelength) than the excited photon. This shift in stokes is what is
observed in Raman spectroscopy. Stokes occurs when the final energy level is higher
than the initial level, while anti-Stokes occurs when the final energy level is lower
than the starting level. Stokes scattering is much more common than anti-Stokes
scattering and so it is ignored and removed by the filters. Only Stokes Raman
scattering is commonly used in spectroscopy. As mentioned above, Raman is a form
of vibrational spectroscopy. A Raman spectrum is a plot of the intensity of Raman
scattered radiation as a function of its frequency difference from the incident radiation
(cm™). Raman spectroscopy is useful for chemical analysis for several reasons: it
exhibits high specificity, it is compatible with aqueous systems, no special preparation

of the sample is needed, and the timescale of the experiment is short [24-27].

The Raman spectroscopy measurements shown in the present text were recorded at
the Raman Laboratory of University of Verona. A He-Ne laser emitting at 632.8 nm
was used to excite the samples. An 80x objective (NA = 0.75) is used to focus the
laser beam to a spot size of about 1 um? The acquisition system is a Horiba-Jobin-
Yvon Lab Ram HR800 Micro-Raman microprobe (focal length of 80 cm, grating of
600 lines/mm) with a cryogenically cooled CCD detector. A notch filter is used to

filter the elastically scattered light.

2.3.5. UV-Visible Spectroscopy:

Spectroscopy involves the investigation of electromagnetic field with the matter. UV-
Vis-IR spectroscopy is an important tool which exploits light in all the regions of the
electromagnetic spectrum (ultraviolet, visible, and near infrared). The wavelength of
UV ranges from 100 to 400 nm. In a standard UV-Vis spectrophotometer, a beam of
light is split; one half of the beam is directed through the sample, and the other half
through the reference as shown in fig 2.10. The instrument is designed so that it can
make a comparison of the intensities of the two beams as it scans over the desired
region of wavelengths. When light passes through or is reflected from a sample, the
amount of light that is absorbed is the difference between the incident radiation (lo)
and the transmitted radiation (1) which can be expressed as either transmittance or
absorbance[28-31]. Transmittance is generally expressed in percentage or fraction
and is defined as:
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T=1/lo or%T=(l/lo)x100 (i)
Absorption is the inverse of the transmittance and is denoted by A
A=(1/logT) (i)

The standard UV-Vis spectrophotometer used in our university is UV-2550 works on
both reflectance and transmittance mode. By measuring absorption coefficient, we can
calculate band gaps of the material. Knowledge of band gaps is extremely critical
which making selection of the semiconductor material to be used for PV application.
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Figure 2.10 Schematic diagram of Uv-Vis spectroscopy [3].
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Chapter 3
Antimony selenide (Sh,Ses)

3.1 Antimony selenide material.

Antimony chalcogenides have emerged as a promising alternative absorber material
due to their high stability, high absorption coefficient (>10*cm™), suitable bandgap
(1.1 - 1.8¢eV), low toxicity and low cost. Antimony chalcogenide solar cells include
Sh2Ss, ShoSesz and Sha(SxSei—«)3. The best performing Sb.Ss solar cells have achieved
power conversion efficiencies (PCEs) of 7.5 % [1], while Sh,Ses and Shy(SxSei«)3
have demonstrated PCEs of 9.2 % [2] and 10.1 % [3], respectively.

Bi>Ses, BizTes, Sb»Ss, SboTes, Sh.Ses etc. belong to the V-VI inorganic binary
compounds family. The excellent optoelectronic properties and low processing
temperature exhibited by antimony selenide (ShzSes) are one of key factors
responsible for the growing interest within the PV community. In this chapter we will
introduce the Sh>Ses properties which will include crystal structure, electronic
structure, electrical properties, point defects, defect chemistry and optical properties
for both crystalline and amorphous Sh.Ses materials. Then, we discuss the fabrication
and performance of Sb,Ses devices (Section 4), including absorber deposition
methods, buffer layers, hole-transport layer and back contacts, and transparent
electrode layers. Also, we debate the effect of shunt resistance (Rsn) and series
resistance (Rs) on device performance and summarize the results at the present stage,

the challenges as well as the future directions of research in Sh,Ses field.

3.2 Structural properties of Sh,Ses.

The abundance of Sb and Se elements in the Earth's crust is 0.2 and 0.05 ppm,
respectively. Sb,Ses has an orthorhombic crystal structure (a = 11.6330 A, b =
11.7800 A, ¢ = 3.9850 A as the lattice constants and Pnma-62 space group) and the
material is derived from Stibnite. In Sb>Ses antimony has a formal oxidation

state (+3) and selenium (-2). The bond distance between Sh-Se ranges from 2.576 A
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to 2.777 A, whereas the separation of the non-bonded Sb-Se begins at 2.98 A. The Se-
Sb-Se bond angle varies between 86.6° and 96.0° while that of Sb-Se-Sb is between
91.0° and 98.9°.

a
b c
rima
in':er-ch?\,in
Se(1) intra-chain
Se(3) / “<—secondary
* inter-chain

&
£

©2.678A }Expt.)
2.703A (LDA)

Figure 3.1 Crystal structure of Sh,Sez[4] (a) perspective view down the short b-axis,
highlighting the infinite chains (b) Fragment from the above chain, with
atomic labelling Sb—Se distances (c) Structural drawing emphasizing the

weak contacts along the c-axis.
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Sh,Ses; has a one-dimensional (1D) crystal structure consisting of [SbaSes]n units,
where the ribbons are bound together by weak Se—Se interactions. The [SbaiSeg]n
ribbons assemble through van der Waals forces along a and b axes, whereas strong
covalent bond exists inside [SbsSes]n nanoribbon [5]. The bonds within the ribbons
are much stronger compared to the bonds between the ribbons, which explains the
anisotropic carrier transport mechanism. The presence of grain boundaries (GBs)
parallel to the ribbons inherently reduces charge-carrier recombination, which is
beneficial for PV performance [6]. Sh>Ses is a binary compound that exists in
orthorhombic phase at room temperature and ambient pressure. Its low melting point
(~ 610 °C) and high vapour pressure allows deposition of high-quality thin films
using vacuum evaporation method. Phase pure Sh,Sez material can be obtained at low
temperature, paving the way for the manufacturing of flexible solar cells on polymer

substrate.

Table 3.1 Chalcogenide material parameters [7][8][9][10][11][12].

Properties CZTS | CZTSS | CIGS | CIGSe Sh2Ses Sh,Ss3 Shy(S,Se)

e

Crystal Tetrago | Tetrago | Tetrago | Tetrago | Orthorom | Orthorom | Orthorom
structure nal nal nal nal bic bic bic
Lattice 5.42,10. | a=b=5.4 | a=b=5.6 | a=b=5.6 | a=11.63 a=11.62
constants 84,5.42 0 -5.8, 5.8, b=11.78 | b=11.77
c=10.84 | c=11.0- | c=11.0- | ¢=3.985 | ¢=3.962
6 115 115
Space group 14 14 14 2d 14 2d | Pnma62 | Pnma62 | Pnma 62
142m 142m
Density 4.56 4.56 5.7 5.7 5.84
(gm/cm?®)

Band gap 14-15 | 14-15| 1.0-1.7 | 1.0-1.7 | 1.0-1.17 1.7 1.45-1.7
(eV)

Absorption 10* 10%-10° | 10*-10° | 10%-10° >10° ~10°
coeff. (cm™)
Carrier 10%- 10%- 10— 10— 10% 102 10%°-10%
concentration | 10%° 10%° 108 108
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s(cm™)

Carriers’ 15/2.5 15/2.5 250 - 60 9.1
lifetime

majority/min

ority (ns)
Melting point 990 990 1070- 1070-
(C) 990 990
Efficiency 8.4 12.6 23.4 - 9.2 6.3 10
(%)

3.2.1 Opto-Electronic properties.

From experimental studies it is found that polycrystalline Sh,Ses exhibits band gap
around 1.03 eV (indirect) and 1.17 eV (direct) (Si-1.14 eV), which is suitable for an
absorber layer for PV cells [13]. In UV-VIS region Sb,Sesz has an absorption
coefficient (o) greater than 10° cm™, which indicates that a thin film (~400 nm) is
sufficient to absorb ~90% of the incident photons. High photocurrent is expected for
Sh>Ses as the major portion of the light intensity of the solar spectrum is dispensed in
the visible region where the absorption coefficient is quite high. Charge-carrier
transport properties are very important for device performance: for Sh,Ses electron
mobility and hole mobility is ~15 and ~42 cm?V!s! respectively which are
significantly high. Moreover, the minority carriers life time of electrons (te, i.e. the
life time of electrons in a p-type absorber) has been determined to be around 67 + 7 ns

using time-resolved transient absorption spectroscopy [14].

The dielectric constant in the IR region (852-1693 nm) of polycrystalline Sh,Ses is in
the range of 14.3 to 19.8, which is greater than that of CIGS and CdTe. This means
that Sb,Ses has smaller exciton binding energy and that the excitons immediately
dissociate into free electrons and holes when excited by a photon [13]. While
designing and optimising a PV device the carrier mobility cannot be overlooked.
ShoSes is a 1D structure with persistent covalent bond along the [hk1] plane and van
der Waals bond along [hkO0]. Under strong and weak irradiation the diffusion length is
in the range of 1.7 to 0.29 um along the [hk1] direction [14].
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3.2.2 Defects.

The most explored absorber materials are Si, GaAs, CIGS, CdTe, CZTS, etc. they
have a three-dimensional (3D) crystal structure, which means that they are bonded by
both covalent and ionic bonds. Dangling bonds at the grain boundaries (GB) act as
recombination centres which this is one of the major limiting factors for high
efficiency. A simpler understanding of device operation should prevail for Sb,Ses as it
has a 1D crystal structure. The parallel-stacked (ShsSes)n ribbons substantially do not
provide dangling bonds, even at GBs, which is advantageous for PV application [15].

Defect study becomes critical as they affect the device performance.

Defect mechanism in Sh>Ses has been studied using admittance spectroscopy. First
principle calculation and hybrid Density Functional Theory (DFT) have been used.
According to first principles calculation three defect states denoted by D1, D2, D3
were found at 352-402 meV, 440-452 meV and 490-606 meV respectively [16]. Deep
defect studies carried out for Vacuum transport deposition (VTD) and rapid thermal
evaporation (RTE) indicate one electron (E1) and two-hole traps (H1, H2). H1 and H2
are attributed to the antimony vacancy (Vsp) and selenium antisite (Sesp) defects
whereas E1 is attributed to antimony antisite (Sbse) donor defects. C. Chen et al.
found that in both VTD and RTE E1 and H2 have similar defect densities, which led
to the formation of the defect pair (Sbset+Sesp) [17]. A large amount of selenium
vacancies (Vse) is created during thermal evaporation process, due to the
decomposition of Sh.Sez and Se loss at high temperatures. Selenium vacancies act as
n-type donor defects and exterminate the generated carriers in their trapping state.
Sometime an additional post deposition selenization process is performed to attenuate
the loss of selenium [5].

According to M. Huang et. al the implementation of first principles calculations for
1D Sh»Ses is complicated and unconventional, since the defect physics employed for
three dimensional semiconductors cannot simply be adopted for 1D system. Due to
the low symmetry of SbhoSes, Se vacancies on different sites might have different

properties, although these types of point defects are very few. The cation-anion
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antisites and vice versa defects can be dominant in ShoSesz due to their high
concentration, unlike in binary semiconductors (CdS, CdTe). There are two Sb
vacancies (Vsb1, Vsn2), two Sesp antisites (Sesp1, Seshz), three Se vacancies (Vse1, Vseo,
Vse3), and three Sbse antisites (Sbse1, Sbsez, Sbses) reported, of which Vse1, Vsez, Vses,

Sbse1, Sbsez, Shses are donor and Vb1, Vsbz, Sesni, Sespz are acceptor defects [18].

Using hybrid density functional theory for Sb rich and Se rich extremes the reports are
contrasting. The literature suggests that defects study of all sites is necessary
especially in the case of Se as its behaviour changes with the local environment. A
reasonable concentration of Vse, Sbse and Sb interstitials with formation energy less
than 1.5 eV is found for Sb rich condition. Regardless of site, all three Vse act as deep
donors and all the three Sbse

behave as possible trap states for electrons and holes. In Se rich condition the defects
move to higher formation energies and the intrinsic defects have lower concentration,

which is the reason for the soaring performance of the devices [19].

3.3 Literature review of solar cell fabrication.

Antimony selenide (Sbh2Ses) has been chosen as absorber material in the fabrication of
PV devices due to its potential optoelectronic properties. The synthesis and
characterization of Sh.Sez devices using different methods have been extensively
explored in the literature, with fewer reports on device performance. To identify the
developments in antimony selenide (Sb2.Ses), we have summarized the number of
publications and citations of original research studies from 2000 to 2021. The data

plotted below in fig 3.2 have been extracted from Web of Science and Pub med.
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Figure 3.2 Literature review of paper published and citation.

Thin-film solar cells can be manufactured in two configurations: substrate and
superstrate. In a substrate configuration a bottom-up approach is used, where the back
contact is deposited first and the device ends with a transparent electrode layer, which
is exposed to light. In substrate configuration the material on which the stacks are
deposited does not have to be transparent; this allows the use of opaque substrates
such as flexible thin metallic foils, ceramics, and polymers. The substrate
configuration gives possibility of annealing the absorber layer at higher temperatures
without affecting the buffer layer. Superstrate configuration is instead deposited with
a top-down approach: the fabrication begins by depositing a transparent electrode
layer from where the light enters and ends with the deposition of a metallic back
contact. In the superstrate configuration the front contact must be highly transparent
because the light passes through the substrate and TCO layer to reach the absorber. In
the case of the superstrate Sb,Ses configuration (which is the most common) the p-n
junction is formed with a n-type semiconductor window layer, usually CdS, which

transmits the photons to the Sb>Ses. Photons with energy greater than the band gap of
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the buffer-window layer (>2.4¢V for CdS) will not contribute to the creation of
excitons, due to the parasitic absorption of the buffer. The photo-generated minority-
charge electrons move towards the n-type buffer due to the formation of built-in
electric field at the p-n heterojunction. Finally, these electrons reach the TCO layer
and are collected in the external circuit. On the other hand, the photo-generated holes

move through the p-type hole-transport layer and are collected by the back contact.

3.4 Synthesis Methods for ShaSes.

A chart with various synthesis methods adopted and the respective efficiencies
obtained is shown in Table 3 IlI. The efficiency of Sh,Ses devices varies with the
synthesis method, the rate of deposition and the thickness of the absorber layer.
Different synthesis techniques such as thermal evaporation, CSS, sputtering, spin
coating, etc. can be used to fabricate solar cells in superstrate as well as in substrate
configuration. Each method shows its uniqueness, which is observed in the

performance of the solar cell.

3.4.1 Vacuum evaporation.

In vacuum deposition technique the raw material is loaded into the vacuum chamber
and heated up to its evaporation temperature, this causes the atoms or molecules to
vaporize and reach the surface of the substrate. The substrate which is at a lower
temperature enables the material to condense on the substrate, resulting in thin film of
the evaporated material. Superstrate configuration CdS/Sh,Ses solar cells via thermal
evaporation with performance of 1.9 %, Voc = 300 mV, Jsc = 13.2 mA/cm? and FF =
48 % were presented in 2014. The presence of defects in the bulk and unfavourable
band alignment limits the performance of the devices [20]. Thermally evaporated
ShoSes films were p-type but selenium deficient. During evaporation Sh;Ses
decomposes and the vapour pressure of Se is higher compared to that of Sb and
Sh>Ses. Se vacancies act as recombination centres and in order to mitigate the
recombination losses and increase doping density an additional selenization step was
employed, which led to the fabrication of a champion cell with 3.7 % efficiency ( Voc
=335 mV, Jsc = 24.4 and FF= 46.8%) [21]. In the same year the same group adopted

42



substrate structure FTO/Sh,Se3/CdS/ZnO/ZnO:Al/Au, and achieved a power
conversion efficiency (PCE) of 2.1 % (Voc = 354 mV, Jsc = 17.84 mA/cm?, and FF =
33.5 %). They were able to develop Sh.Ses films with large grain size without
pinholes, depositing it at a low substrate temperature of 290 °C [22]. In order to
enhance the junction and passivate the defects near CdS/ShzSes interface Y. Liu et. al.
added oxygen and found a significant increase in Voc and Jsc. Upon optimization,
they successfully obtained a CdS/Sh»Ses solar cell with 4.8 % efficiency, with a VVoc
=0.36 V, Jsc = 25.3 mA/cm?, and FF = 52.5 % [23]. In CdTe based solar cells, CdCl,
treatment in air is always applied to the absorber surface to promote grain growth,
passivate grain boundaries and, to reduce the reticular mismatch between the absorber
and the CdS window layer [24]. This step significantly improves the heterojunction
quality and device performance. In this technology, various chlorine treatments have
also been applied to the CdS, obtaining a better recrystallized and more stable film
[25-27].

Consequently, this trial was also performed with CdS/Sh,Ses solar cells. L. Wang et.
al. performed CdCl> treatment on CdS, with Sb»Ses films deposited by rapid thermal
evaporation (RTE), and reached a certified efficiency of 5.6 % [28]. X. Hu et. al. also
performed a similar CdCl, treatment on CdS coated ITO glass substrate, and the
absorber was synthesized by vapour transporting deposition (VTD) method. In this
case an additional post deposition annealing step was carried out, that resulted in a
better crystallite size, lower defect density and larger built-in voltage with the

champion cell reporting an efficiency of 5.72 % [29].

Researchers have also studied ZnO, TiO2 and SnO: as buffer layer due to their
stability, non-toxicity, and easy to fabricate. The large band gap of ZnO could lead to
a better band alignment with Sh,Ses. FTO/ZnO/Sh,Ses/Au devices were fabricated by
depositing ZnO and Sh;Sez by spray pyrolysis technique and Rapid thermal
deposition (RTE), respectively. Sh.Ses films grew with preferred [211] orientation
and the stability of ZnO was comparable to that of CdS. A good adhesion was
observed between Sh,Sez and ZnO, with few interfacial defects and no oxygen
diffusion. Cd diffusion into Sh,Ses was detected at CdS/Sh,Ses interface, causing the
degradation of the Voc. The champion ZnO/Sh,Ses solar cell reported an efficiency of

6 % [30]. The limited performance of Sb»>Ses solar cells could be due to the

43



recombination loss caused by the deep defect centres. To mitigate the influence of
these recombination sites, the spatial separation of the electron-hole pairs should be
improved. C. Chen et. Al. tried to do this by inverting the grain boundaries into n-
type by external doping, thus creating an electric field from grain boundaries (GBs) to
grain interiors. Cu ions were diffused by soaking the film in aqueous ammonia CuCl;
where the ions moved along the GBs of Sh2Ses (deposited by RTE process). Copper
formed interstitial (Cui) defects that doped the GBs as n-type. This inversion created
a local electric field which facilitated the spatial separation of electrons and holes,
enhancing carrier collection and restraining carrier recombination; the process led to a
PCE of 7.04 % [31].

3.4.2 Closed space sublimation (CSS).

Close-spaced sublimation (CSS) is a physical vapour deposition technique that can be
employed for materials particularly semiconductors, with evaporation temperature
below 800 °C. They can be deposited on substrates in both vacuum and atmospheric
pressure within a few minutes or seconds depending on the required thickness [32].
These key features have made CSS a widely adopted technique in laboratory as well
as on industrial scale, as it is suitable for large scale production. As an example, it is
largely used for the industrial manufacturing of CdTe panels. Sb.Sez has also been
deposited and studied by CSS technique. K. Shen et. al. fabricated
glass/FTO/CdS/Sh,Ses/Au superstrate cells, with 550 nm thick absorber layer by
CSS. The device had a relatively large and non-ohmic shunt current, which reduced
subsequently with the introduction of a high-resistance SnO buffer between FTO and
CdS. This increased the efficiency and the open circuit voltage by 38 % and 17 %,
respectively, thereby achieving a PCE of 5.18 % [33].

By CSS method, high quality SboSes films were deposited for the first time on Si
substrate, both to produce heterojunction solar cells and to explore its potential
application in photodetector. The Sb»Ses/Si devices exhibited a power conversion
efficiency of 1.05 % with a Voc of 0.251 V, Jsc of 10.42 mA/cm? and FF of 40.23 %
[34]. Sh.Ses films deposited by CSS typically presented pinholes that limits the FF

and the efficiency of the cells. To eradicate this, O. S. Hutter et. al. introduced a two-
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stage CSS process, depositing a compact seed layer before the main stack with larger
grains. The seed layer produced compact and dense films, improving the peak
performance from 4.96 % to 6.56 %, which was mainly due to the increase in current
density. TiO2 was used as electron extraction layer, avoiding toxic elements such as
lead and Cd from lead sulphide quantum dots and CdS. Moreover, a PCDTBT
pinhole-blocking layer was inserted to contact the Sh,Ses, improving the average

device characteristics, with same peak efficiency [35].

D. B. Li et. al. deposited (4,4',4",4™-(9-octylcarbazole-1,3,6,8-tetrayl)tetrakis(N,N-
bis(4-methoxyphenyl)aniline) CZ-TA by spin coating as hole transport layer to
construct n-i-p CdS/Sh.Ses/CZ-TA solar cells. The introduction of CZ-TA film
reduced the back contact barrier and improved carrier collection achieving a device
efficiency of 6.84 % [36]. Etching has also been employed by researchers to remove
unwanted impurities and to modify the surface. H. Shiel et. al. investigated the
chemical etching of ShoSes by (NH4).S and CS». Etching successfully removed
Sb20s3, reducing the back contact barrier from 0.43 to 0.26 eV and thus improving the
contact. However, the etching damaged the film, which led to the decrease in the Js
and overall efficiency. By diluting the (NH4)S2 etch and optimizing the treatment, the
cells improved efficiency up to 6.6% [37]. Sb.Sez was found to behave as n-type
because of chlorine dopant. Cl doping lead to a higher carrier concentration in the
range of 10'°-10'" cm3.This n-n heterojunction reported an efficiency of 7.3% [38].
Kai et.al. demonstrated n—i—p ShzSes solar cells through Sh.Sez surface modification.
Highly crystalline Sh.Ses films were deposited by two step CSS process, it was found
that due to high deposition temperature loss of selenium was evident in order to cater
it trigonal selenium (t-Se) was deposited. Due to the addition of t-Se the champion
cell rose overall by 40% in which 8.7% was contributed by the open-circuit voltage
(Voc), 13.8% by short-circuit current density (Jsc), and 13.1% in fill factor (FF)
resulting in an overall 7.45% PCE [39].

3.4.3 Sputtering.

Sputtering is a widely used technique to deposit thin films on substrates. Magnetron

sputtering is the most common approach to grow thin films in which positive ions
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present in the plasma are used to knock down the target and deposit them onto the
substrate. This technique has control over the film growth and quality [40].
Traditional Mo/Sb2Ses/CdS/ZnO/Al:ZnO/Al  (substrate  configuration) stacked
structure was used, where ShoSes films were prepared by depositing Sb precursor
layer on Mo coated glass by DC magnetron sputtering followed by selenization using
a vacuum tubular furnace at temperature ranging from 280 °C to 460 °C. The
morphology and structure improved with increased annealing temperature. Solar cells
with efficiency of 0.72% was obtained by this method [41]. Tang. et al. prepared
Sh2Ses amorphous thin films using radiofrequency (RF) magnetron sputtering and
studied the influence of post deposition selenization temperature. Selenization at right
temperature leads to a better adhesion, defect passivation and 6.06% efficiency was
reported with device structure Mo/Sh,Ses/CdS/ITO/Ag [42]. G.X Liang et al. grew
Sh>Ses nanorods with a simple and effective magnetron sputtering process. The
substrate temperature of 325 °C played key role in microstructure, morphology,
optical and electrical properties of the ShoSes. Well crystalized films with an average
grain size of 350 nm and PCE of 3.35% were reported [43].
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Table 3.11 Antimony selenide deposition methods, parameters, process and efficiency.

Absorber | Substrate/Buffer | Deposition | Treatment Processing Solar cell structure” n(%) | Voc | Jsc FF Cell
Method temperature (mV) | (mA | (%) area | Reference
cm?) (cm?)
Sh2Ses Si CSS - Tsuw- 250 °C | In/Si/ShySes 1.05 | 251 10.42 | 40.23 | - [34]
Tsou- 450 °C
Sh2Ses CdS CSS - Tsw-320 °C, | G/FTO/CAS/Sh,Ses/Au 3.7 329 | 228 |498 |- (3]
Tsou- 520 °C
Sh2Ses Sn0O,/CdS CSS - Tsw-320 °C, | G/FTO/SnO2/CdS/ 5.1 385 245 |55 -
Tsou- 520 °C | Sh,Ses/Au 133]
Sh2S3 Sn0O,/CdS CSS - Tsw-310 °C, | G/FTO/SnO2/CdS/Sh,Ses/Au 532 |380 |254 |551 |-
Tsu-510 °C 1391
t-Se 745 | 413 | 289 |623
Sh2Ses TiO; CSS - Tsou- 350- TEC/TiO2/Sh,Ses/Au 6.5 419 322 |485 |-
450 °C 3]
Sh,Ses CdS RTE - Tsu-300 - G/FTO/CdS/Sh,Ses 5.6 400 | 25.15 | 55.7 | 0.095
350 °C , Tsou- [15]
550 °C
Un-etched Tsou- 470 °C | G/FTO/TiO2/Sh,Ses/Au 5.7 420 | 30.7 |442 |-
Sh.Ses TiO, CSS i [37]
CS; etch G/FTOI/TiO2/Sh,Ses/CS; etch/Au 5.5 400 |29.2 |475 |-
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(NH,)2S etch G/FTO/TiO2/ShzSes/(NH4)2S/AU 48 420 |251 |464 |-
CdS - Tsou- 490 °C G/CdS(CSS)/ShzSes/Au 2.8 380 195 | 38 -
Tsub- 300-450
ShzSe; CSS °C [44]
CdS - G/CdS(CBD)/Sh,Ses/Au 2.0 350 156 |38 -
TiO, - G/TiO2/Sh,Ses/Au 5.2 430 246 | 50 -
Sh,Ses CdS TE - Tsu- 25, 150, | FTO/Sh2Ses/CdS/ZnO/ZnO:Al/Au 2.1 354 17.84 | 335 |-
290 °C 2]
Untreated - G/FTO/CdS/Sh,Ses 5.6 391 258 |56.1 |-
SbsSes cds RTE NH.CI - G/FTO/CdS/Sh,Ses 5.6 392 26 55.6 | - [31]
CuCl; - G/FTO/CdS/Sh,Ses 6.3 413 281 | 544 |-
(NH4)2S - G/FTO/CdS/Sh,Ses 7.0 - - 593 |-
Sh,Ses CdSs EBE - - G/FTO/CdS/Sh,Ses/Au 24 280 21.3 401 |- [21]
Selenisation | - 3.7 335 | 244 |468 |-
Sh,Ses CdS TE - Tsw- 290 °C | G/FTO/CAS/Sh,Ses 1.9 300 13.2 | 48 0.09 [20]
ShaSes CdS TE Oxygen Tsw- 290 °C | G/ITO/CdS/Sh,Ses/Au 4.8 360 253 | 525 |0.09 |[23]
ShySes Cds TE Cu Taup-300 °C G/ITO/ZnO/CdS/Sh,Ses/Au 3.5 339 20.7 | 49 0.13 | [171]
Sb2Se3 Cds TE - Tsup- 290 °C 2.9 301 212 |46.2 |0.09 |[45]
I*- G/ITO/CdS/Sh,Ses/Au 4.5 363 248 |50.1
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Selenisation

W*- 5.7 383 263 |57.1
Selenisation
Sh2Ses r-ZnO RTE Tsou- 570 °C, | G/FTO/ZnO/Sh,Ses/Au 5.9 391 26.2 |578 |- [46]
Tsub- 310 °C
ShaSes VTD w/o Anneal - G/ITO/CdS/Sh,Ses 4.8 343 258 |52 0.09
Anneal 200 | - 57 |371 |26 55.7 | - [16]
°C
Control - 40 |370 |239 |[455 |0.095
N>-CdS - 4.0 370 241 | 458 |-
CdCl>-Nz- - 4.4 370 243 | 478 |-
Sh,Ses CdSs RTE CdSs G/FTO/CdS/Sh,Ses/Au [28]
Air-CdS - 4.7 380 246 |50.2 |-
CdCly-Air- - 5.2 400 251 | 528 |-
CdSs
- Tsou- 570 °C, | G/FTO/ZnO/Sh,Ses 32 336 |236 |405 |0.09
Sb,Ses ZnO RTE Tsub- 300-450 (471
°C
MgZnO - G/FTO/ZnO/MgZnO/Sh,Ses 44 1360 |262 |48 -
ShySes Cds, TiO: CsS - - ZnO:Al/ZnO/CdS/TiO/Sh,Ses 92 |400 |325 |703 |0.26 ]

nanorod arrays/MoSe,/Mo
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ShzSes Cdse PLD - Tsub- 100-400 | FTO/CdSe/ShzSes/Au 36 |357 |201 |507 |- (48]
°C
Sh2Ses CdSe CSS - Ts0u-500-580 | G/FTO/CdSe/Sh,Ses/graphite 4.5 354 | 275 |46.1 |-
°C, Tsuw-250- | architecture [49]
350 °C
Sh,Ses Cds Sputtering | Selenisation | - Mo/Sh,Ses/CdS/ITO/Ag 6.0 494 259 477 |- [42]
Sh2Ses CdS Sputtering Tsuw- RT-450 | ITO/CdAS/Sh,Ses/Au 3.3 437 159 |48 - [43]
°C
ShzSes Cds Sputtering | - - G/Mo/Sh,Ses/CdS/ITO/Ag 55 |448 |249 |532 |- [50]
ShzSes Cds, ZnO Sputtering | - Tsu- 375 °C | G/Mo/ ShzSes/CdS/ZnO/AZO 21 |420 |122 |41 0.09 | [51]
Sh,Ses TiO; Spin - - G/FTOITiO2 /Sh,Ses/Au 2.2 520 10.3 | 423 | 045 [52]
coating
ShsSes TiO; Spin - - G/FTO/TiO2/Sh,Ses/Spiro- 2.0 275 19.7 | 377 |-
coating OMeTAD/Au
CdSs - - G/FTOITiO,/CdS/Sh,Ses/Spiro- 3.9 340 27.2 | 419 |- >3]
OMeTAD/Au
ShsSes TiO; Spin - - G/FTO/mp- 3.21 | 304 223 | 47.2 |0.09 [54]
coating TiO2/Sh,Ses/HTM/PEDOT:PSS/Au
ShySes Cds Spin - - G/FTO/CdS/Sh,Ses 33 |312 |216 |482 |- (55
coating Te doping - 54 |30 |29.0 |515 |-
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CSS: Closed space sublimation; RTE: Rapid thermal evaporation; EBE: Electron beam evaporation; VTD: Vacuum transport deposition; TE:
Thermal evaporation; RT: Room temperature; Tsup: Temperature of substrate; Tsou: Temperature of source. I-: Interface, W-: Throughout *G:

Glass; FTO: Fluorine doped tin oxide; ZnO: Zinc oxide; ITO: Indium doped tin oxide; TiO2: Titanium dioxide.
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3.4.4 Solution based Technique.

Chemical solution deposition (CSD) technique is recently gaining momentum for the
fabrication of Sh,Sez due to its cost-effectiveness, high yield, and simplicity of the
process requirements. In order to attain a 2:3 ratio in ShoSez equimolar aqueous
solution of SbClz and selenium dioxide (SeO.) was mixed along with tartaric acid
(which avoids the Sb to precipitate). Aqueous as well as non-aqueous solvents were
used to deposit ShoSes films using spray pyrolysis technique. Amorphous films were
formed while depositing the material using aqueous based precursor solution, while
non-aqueous medium leads to a polycrystalline film with an efficiency of 0.03% [56].

ShaSes thin film device was fabricated from hydrazine-based solution process. 1:3.5
molar fraction of antimony and selenium were dissolved in hydrazine to prepare the
solution for spin coating. Phase-pure, crack-free, micrometer grain sized Sh>Ses film
reported a band gap of 1.06 eV and hole mobility of 5.1 cm? V! s™1. Hydrazine based
Sh>Ses heterojunction devices using TiO:z as a buffer layer obtained a PCE of 2.26%
[52].Choi. et al. deposited ShoSesz film by spin coating technique using single source
(Se-SSP) in multiple cycles followed by thermal annealing which led to
decomposition and deposition on mesoporous TiO2, PCPDTBT was used as HTM.
Sh>Ses-based inorganic—organic heterojunction solar cells reported an efficiency of
3.2% [54]. Interfacial engineering was carried out by a group in order to increase the
performance of the solar cells. Sb>Ses films were prepared by spin coating of the
antimony—selenium (Sh-Se) molecular solution followed by subsequent annealing. An
interfacial layer of CdS was deposited in between TiO2 and Sh,Ses which act as a hole
blocking layer. CdS incorporation aligned the band gap, increased charge transport
across the interface and suppressed charge recombination. Incorporation of CdS layer
improves the PCE from 2.0% to 3.9% [46]. In order to reduce the deep level defects
which arises in Sb rich layer or Se rich layer, Te was doped by Y. Ma et al. using spin
coating and they were able to reduce the recombination losses and attained 5.6% PCE
with Jc of 29 mA cm? and FF of 515% for the device structure
FTO/CdS/Sh,Ses/Spiro-OMeTAD/Au [55].

52



A summary of the different methods used to synthesize Sbh,Ses thin films for solar cell
application has been shown in table 3.11 which shows the voltage, current density, fill
factor, efficiency etc. of devices fabricated by the growth techniques. CSS-grown cell
has the highest FF and efficiency, whereas the cell prepared by spin coating had the
lowest. VTD and RTE devices have a similar performance. However, the former cell
has a slightly higher current density compared to the latter which is due to the
improved crystalline quality of the VTD Sb2Ses film. CSS based device have a higher
EQE in the longer-wavelength spectral region compared to its other competitors. The
EQE of the solar cell at the IR is related to rear surface recombination, absorption of
photons and the diffusion length. The champion device showed excellent EQE in the
entire working wavelength range indicating long-range carrier transport. Interestingly
double buffer layer CdS/ZnO and CdS/TiO: based device leads to an improved Voc,
FF as well as PCE.

3.5 Buffer layer study.

Discussing the solar cells without any discussion of the buffer layer would be
inappropriate. Buffer layer is usually n-type material that is used to form a p-n
heterojunction. The selection of buffer layer is based on many factors, such as
bandgap, lattice matching, carrier type, band alignment etc. The material should have
a band gap wide enough to transmit light into the absorber layer. Photo-generated
electrons in the absorber layer move toward the transparent electrode (TE) layer
through the buffer layer. A proper band alignment and lattice matching should be
done to avoid energy losses. Lattice mismatch leads to interfacial defects, Fermi-level

pinning, and improper band alignment which intern limits the device performance.

CdS is one of the most commonly used buffer layer in thin-film solar cells despite of
the fact that it has dissimilarity in lattice matching with other absorbers [57]. For
example, the lattice mismatch for the CdS/CdTe interface was found to be 10% which
was improved with CdCl; treatment of CdTe followed by annealing [58].The lattice
mismatch of Sb,Ses is expected to be comparable to that as in CdTe (>10 %),
however till date it is one of the widely used buffer layers. In CdS/ShzSes interface

lattice mismatch and dangling bond leads to defect states which ultimately hinders the
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performance of the device. A small modification during the growth process can
attenuate the lattice mismatch. Oxygen addition during Sh,Ses deposition passivated
the dangling bond and recombination losses there by influencing the cell performance
[23]. Replacing CdS by an alternate CdSe buffer layer showed an improvement in
photocurrent collection which was due to the suppression of interfacial diffusion
which reduced the recombination sites at the interface [49]. Widely used buffer layers
such as ZnO, TiO> and CdS were investigated by in-situ high resolution
photoemission spectroscopy (HRPES) to study the interfacial properties. The HRPES
results reveal that during the initial stage of Sh.Ses deposition it reacted with the
buffer layer as CdS > ZnO > TiO: respectively. Distinct transition layers were
observed in CdS/Sh,Ses and ZnO/Sh,Ses interfaces whereas absent in TiO2/Sb,Ses.
The CdS/Sh,Ses hetrojunction shows spike like conduction band offsets (CBOs)
whereas ZnO/Sh.Sez and TiO2/Sbh2Ses heterojunction shows cliff-like and almost flat
conduction band offsets respectively. High stability and high performance device can
be made by combining CdS and TiO, buffer layers, which makes a favorable spike
like band alignment [59].

TiO,, ZnO, SnO. have similar lattice parameters with Sh,Ses and are being
investigated by many groups; in which TiO2, ZnO have been the most investigated
buffer layers. TiO2 and ZnO have been synthesized by both chemical and physical
techniques. Till date TiO> performance has been comparatively better than other
counterparts. Buffer layer engineering is also important to obtain higher PCE for the

solar cells.

3.6 ShoSes various applications.

Chalcogenide based glasses find potential application in solid state optical and
electrical devices because of its optoelectronic properties. Selenium (Se) has wide
acceptability in glass forming because of its reversible phase transformation ability.
Se has a short lifetime and low sensitivity which can be overcome by alloying Se with
Ge, As and Sbh. To synthesize SboSes M. Malligavathy et al. quenched glass ampoule
in ice cold water and then mixed it with sodium hydroxide. Sb2Ses thin films with
four different thicknesses (220, 500, 600 and 720 nm) were synthesized by thermal
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evaporation technique and the effect of thickness on structural, morphological and
optical properties were investigated. The deposited films were amorphous in nature
and with the increase in thickness the band gap decreased. The 1-V characteristic of
Sh>Ses films showed memory switching behavior, this can have potential application
in semiconductor industry [60]. Layered semiconductor which are grown parallel to
growth direction have potential application in TV cameras, thermoelectric and
optoelectronic devices. Zhai. et al. fabricated Sh>Ses nanowires by a simple
hydrothermal method to study field emission and photoconductivity. Field-emission
measurements showed low turn on field of 2.6 V um™* and low threshold field of 4.9
V um~ 1. Sh,Se; nanowires shows photo detection property in the visible light and
also suggest that this material can be used as field emitters and photodetector [61]. In
present day scenario health monitoring system are quite important and the
photodetectors are key to it. ShoSes shows low toxicity, high carrier mobility and a 1D
structure which concedes to its application on flexible substrate. Researchers in C.
Chen et al. group have fabricated flexible Sb,Ses photodiode to detect the heart rate,
which are very sensitive, they were successful in detecting linear dynamic of 95 dB
and photo responsivity of 0.42 A W, Finally, they were employed for heart rate
detection along with LED [62]. Sb.Ses have wide application in electronic industry

including Bio medical applications.

3.4 Conclusion and prospects

In this chapter we studied the progress and understanding of Sh»Ses material
properties and device performance. The focus on various synthesis process, electrical
characterization, defects, etc. ShSes champion cells fabricated by CSS had Jsc, Voc,
and FF values equivalent to 74%, 48%, and 81% of the S-Q limit respectively[2]. In
the case of Sh»Sesz device fabricated by a chemical method (spin-coating) obtained a
PCE of 5.6%, by doping tellurium into the crystal lattice. In these devices the Jsc
values are low because of incomplete carrier collection and light absorption. ShoSes
devices show good current collection (Jsc) despite the performance is lower due to its
lower VVoc. In a nutshell the issue related to carrier management has to be addressed
for higher PCE devices. There are some important key points raised in this chapter

addressing them would ultimately result in a higher performing device in the future.
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Chapter 4
Study of Buffer layer

This chapter describes the study of the influence of buffer layer CdS by thermal and
chemical bath deposition (CBD) as well as the application of TiO2 as an alternate
buffer layer for the antimony selenide (Sh2Ses) absorber thin film along with the
characterization techniques used for studying their structural, surface morphological,
optical and electrical properties.Sh.Ses solar cell was constructed by superstrate
configuration and its photovoltaic properties were studied under standard photovoltaic

test conditions.

4.1 Thermally evaporated CdS buffer.

Among the 1I-VI semiconductors, CdS polycrystalline thin film is a very important
semiconducting material with a band gap of 2.4 eV which makes it a material of
choice for the buffer (window) layer. Present day high efficient solar cells (CdTe [1],
CIGS, CZTS, and Sh»Ses [2]) widely use cadmium sulfide (CdS) thin films as a buffer
layer [3][4]. Thermal evaporation and chemical bath deposition are amongst most

used techniques to fabricate CdS thin films.

The optical properties of CdS plays a crucial role when it comes to the absorption
within the layer. Thus we investigated thickness dependent properties of CdS buffer
[5]. In this chapter we present the results on optimization of the thickness of CdS
buffer layer for the fabrication of efficient Sh,Ses thin film solar cells. For this study,
CdS with 50 nm, 90 nm and 150 nm were deposited on the commercial NSD TEC
12D front contact: FTO/SnO2/CdS/ShoSes. The front contact is composed of a
fluorine doped tin oxide (FTO) layer followed by a high resistivity transparent un-
doped tin oxide (SnO.) layer on soda lime glass. CdS was deposited by thermal
evaporation at a pressure of 10™* Pa, and substrate temperature of 150 °C. After
deposition they were annealed in vacuum at 450 °C to improve its crystalline
structure. The samples were then transferred to another thermal evaporation chamber
for ShoSes deposition. 800 nm thick Sh,Ses films were deposited at base pressure 3.6
x 10 Pa keeping the substrate temperature at 300 °C. The material source (Sb2Ses) is
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put in a graphite crucible which is heated in temperature range of 700-800 °C. The
rate of deposition is maintained at 0.20 nm/sec. Finally, 30 nm of gold is deposited via

thermal evaporation without heating the substrate.
4.1.1 Measurement and characterization.

The crystalline structure of the samples was studied using XRD, carried out with a
Thermo ARL XTRA powder diffractometer in Bragg -Brentano geometry, equipped
with a Cu-anode X-ray source (Ka, A=1.5418 A) and a Peltier Si (Li) cooled solid-
state detector. AFM was pursued by a NT-MDT with NSG-01 silicon tip. J-V
characteristics were measured with a Keithley Source Meter 2420, using a halogen

lamp calibrated with a silicon solar cell under an irradiation of 100 mwW/cm?.

4.1.2 Structural Characterization.

The Schematic view of the sample is shown in Figure 4.1 along with the top view of
AFM in Figure 4.2.

Au

CdS
FTO +Sn02

(lass

Figure 4.1. Schematic view of the superstrate configuration.

The 2D topography of vacuum deposited CdS thin films are shown in Fig. 4.2(a, b),
respectively. Here, the AFM micrographs of the CdS films fabricated depicted that all
nano grains were homogeneously distributed and spherical in shape over the whole
film surface. The 50 nm deposited CdS film has smaller grains in comparison to the
150 nm ones. Figure 4.3 shows the AFM images of the Sh,Ses deposited on the CdS.
The films are compact, free of cracks and pinholes. Comparing in fig. 4.3 (a, b, ¢) we
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notice that with the increase in the thickness of CdS the grains become larger, ranging

from few nanometers to few microns.

100 150 nm
40 60 80 100 120 nm

50

20

Figure 4.2. Schematic view of CdS deposited on (a, b) 50 nm and 150 nm from left to
right.
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Figure 4.3. Schematic view of Sh>Ses deposited on (a) 50 nm, (b) 90 nm, and (c) 150
nm Cds from left to right.
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Figure 4.4. X-ray diffraction patterns of Sh.Ses films.

X-ray diffraction (XRD) was applied to characterize Sb»Ses thin films deposited on
varying CdS thickness. As shown in figure 4.4. diffraction peaks of our samples are
well indexed with the orthorhombic Sb>Ses (ICDD PDF:00-15-0861). Major peaks
were indexed, and no secondary phase was detected. The films exhibit both [hk1] and
[hkQ] preferred orientation peaks, of which the [hk1] are dominant and indicative of
good electrical performance of the device. CdS as buffer layer promotes the formation
of the preferred (221), (211), (321), (141), (041) which are oriented and composed of
tilted (SbhsSeg)n ribbons stacked vertically the substrate. The (330), (250) are stacked

horizontal to the substrate.
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4.1.2 Electrical Characterization.

Completed devices with gold contact delivered conversion efficiencies between 0.3

and 1.7%, the values are reported in Table 4.1. Looking at the J-V curves, shown in

Figure 4.5, the devices with the CdS layer thickness of 150 nm show a higher open
circuit voltage and F.F. The champion cell has 1.7% PCE with 150 nm of CdS.

Table 4.1: J-V data of the Sh,Sez films on CdS (50, 90 and 150 nm)

Sample I.D | CdS (nm) | Jsc (mA/cm?) | Voc (mV) FF (%) n (%)
Cso 50 17.5 268 27.6 1.3
Coo 90 16.3 324 29.0 15
Ciso 150 15.2 331.6 33.0 1.7
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Figure 4.5. J-V characteristics of the samples.
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4.2 Chemical Bath deposition of CdS.

Well-known chemical deposition methods for CdS thin films is chemical bath
deposition. The chemical bath deposition (CBD) technique has been successfully used
to deposit cadmium sulphide from cadmium chloride and cadmium acetate which acts
as source for cadmium ion and thiourea as the sulphur source. This is used to deposit
CdS on glass as well as ITO/ZnO, FTO/SnO; substrates[6-8].

During chemical bath deposition, ammonia acts as a complexing agent by controlling
the release of metal (Cd?*) and sulfur (S*°) ions in the alkaline solution. The growth
mechanism can be summarized by the following chemical reactions:[6,8,9]
(1) The solution of amino-cadmium complex equilibrium:
Cd + 4NH3 S Cd (NH3)4** (1)
Formation of Cd (NH3)42* prevents the precipitation of Cd (OH)2.
(2) Hydrolysis of thiourea in an alkaline medium:
(NH2)2CS + OH™ 5 SH™ + CH2N2 + H20 )
SH™ ions are in equilibrium with water and give S*~ ions according to this equation:

SH +OH S S* + H,0 (3)

(3) Cadmium sulfide formation:
Cd (NHs)s 2 + S* — CdS + 4 NHs 4)
CdS formation can be summarized as:

Cd (NHa3)s 2"+ SC (NH2)2 + 20H NH4sOH—CdS + CH2N2+ 4NHs + 2H,0 (5)
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To complete the device structure nearly 150 nm of CdS buffer was deposited by CBD
for this 15 ml of Cd (CH3COO), 2H20 (0.025 M) solution, 10 ml of thiourea (0.422
M) and 25 ml of NH4OH (20%) solution are added to 200 ml of distilled water. The
substrates are coated at a temperature of 60 °C for 10 min. The optimal deposition
parameters of the CdS deposition are in Table 4. Il. After that the films are washed
with distilled water and then dilute HCI is used to remove the unwanted CdS
deposited on the opposite side of the glass. Finally, the CdS is put in a hot plate at 150
°C for 10 mins. Then the samples were transferred to thermal evaporation chamber
for Sh2Ses deposition. 800 nm thick Sh.Ses films were deposited at base pressure 3.6
x 10 Pa keeping the substrate temperature at 300 °C. The material source (Sb2Ses) is
in graphite crucible which is heated in temperature range of 700-800 °C. The rate of
deposition is maintained at 0.20 nm/sec. Finally, 30 nm of gold is deposited via

thermal evaporation without heating the substrate.

Table 4. 11. Chemical bath parameters

Cadmium acetate 15 ml (0.025 M)
Ammonia 25 ml (20%)
Thiourea 10 ml (0.422 M)

4.2.1 Measurement and characterization.

4.2.1.1 Structure and morphological aspect.

Topographical analysis on the CdS and Sb2Ses (grown on CdS) thin films has been
done by using atomic force microscopy (AFM) Figure 4.6(a,b) where the image can
be studied through the convolution of the tip of the cantilever and the samples. The
non-contact AFM operation mode was used to analyze the surface of the samples. It is
observed, from Fig. 4.6(a), CdS particles are uniformly distributed on the surface of
the film and the surfaces are composed of nano-sized grains. CdS film were composed
of a spherical shaped particulate, very well-connected grains without crack that
presents an inhomogeneous compact surface. The grains were grouped together to

form clusters. Figure 4.6(b) shows the top view of the as-grown ShySes film,
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indicating dense and pin-hole free morphology with polyhedron grains. The grain size
distribution is non uniform with some extremely large grains (~1um) and some small

grains (~100 nm).
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Figure 4.6. AFM image of (a) CdS grown by CBD and (b) Sh.Sez grown on the CdS.
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Figure 4.6. X-ray diffraction patterns of Sh,Ses films on chemical bath deposited
(CBD) CdSs.
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Fig 4.7. displays the representative XRD patterns of the Sh,Ses films at 300 °C. A
sharp peak at a 20 angle of 28.20° can be observed, which is consistent with the (211)
plane of ShySes. The other diffraction peaks located at 31.16cand 32.22¢correspond to
the (221) and (301) planes, respectively. The film exhibits a higher diffraction
intensity when compared with the Sh,Ses deposited on thermal evaporated CdS. The
XRD patterns indicate a phase- pure material (orthorhombic Sh,Ses; phase, ICDD
PDF: card No. 15-0861).

4.2.1.2 Electrical and Optical Characterization.

Fig 4.7 shows current-density—voltage characteristics of our best Sh,Ses solar cells
under 100 mW/cm? simulated AM1.5G irradiation. The champion device exhibited a
short-circuit current density (Js) of 17.0 mA/cm?, an open circuit voltage (Voc) of 254
mV, and a fill factor (FF) of 34.5%, corresponding to a PCE of 1.5%. Light enters
from glass and reaches Sh,Ses through CdS/Sh.Sez.The loss in Jsc may be due to the

recombination at the interface or probably due to double diode behaviour at back

contact.
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Figure 4.7. J-V characteristics
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Fig 4.8 depicts the transmittance spectra of the CdS films deposited by CBD and
thermal evaporation in the 200- 900 nm wavelength range. It revealed that both films
exhibit very low transmittance below 450 nm, which is due to strong absorption in
this wavelength regime. The transmittance increases (greater than 70 % in visible
range) with increasing wavelength and shows a slight interference pattern towards
higher wavelength which is good for solar application [10][11]. These reflections are
observed when the films are quite thin with a smooth surface. The band gap was
calculated using Taucs plot it is shown in fig 4.9, 4.10 which are found to 2.37 eV for
CBD and 2.4 eV for thermal deposited samples which has also been reported in the
literature [12,13].
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Figure 4.8. Transmission spectra of vacuum evaporated CdS and chemical bath
deposited (CBD) thin films.
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4.3 TiO2 buffer layer.

Titanium dioxide (TiO2) in solar cells is not new, it is a cheap and harmless water-
insoluble inorganic material which belongs to the family of transition metal oxide.
TiO2 is chemically inert substance, and it does not promote chemical reactions in the
absence of light. TiO2 shows strong ionic character and is constituted of Ti*" and O*
ions. TiO; is used as an active material that absorbs photons and converts them into
electric current. This material has a band gap around 3.2-3.8 eV, allowing it to
effectively absorb in the ultraviolet light by the generation of electron—hole pair. The
Absorption coefficient (o) of (TiO2) film is about (>10* cm ) [14] which potentially
limits the efficiency of photon-to-current conversion [15]. TiO2 exists in three phases
anatase, rutile, and brookite [16,17]. Deposition methods influence the optical and
electrical properties of the film, so it is important to use appropriate method for the
film fabrication. TiO2 can be fabricated by methods such as electron beam
evaporation, sputtering, chemical vapor deposition, sol-gel [18-21]. Of all the
methods spin coating and sol-gel have large surface area coverage with minimal
costing, also being a liquid-deposition process, they are deposited homogeneously on

the surface.

The properties of the films can be controlled by the solution composition. The
characteristics of sol-gel deposited TiO2thin films can be controlled by the
processing conditions, including the choice of solvent, concentration of the solvent,
and the post-deposition heat treatment [22]. TiO> films obtained by annealing at 400—
550 °C, showed a predominantly anatase phase structure, which is important in solar

photovoltaic application[23,24].

In this work were deposited Sh>Ses on the commercial SnO>: F (fluorine-doped tin
oxide (FTO))-coated soda-lime glass TEC12D. The device structure was
glass/FTO/Ti02/ShoSes/Au. TiO2 layer was deposited by spin-coating process. 5
layers (100ul), 7 layers (140 ul) and 10 layers (200 ul) concentration of 0.15 M
titanium isopropoxide (TTIP) in ethanol solution was deposited on a 30 x 30 mm?

substrate at 3600 rpm followed by 10 min of heating in the hot plate. Finally, the

75



substrates were annealed in air at 500 °C for 30 min. Sh,Ses layers were deposited via

thermal evaporation and has been discussed in detail in the previous chapter.

4.3.1 Measurement and characterization.

4.3.2 Material Characterization.

Fig. 4.11 (a) shows the atomic force microscopy image of the spin coated TiO> film
annealed at 450 °C. The images show well-defined particle-like features with granular
morphology which are indicative of the presence of small crystalline grains.
Crystalline phase formed appears to have a high surface roughness. The image also
reveals that the film is homogeneous with few pinholes but are well connected to each
other. Fig. 4.11(b) shows the Sh,Ses grown on the TiO> the film shows a columnar
like structure with few pinholes.
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Figure 4.11. AFM images of (a) TiO2 deposited by spin coating (b) Sb2Ses film grown
on TiOo.

Fig. 4.12 displays XRD pattern of thermally evaporated Sh,Ses absorber films
deposited at 300 °C onto TiO2 layers. The diffractograms of the heterostructure show
the primary peaks from the (211), (221), and (301) planes. At the same time, the
(020), (120), (130), (230) and (240) XRD peaks were quite pronounced in the
structure with TiO», indicating the presence of the grains lying parallel to the substrate

which can be a factor for the poor performance (low current) of the device.
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Figure 4.12. XRD pattern of Sb2Ses grown on TiOx.

4.3.3 Electrical and optical Characterization.

Fig. 4.13 illustrates that the optical transmittance of TiO; thin films. It is observed that
maximum transmittance is in the wavelength range (420-900 nm) which is suitable for
solar cell window. The film obtained 80% transmittance in the visible region after one
layer of deposition. Ben et al. reported slight decrease in the transmittance of TiO>
while annealing from 300 °C to 600 °C. [14]. The optical band gap energy of 3.97 eV
was estimated for TEC/TiO> using the Tauc plot.
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Table. 4.111 J-V data of the TiO, samples.

Sample I.D Jsc (mA/cm?) Voc (mV) FF (%) n.(%)
5 drops 14.4 127.7 25.3 0.46
7 drops 8.6 134.6 25.6 0.30
10 drops 5.8 1135 24.8 0.16

The overall performance of the device fabricated using TiO2 is shown in table 4.111 and
fig 4.14. As shown in the table 5 drops of TiO using spin coating attained efficiency of
0.5% with very low Jsc,Voc and FF.

4.4 Conclusion.

Overall, in this chapter we discussed Sh,Ses solar cells performance with CdS and TiO>
buffer layer. CdS buffer layer was deposited using thermal evaporation and chemical
bath deposition. TiO. was deposited using spin coating. Firstly, we would discuss the
CdS films deposited by thermal evaporation. The AFM micrographs of the CdS films
fabricated depicted nano grains which are homogeneously distributed with the increase
in the thickness of CdS (50, 90, 150nm) the Sbh>Ses grains become larger, ranging from
few nanometers to few microns. The indexed Xrd have the preferred (hk1) planes and
the champion cell reported an efficiency of 1.7% with 150 nm CdS thickness. Further
CdS deposited using chemical bath deposition was studied. The Sh>Sesz films grown
exhibit dense and pin-hole free structure with an efficiency of 1.5%. The CdS grown by
thermal, and CBD had a band gap of 2.4 and 2.37 eV. Finally, we studied TiO2 buffer
layer with varying thickness (5, 7 and 10 drops) using spin coating. Film grown on TiO>
shows pronounced (hkO) plane. The band gap of TEC/TiO, was calculated at 3.97 eV
and the reported efficiency of the champion cell was less than 0.5% with 5 drops. At
last, I would like to conclude that the performance of the CdS by thermal and CBD
perform near about the same but for TiO2 buffer layer a detailed study needs to be done.
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Chapter 5
Study of Absorber layer

This chapter describes the study of thickness dependence of the absorber layer by
thermal evaporation along with the characterization techniques used for studying their
structural, surface morphological, optical and electrical properties. Sh>Ses solar cell
was constructed by superstrate configuration and its photovoltaic properties were

studied under standard photovoltaic test conditions.

5.1 Thermally evaporated Sb>Sez absorber.

In this chapter we present the results on optimization of Sh,Ses buffer layer for the
fabrication of efficient solar cells. The TEC front contact is composed of a fluorine
doped tin oxide (FTO) layer followed by a high resistivity transparent un-doped tin
oxide (SnOy) layer on soda lime glass, while a stack of 400 nm thick indium tin oxide
(ITO) film was deposited on a 3x3 cm? 4mm thick, soda-lime glass by radio
frequency (RF)-magnetron sputtering with 90% In,O3 and 10% SnO target in Ar+2%
O, atmosphere and with a substrate temperature of 400 °C. Subsequently, the ITO
layer was covered by a 100 nm thick i-ZnO film, deposited by RF magnetron
sputtering in an atmosphere of Ar+2% O again with a substrate temperature of 400
°C. The stack was then annealed in vacuum at 10~* Pa at 450 °C. CdS was deposited
on the TEC and 1TO/ZnO stack by thermal evaporation at a pressure of 10~ Pa, and
substrate temperature of 150 °C, with a thickness of 150 nm. After deposition, the

layer was annealed in vacuum at 450 °C to improve its crystalline structure.

The samples were then transferred into another vacuum evaporation unit where
Sh»Ses with varying thickness (1000, 800, 450 nm) was deposited on glass/TEC/CdS
and glass/ITO/ZnO/CdS stack at a base pressure of 3.6x107* Pa and with a substrate
temperature of 300 °C. The material source (Sb>Sez lumps) is heated in a graphite
crucible at a temperature range of 700-800 °C in order to be evaporated at a
deposition rate of approximately 0.20 nm/sec. To complete the cell 30 nm of gold was

deposited by thermal evaporation.
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5.1.1 Measurement and characterization.

5.1.2 Structural Characterization.

High quality Sbh2Ses films with high quality, optimal thickness and large grains are
generally desired for solar cell application. In order to achieve the goal, we explored
the SboSes film deposition condition by varying the thickness keeping the source
temperature and the substrate temperatures independent. Fig 5.1. (a, b) shows the
schematic view of the films grown on TEC/CdS and ITO/ZnO/CdS. Samples with
different SbhoSez thickness on TEC/CdS and ITO/ZnO/CdS were prepared at a
substrate temperature of 300 °C and studied. Samples from these batches were

selected for material characterization and device analysis.

@) Sb2Ses3 (b) Sb2Ses3
CdS cds
/n0O SnO2
ITO FTO
Glass Glass

Figure 5.1 (a, b). Schematic view of Sh.Ses film grown on ITO/ZnO/CdS and
TECI/CdS.
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Figure 5.2 (a, b, ¢). AFM images of Sh>Ses deposited on ITO/ZnO/CdS.

The surface morphology was examined by recording atomic force microscopy (AFM)
images using non-contact mode. The films grown on ITO/ZnO/CdS superstrate
structure shows homogeneous growth of Sb.Ses films, the films are crack free with
very few pinholes as shown in Fig 5.2. The variation in size of the ranges from few
nanometers to few microns as we go down with the thickness from 1000 nm to 450

nm.

Fig 5.3. demonstrates the films growth on TEC/CdS substrate the 2D view shows that
the film are spherical in nature and with few pinholes. The films deposited with 1000
nm thickness shows a different grin structure compared to that of the ones grown with
700 and 450 nm thickness. On comparing both TEC and ITO we see that on TEC the
grain growth intially has bigger grains but as we go down with the thickness the
grains follow the same trend, whereas in ITO case the the grains become larger as we

scale down the thickness. But in both the cases we have good electrical conductivity
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and we could hardly observe any notable difference making both as a choice of the

deposition.

300 nm
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Figure 5.4(a, b) SEM images of Sb2Sez on TEC/CdS and ITO/ZnO/CdS.
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Morphology of Sh,Ses film was studied by SEM. Top-view SEM image Fig 5.4. (a, b)
revealed the film was composed of large ShoSes grains free of pinholes and cracks.
The chemical composition result of the Sb2Ses thin films deposited by thermal
evaporation was analysed by energy dispersive X-ray spectroscopy (EDS) are
summarized in Table 5.1 The stoichiometric composition of Sb/Se is greater than 0.66
which is the ideal ratio suggesting that the as deposited films are Se poor or Sb rich it

has also been reported by Rong et.al.[5].

Table 5.1. EDX of Sh,Ses.

Element Atomic (%)
Sb 55.53
Se 44.47
Total 100

Fig 5.5. shows the XRD pattern for the Sh,Sez thin film grown via thermal
evaporation at a substrate temperature of 300 °C on ITO/ZnO/CdS. All the diffraction
peaks in the patterns were indexed to the orthorhombic phase of Sb.Ses (JCPDS 15-
0861) with space group of Pnma. The sample with thickness of 1000 nm is indexed
with diffracting peaks of (211), (221), (041), (141), (321) indicating Sbh2Ses film have
a strong preferred orientation along the (001) direction and the (ShaSes) n ribbons. In
contrast, the intensity of the (040), (420), (250) peak are indicative of (hk0) planes,
which are unfavourable for solar cell as they hinder the charge transfer and hence
affect the performance which has also been reported by Xiaobo et.al. [6]. As we scale
down the thickness of Sh,Ses from 1000 nm to 450 nm the growth and orientation of
the film changes. We see that major preferred orientation (hk1) peak shift from (321)
to (621) it is to note that (621) was not detected in the thicker film which is an
indicative that with change in thickness there is change in the orientation. Also, the
(hkO0) peak intensity of (330) and (360) increases. Overall, the (hk1) peaks in 450 nm

thin films have higher orientation than those of the 1000 nm films.
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Figure 5.5. XRD pattern of Sh.Sez on ITO/ZnO/CdS.

Further Sb.Sez film is grown on TEC/CdS substrate as shown in Fig 5.6. The (221),
(321), (041), (141) oriented grains are composed of tilted (SbsSes)n ribbons which are
vertically stacked, where as the (240), (250) oriented grains arrange themselves
horizontally parallel with the substrate. For the charge to transport vertical movement
is easy as it does not has to hopp between the ribbon. The (hkl) grains reduces
recombination losses due to benign boundaries hence they are preffered film
orientation which is quite evident in our case and is also the reason for good
performance of the device. When we compare both 1TO/ZnO/CdS and TEC/CdS
according to the Xrd data TEC/CdS is preffereable as they have very only couple of

(hkO0) planes which has also been stated by et. al Ying [7].
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Figure 5.6. XRD of Sh>Ses on TEC/CdS.

Raman spectra of ShoSes films (ITO/ZnO/CdS and TEC/CdS) were performed at
room temperature with a 532 nm laser as excitation source. The results are shown in
Figure 5.7 and 5.8. The collected peaks for all the samples are in good agreement with
the results reported by Ivanova et al. [8]. Raman spectrum of the samples deposited at
substrate temperature of 300 °C exhibits a paramount band peaked at about 189 cm™
and some other more less pronounced bands at about 154, and 211 cm™?, and 151 and
210 cm™ for the respective samples which is commonly attributed to vibrational
modes of Sh,Ses in orthorhombic phase. The paramount band at 189 cm™ is clearly
defined in terms of intensity and spectral profile, suggesting a good crystallinity of the
films. Peak at 154 cm™ is pronounced while the later shows peak broadening and shift
towards the shorter wavelength 151 cm™ which is of Sh,Ses as also reported by

Shongalova. et. al. [9]. Raman spectra revels that Sb.Ses shows better crystal growth.
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Figure 5.7. Raman Spectra of Sh,Sez on ITO/ZnO/CdS.
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Figure 5.8. Raman Spectra of Sh>Ses on TEC/CdS
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5.1.3 Electrical Characterization.

Fig 5.9. shows the current density-voltage characteristics of our ShoSesz solar cells
under 100 mW/cm? simulated AM1.5G irradiation. The champion device exhibited a
short-circuit current density Jsc of 17.8 mA/cm?, an open circuit voltage Voc of 296.5
mV, and a fill factor FF of 40.0 %, corresponding to a solar to electricity conversation

efficiency (n) of 2.1%.
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Figure 5.9. J-V of Sh,Ses on ITO/ZnO/CdS

In all the devices reported herein Fig 5.10. illumination is from the front side i.e FTO
side and the photogenerated charge carriers separate at p-Sb>Ses/n-CdS interface.
Electrons move towards the CdS side and are collected by the FTO, while the holes
travel through the Sbh»Ses absorber and are collected at the back contact by Au. The
certified device exhibited a Jsc of 18.4 mA/cm?, a Vo of 317.6 mV and an FF of

35.1%, which corresponds to a power-conversion efficiency (PCE) of 2.0 %.
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Figure 5.10. J-V of Sh>Ses on FTO/SnO:..

5.1.4 Conclusion.

To sum up we present non-toxic, stable method of solar-cell fabrication with a
certified device efficiency of 2.0 % irrespective of the front contact. The optimized
thickness was 450 nm. Our work reveals that 1D Sh.Ses is a promising absorber when
the films are oriented in the desired (hk1) for the unhindered transport of charge. This
is possible due to minimal recombination along that direction. The SEM images and
the AFM images also reveal that the films are homogeneous, crack free and with few
pin holes. The grains range from nanometer to few microns. Raman studies also
suggest the formation of good crystalline quality of Sh,Ses. Our study also concludes
that the as deposited films are Sb rich which might be the reason for lower
performance of the solar cells. In order to eradicate this shortcoming, we need to

selenize the film to adjust the Sh:Se ratio.
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Chapter 6
Study of Front Contact

This chapter is related to the study of the front contact ITO/ZnO and FTO/SnO; and
thier effect on ShySes solar cell. The surface morphology, optical and electrical
properties and the performance of the antimony selenide film will be studied and

discussed.

6.1 ITO/ZnO and FTO/SnO; front contact.

The performance of solar photovoltaic cells depends on their design, material
properties, and fabrication technology [1]. The front contact plays an important role
by having an impact on the electrical and optical properties of the solar cells. These
materials are unique as they offer high optical transmissivity in the visible region and
low electrical resistivity [2]. ITO, ZnO, SnO2 and FTO are used as high resistant layer
due to their desired optical and electrical properties. The transparent conductive layer
is complicated system because of their electron affinity and band gap. It is because of
this complexity they have a heterojunction structure and in this structure the band
offset and interface properties are of main significance [3,4]. Values of the electron-

hole mobility, charge carrier and band gap are listed in Table 6.1. [5-7].

Table 6.1. Parameters.

Ba(neci/ ?ap Elec(tgg]rl/rlw/;)slllty H(z::?n rg(\)/b/! )lty Carrier density
ITO 3.72 30 5 4.3 x10%
ZnO 3.27 100 25 1x 10
FTO 3.65 15 - 1.46 x 10%
SnO; 4.11 3.6 1 2.4 x101

FTO, ITO, SnO2 exhibits good transparency owing to the wide band-gap, as well as
they show a low electrical resistivity due to the high carrier concentration which is

caused by the oxygen vacancies. FTO is mechanically, chemically and
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electrochemically stable and so they can be directly coated on glass, whereas a

passivation layer is required in case of ITO [8,9].

6.1.1 Experimental details.

Here we are going to discuss the two front contacts used by us. The first front contact
is made by the deposition of two layers: 80 nm thick intrinsic ZnO and 1 um thick
ITO by RF sputtering, respectively with a power of 60 W and 160 W with a substrate
temperature of 150 °C with continuous oxygen flux (O2-0.5 sccm) at 150 °C.
Consecutively the second used transparent conducting layer (TCO) is fluorine doped
tin oxide (FTO) followed by a high resistivity transparent (HRT) un-doped tin oxide
(SnO2 — TO) layer deposited by Pilkington on soda lime glass (NSG TEC 12D). The

samples were transferred into the vacuum evaporation unit where Sh,Sez was
deposited on glass/TEC and glass/ITO/ZnO stack at a base pressure of 3.6x10™* Pa
and with a substrate temperature of 300 °C. The material source (Sb2Sez lumps) is
heated in a graphite crucible at a temperature range of 700-800 °C in order to be
evaporated at a deposition rate of approximately 0.20 nm/sec. To complete the cell 30
nm of gold was deposited by thermal evaporation.

6.1.2 Characterization.

Ultraviolet visible (UV-VIS) spectroscopy was used to record the absorption spectra.
Absorption of radiation causes electronic transitions from the ground state to the
excited state in atoms or molecules. Band gap is the minimum energy required for
electronic transition from the valence band to the conduction band. So, measuring the
band-gap energies for the materials used in photovoltaic cell is important. Beer-
Lambert law states that the absorbance of a solution is directly proportional to the
concentration of the absorbing species in the solution and the path length. A=¢c L =
logio (lo/ 1), A = absorbance, ¢ = molar absorptivity or extinction coefficient, ¢ =
concentration of the absorbing species L = path-length I, = intensity of light before
passing through the sample | = intensity of light after passing through the sample %T
= (I/1o) x 100. The reflectance (R) of the sample can be evaluated by the relation R +
T+A=1.
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The absorption spectrum represents the minimum energy required for electronic
transition from the valence band to the conduction band is the absorption edge of the
solution. The wavelength at the absorption edge can be used to calculate the energy
band-gap. The optical properties of ITO/ZnO, and FTO/SnO; films are measured. Fig
6.1 and 6.2 shows the optical transmission of the as deposited ITO/ZnO and
FTO/SnO, films. At the wavelength from 500 nm to 800 nm, the average
transmittance is nearly 82% for ITO/ZnO and 81.0% for FTO/SnO. films,
respectively. High transparency in the visible region greater than 80 % was observed,
in accordance with the requirements for TCO applications. Also it can be associated
with good structural homogeneity [6]. The presence of interference fringe in Fig 6.1.
is due to multiple reflections that occurs at film/air and film/substrate interface. These
reflections in films come into view when the surface is smooth. High resistance
transparent ZnO or SnO; films on ITO or FTO films can be used to passivate CdS
surface which could eliminate the leakage current caused by the pinhole effects of
CdS and thus improves the short circuit current remarkably [10].
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Figure 6.1. Transmittance plot of ITO/ZnO.
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Figure 6.2. Transmittance plot of FTO/SnO;

Fig 6.3 shows XRD patterns of Sbh»Ses deposited directly on ZnO and SnO: by
thermal evaporation. All the diffraction peaks are indexed to the orthorhombic Sbh.Ses
with the space group of Pnma 62 (JCPDS Card No. 15-0861). We found no peak
attributed to the detrimental Se phase due to low temperature vacuum evaporation
deposition.The main diffraction peaks of (211), (221), (061) is quite evident with
both the substrate, there are some additional (hk0) peaks (020), (120), (130),
according to Kanghua Li et.al. (120) is a dominant peaks when ZnO is used as buffer
layer [11] . Deposition without CdS buffer layers leads to the growth of unwanted hkO
peaks which perturbs the performance of the device and its perfromance which has
been discussed by Huafei et. Al [12] .

Atomic force microscopy (AFM) is the one of the mostly used versatile and powerful
technique for the analysis of samples in the nano-scale level. This technique provides
various types of surface measurements like grain size, RMS roughness, average
roughness, peak-to-peak height, skewness, and kurtosis. Two-dimensional AFM
images of the deposited ZnO, SnO; on ITO and FTO along with the final ShSes, is
presented in Fig. 6.4(a, b). The deposited ZnO with sputtering shows very small
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grains as compared to that of the SnO- provided to us by the company. Surface shows
distinct grain distribution with compact granular topography. The grain size varied
from 16 to 60 nm with average roughness of the deposited ZnO and SnO: thin film
was around 4.6 nm and 19 nm (see in Table 6.11).The higher value of roughness was
due to nucleation and grain growth.Fig 6.4(c, d) represents the deposited Sh,Ses it is
quite visible that the growth of antimony selenide is columunar in nature, compact

and without pinholes.
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Figure 6.3. Xrd of Sb2Ses on ZnO and SnO:..

The parameters reported in the Table 6. Il. such as skewness (Ssk) and kurtosis (Ska)
give the measurement of the asymmetry and the sharpness. The value of skewness
(Ssk) can either be zero, positive, or negative. The skewness factor becomes zero if
the height distribution is symmetrical. For an asymmetrical height distribution, the
surface has more peaks than valleys which leads to a positive value of skewness. If
the surface of the film is more planar, then the value of skewness turns out to be
negative. Another parameter kurtosis (Ska) measures the distribution with a reference

value of 3. If the kurtosis value is equal to 3 it signifies mesokurtic which is Gaussian
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amplitude distribution, and platykurtic if less than 3 which indicates that the surface is

flat. The kurtosis factor for the films is nearly 1 which shows that the surface has a

gaussian amplitude.

(b)
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Figure 6.4. AFM images of ZnO, SnO2, Sh2Ses on both in clockwise direction.

Table 6. 11. Calculated parameters-root mean square roughness (RMS), average

roughness (Rav), skewness (Ssk), kurtosis (Ska), and grain size.

Parameters ITO/ZnO | FTO/SNO; | ITO/ZnO/Sh,Sez | FTO/SnO2/Sh,Ses
RMS roughness (nm) 4.60137 18.9198 132.032 103.957
Rav (hm) 3.58196 14.7565 104.733 81.0995
Skewness (Ssk) 0.598789 | 0.606553 0.93756 1.00045
Kurtosis (Ska) 1.16281 0.746922 0.754625 1.09907
Grain size (nm) 15.92 59.6801 383.76 218
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6.1.3 Electrical Study.

Once illuminated, photogenerated electrons in Sb>Ses would inject into ZnO and
SnO., swept by the built-in field and finally collected by ITO and FTO respectively.
The photogenerated holes drift within the depletion region, diffuse through the quasi-
neutral region of Sh,Ses film and finally are collected by Au electrodes. The current—
voltage characteristics of our best Sh,Ses solar cells under 100 mWcm™2 simulated
AM1.5G irradiation are shown in Figure 5. The best device for the TEC based solar
cell exhibited a short-circuit current density (Js) of 16.4 mAcm=2, an open circuit
voltage (Voc) of 156 mV, and a fill factor (FF) of 26.8%, corresponding to a solar to
electricity conversation efficiency () of 0.7%, and the highest efficiency for ITO
based Sh,Ses solar cells is 1.4%. The performance of the devices was relatively low.
Studies done by K. Shen et al. also suggest that SnO>/CdS combination can amplify
the efficiency by two folds[13].
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Figure 5. J-V characteristics of a well-behaved Sb»>Ses device.
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6.1.4 Conclusion.

Our finding suggest that we were able to synthesize Sh,Ses solar directly on ITO/ZnO
and FTO/SnO. substrate. The main diffraction peaks of (211), (221), (061) is quite
evident with both the substrate, there are some additional (hk0) peaks. AFM images
of the deposited ZnO, SnO2 on ITO and FTO post Sh,Ses deposition have average
grain size of 4 to 60 nm respectively. The performance of the device such as the
current density (Jsc), open circuit voltage (Vo) and the FF of the FTO/SnO: is very
less compared to the ITO/ZnO. The champion cell reports an efficiency of 1.4%.
Report by Huafei et al. suggest that addition of CdS suppress some of the dominant
hkO unwanted peaks. As far the transparency is considered both are equally
transparent and good to be used for solar cell application however an additional buffer
is required for better performance.
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Chapter 7
Vacuum annealing study of the absorber

In the chapter we presented our work on antimony selenide (SbzSes) thin films with
varying thickness (1000, 700 and 500 nm) prepared by low temperature thermal
evaporation method. Solar cells were fabricated in the superstrate configuration of
Glass/ITO/ZnO/CdS/Sh,Sez/Au and Glass/TEC/CdAS/Sb.Ses/Au. The absorber layer

was annealed in vacuum at 300 and 350 °C and studied.

7.1 Vacuum annealing studies of Sbh.Sez on Glass/ITO/ZnO/CdS.

In this work, superstrate structure of Glass/ITO/ZnO/CdS/Sb,Ses/Cu/Au were
fabricated in order to analyze the performance of the Sbh,Ses thin films photovoltaic
devices by varying the thickness of the absorber layer. The CdS and the Sh,Ses layers
were deposited by thermal evaporation process without selenization of the absorber.
The influence of absorber thickness on the device performance of finished cells was
investigated comprehensively by the application of atomic force microscopy (AFM)
and X-ray diffraction (XRD).

7.1.1 Experimental details.

Antimony selenide (Sh2Ses) absorber based thin film solar cells with varying
thickness were synthesized in superstrate configuration by a low-temperature
fabrication process based on vacuum evaporation (VE). In order to understand its
properties, we have preferred to study the absorber when deposited on stack with its
typical device configuration. More in detail, by radio frequency (RF)-magnetron
sputtering we deposited a stack of 400 nm thick indium tin oxide (ITO) film on a
soda-lime glass with 90 % In203 and 10 % SnO; target in Ar + 2 % O, atmosphere
and with a substrate temperature of 400 °C. Subsequently, by RF magnetron
sputtering we deposited a 100 nm thick i-ZnO film, in an atmosphere of Ar + 2 % O,
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again with a substrate temperature of 400 °C. The stack was then annealed in vacuum
at 10" Pa at 450 °C.

On the 1TO/ZnO stack, CdS was deposited by thermal evaporation at a pressure of
107* Pa, and substrate temperature of 150 °C, with a thickness of 150 nm. To improve

its crystalline structure, the layer was subsequently annealed in vacuum at 450 °C

The samples were then moved into a different vacuum evaporation chamber, with a
fine control of crucible temperature is installed, where Sb.Sesz was deposited on the
Glass/ITO/ZnO/CdS stack. Absorbers with thickness of 1 pm, 700 nm and 450 nm
were deposited at a base pressure of 3.6x10 Pa and with a substrate temperature of
300 °C. The material source (Sh2Ses lumps) was heated at a temperature ranging from
700 to 800 °C in order to be evaporated at a deposition rate of approximately 0.20

nm/sec.

Post deposition treatment was applied by annealing the samples in vacuum at a
pressure of 1.8 x 10 Pa to a temperature of 300 °C and 350 °C for about 60 minutes.
For back contact, a 30 nm thick Au film was deposited by thermal evaporation

without heating the substrate.

7.1.2 Measurement and characterization

7.1.2.1 Structural Characterization.

Three types of samples were prepared and studied: in the first case the absorber was
deposited at a substrate temperature of 300 °C (Asoo), in the second and third case the
absorbers were deposited at the same temperature but were annealed in vacuum for 60
minutes at 300 °C (VAsoo) and 350 °C (VAsso) respectively, in order to improve their
crystallinity. Samples from these batches were selected for material characterization

and device analysis.

In Fig 7.1 typical XRD patterns of the three different types of samples are shown, the

patterns are in the 20 to 60 2 theta range because no reflection was registered outside
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of this interval. The diffraction peaks agree well with the orthorhombic Sb;Ses
(JCPDS 15-0861).

However, we observe different reflections for each differently treated absorber,
showing that the annealing step affects the crystalline properties. If for all the samples
(221), (141), (041) and (061) peaks are observed, for VAsso the (220) and (040)
reflections become intense. The difference is quite important since the (hkl)
orientation corresponds to grains vertically oriented on the substrate, while the (hk0)
oriented grains are horizontally stacked. Since the carriers move along the device,

(hk1) oriented ShoSes films exhibit better carrier collection [3].

Moreover, particularly for the Aso and VAaseo cases, two different peaks at 26.5 and
35.3 appear that are not attributable to Sb2Ses. The first one is the (100) peak of
hexagonal Se and the second one corresponds to the (101) orientation of Sb. This last
has been already detected by Y. Zhou et al. [12] but without attribution. These peaks
are weak for Aspo and stronger for VAspo but disappear after annealing at 350 °C
(VAss0) demonstrating that annealing in vacuum can give place to selenium loss with
the formation of pure antimony but also that with a higher annealing temperature the

secondary phases are reduced.
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Figure 7.1. X-ray diffraction pattern of Sh,Ses films on ITO/ZnO stack at different
annealing temperature.
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Figure 7.2. Micro-Raman Spectra on Sb2Ses films (a) as deposited, (b) Vacuum
annealed at 300 °C, (c) Vacuum annealed at 350 °C.

In fig. 7.2, Raman spectra of Sh.Ses films are displayed. The collected peaks for all
types of samples are in good agreement with what has been previously reported in

literature [13][14]. The Raman spectrum of the Asgo thin film exhibits a paramount
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band peaked at about 192 cm™ and some other more less pronounced bands at about
120, 129, 155, and 211 cm™, commonly assigned to the Sh-Se stretching vibration
modes. In particular, the bands occurring at about 155, 192, and 211 cm™ can be
assigned to vibrational modes of Sh.Ses in orthorhombic phase. The small vibrational
bands at 103 and 129 cm™ can be assigned to Ses ring of rhombohedral Sh,Ses [15].
The band at 192 cm™ is clearly defined in terms of intensity and of spectral profile,

suggesting a good crystallinity degree of this film.

After post deposition annealing the Raman bands at 155 and 192 cm™ exhibit larger
broadening accompanied by a frequency shift to higher values, while the band near to
211 cm gradually disappears. For VAsg the 103 and 129 cm™ peaks disappear and
only the main 120, 155 and 192 cm™ peaks remain, attesting the disappearance of the
rhombohedral Sh>Ses while the broadening of these spectral components, related to
orthorhombic Sbh,Ses, suggests a quite random structural rearrangement. Finally, the
overall Raman intensity of VVAsso turns out appreciably quenched: the peaks at 120
and 155 cm™ disappear, only the 192 cm™ main peak is observable but also with

decreased intensity. The crystalline quality of the material is, in this case, reduced.

AFM of the as deposited with varying thickness (1000, 700, 450 nm) has been
discussed in the previous chapter. In this chapter the study of morphology of the as
deposited and treated absorber layers, was performed using AFM. Comparing in fig.
7.3 (a) Asoo, (b) VAseo and (c) VAazse we can see that after the annealing the absorbers
show a different grain structure. For VAspo there is a structural rearrangement in
agglomerates of bigger grains compared to Asoo, While the VAsso shows agglomerates
of smaller grains. Root mean square roughness (Rq) was calculated for the three cases:
48 nm for Asoo, 77 nm for VAzo and 60 nm for VAasso.

108



Hoight
- - =W

s dep.|
% ."'

200 300
300 400 500
nm

um
nm
um

031 2 34 5 6 7 8 910
100
200

01 2 345 6 7 8 910
100

0

01 2 345 6 7 8 910

um um

400

300

um

012 3 45 6 7 8910
200
nm

100

01 2 345 6 7 8 910

um

Figure 7.3. AFM images of Sh.Ses films on (a) as deposited, (b) vacuum annealed at
300 °C, (c) vacuum annealed at 350 °C.

7.1.2.2 Performance of the cells.

Completed devices with gold contact delivered conversion efficiencies between 1 and
2 %, the values are reported in table 7.1. The solar cells have been subsequently
annealed at 190 °C in air and their efficiencies were measured and compared with the
values before treatment. In most of the fabricated devices the series resistance (Rs)
decreased, and shunt resistance (Rsh) increased resulting in an improved fill factor, as
shown in table 7. Il. However, only in case of VAasso the back contact annealing
improves the device quality reaching the best efficiency of 2 %.
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Table 7. I. Performance values of reported samples in fig 7.4 a before back contact

annealing.
Sample ID Voc Jsc FF I] Rs Rsh
(mV) (mA cm??) (%) (%) Qem?) | (Qem?)
Asoo 268 12.8 31 11 100 240
V Az 325 143 38 1.7 80 390
VAsso 332 14.4 39 1.8 90 530

Table 7. 1l. Performance values of reported samples in fig 7.4 b after back contact

annealing.
Sample ID Voc Jsc FF Il RS RSh
(mV) | (mAcm?) | (%) (%) | Qem?) | (Qem?)
Az 261 114 32 0.9 100 260
VAsw 325 14.4 38 1.7 80 400
VAaso 325 16.1 38 2 80 480
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Looking at the J-V curves, shown in fig 7.4(a, b), the devices with absorbers annealed
at 300 °C and 350 °C show a higher open circuit voltage. For the VAzqo this can be
easily justified by the improved crystallinity increases the device performance. For the
VAasg case the situation is more complicated since the absorber has reduced crystal
quality but on the other hand secondary phases have been reduced. Moreover, the
annealing after back contact deposition shows that the strong rollover is drastically
reduced; demonstrating that this additional process step affects specifically the back
contact.

The structural and morphological characterization done on the absorber layer
suggested that annealing at 300 °C compared to the one at 350 °C led to a better
carrier collection, but this was not confirmed by the devices’ performance. In fact,
contrary to expectations, VAsso samples reached slightly higher values of Voc and Jsc.
An explanation of this can be that an increased conductivity and reduced
recombination is not observed in terms of improved efficiency because the carrier
collection is limited by the back contact, as also suggested by the roll-over presence in

the J-V characteristics shown in fig. 7.4.

7.2 Vacuum annealing studies of Sb,Sez on Glass/TEC/CdS.

In this part of the chapter, we will discuss about Sh.Ses solar cells prepared in
superstrate configuration (Glass/FTO/TO/CdS/ShoSes/Au). The front contact (TCO-
transparent conductive oxide) consists of a fluorine doped tin oxide (FTO) layer
followed by a high resistivity transparent (HRT) un-doped tin oxide (SnO. — TO)
layer industrially deposited on soda lime glass (NSG TEC 12D). CdS is deposited on
the FTO/TO stack by thermal evaporation at a pressure of 10™* Pa, and with a
substrate temperature of 150 °C, with a thickness of 150 nm. After deposition, the
layer is annealed in the same deposition chamber in vacuum at 450 °C to improve its

crystalline structure and its stability to the subsequent depositions.

The absorber thickness has been optimized and fixed to 450 nm, the layer is deposited
at a substrate temperature of 300 °C and with a base pressure of 3x10™* Pa. Post

deposition the cells were annealed in vacuum at 350 °C as we can see from our
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previous study that annealing at 350 °C leads to a better performance of the device.
Finally, the back contact Au of 30 nm is deposited by thermal evaporation at a base

pressure of 1x107 Pa, followed by post deposition annealing at 150 °C in air.

7.2.1 Measurement and characterization.

The XRD pattern of the Sh,Ses films is shown in Fig. 7.5. The diffraction patterns
consist of well resolved peaks which have been indexed to Pbmn space group in
orthorhombic symmetry. All the diffraction peaks of the thin films were well matched
with the JCPDS card no PDF 15-0861. The observed peaks corresponding to
reflection planes (211), (221), (301), (321), (141) and (061), provide clear evidence
for the formation of a stibnite structure for the Sh>Ses thin films under study. The
detailed study of the as deposited and annealed films registers the dominance of the
preferred (hk1) peaks with the presence of two CdS compound peaks at 26 = 26.5 °
and 52 ° [16][17]. The texture coefficient (TC) of plane represents the texture of a
particular plane, whose deviation from the standard sample implies the preferred
growth. It is calculated by the Harris formula (see eq.1):

_ IK) [Loy kD ]
T(hkD) = To(hkl) [n =1 1o (hki) (1)

Where Iy is the measured diffraction peak intensity of (hkl) plane, and Iy is the
standard XRD peak intensity, n is the number of reflections considered for
calculation. A texture coefficient value larger than 1 indicates enhanced texture
orientation along that particular plane compared to the standard orientation [18]. The
different texture coefficients highlight the difference in crystal orientation and

quantitatively evaluate and compare the crystallite
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behavior. The TC of the Sh>Ses layer is presented in Fig. 7.6 it shows the spontaneous
growth of the (221) high orientation peak, upon further calculation we realize that
(321) is also a very predominant peak which is reduced in favor of (141) orientation
through a post-deposition annealing. This shows that, despite the apparently similar
spectra and the stronger (221) peak intensity, there is a different preferred orientation

if the layer is subjected to post-deposition annealing.

Fig. 7.7(a, b) shows the top view AFM images of the as deposited and annealed films,
while Table 7.111 reports the root mean square (RMS), which indicates the roughness
of the film, and the mean grain size analysis of the samples. AFM image of the as
deposited case exhibits dense, homogenous and relatively large grains (0.5-1 um).
After annealing in vacuum, the grains are smaller (less than 0.5 pum), with different

more round-shape, and with a clear loss in compactness.

nm
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Figure 7.7(a, b). AFM image of as deposited and vacuum annealed Sh,Ses films.

Table 7. 111: AFM analysis (referred to Fig. 7.7) showing root mean square (RMS)

roughness (Sg) and mean grain size of the samples.

Sample I. D RMS, Sq. (nm) Mean grain size (hm)
As-Dep 31 511
Ann. 32 479
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Fig. 7.8 shows the SEM pictures of the as deposited and annealed films, the samples
are in good agreement with the morphology observed with AFM.
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Figure 7.9 Raman Spectra for Sh2Ses thin films as deposited and annealed.

Raman analysis of as deposited and vacuum annealed is shown in fig. 7.9,

demonstrates the overall absence of large number of secondary phases. All the
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samples deliver similar spectrum, with the main Sb,Ses peaks at the same position

without evident shifts.

7.2.2 Electrical Characterization.
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Figure 7.10. J-V curves of the as deposited and annealed devices.

J-V characteristics of the devices are presented in Fig. 7.10 efficiencies are very
different when as-deposited and annealed Sh,Ses layers are compared, resulting to be
the lowest and the highest efficiencies of the set. As a matter of fact, best device with
as deposited absorber layer shows an open circuit voltage (Voc) of 289 mV, a fill
factor (F.F.) of 45.4 %, and a very low short circuit current density (Jsc) of 12
mA/cm?, corresponding to a power conversion efficiency of 1.57 %. While devices
with absorber layer annealed in vacuum perform a Vo of 352 mV, a Jsc of 23.5
mA/cm? and F.F.= 44 % resulting in an efficiency of 3.65 %. All the parameters show

a clear improvement, except for the fill factor which remains equal, however 45-44 %
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fill factor value is one of the highest obtained. This behavior can be explained if we
examine the EQE presented in Fig. 7.11. The device corresponding to the as-
deposited absorber case shows a very low response on all range of wavelengths which
highlights a general low quality of the absorber material with a large loss in carrier
collection. If the same absorber is annealed at 350 °C, the finished device shows a
very good response, particularly near the junction (at the low wavelength region),
while it loses response in the long wavelength region, where the photons are collected

away from the junction near the back contact.
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Figure 7.11. Corresponding EQE spectra of the as deposited and annealed samples.

7.3 Cu as an additional back contact study.

Due to the small free carrier path, generally high efficiency Sb.Ses solar cells are
fabricated with absorber thickness in the range of 400-600 nm [7,11], thinner than the
presented 1 pm thick SboSes layer. Moreover, a prominent roll-over is observed in
these JV curves as shown in fig. 7.4, suggesting that despite the high work function of

gold, back contact still needed to be engineered further.
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With these considerations, we have added copper on top of the Sh;Ses layer to
enhance carrier collection. Attempts of inserting Cu at the back contact has been
already reported but the results were disappointing, probably for the large thickness of
the copper layer [19]. However we have previously reported that a very small amount
of copper is sufficient for enhancing the electrical properties in CdTe [20], in
analogous way the back contact of Sh>Ses solar cells could be improved by a similar
inclusion of copper.

Different sets of samples with vacuum annealed absorbers at 300 °C and at 350 °C
were made by adding a thin Cu layer in order to have the following stack:
glass/ITO/ZnO/CdS/ShoSes/Cu/Au. The studies were pursued by inserting either a 3
A or a5 A copper thick layer deposited by vacuum evaporation. Subsequently the
devices have been annealed at 190 °C for 20 minutes in order to study the effect of Cu
diffusion into the Sbh>Sez bulk. A significant change in all performance parameters
was registered for different Cu thickness (3 A and 5 A): shown in Fig. 7.12 and 7.13,
also the details are available in table 7. 1V and 7. V the values of VAszo and VAaso are

presented.

7.3.1 Electrical Characterization.

For VAsoo 3 A Cu, the Jsc improves of about 40 % compared with the samples without
Cu. Moreover, after back contact (b.c.) annealing, the Vo improved from 300 to 340
mV and the FF reported a rise of 10 % (absolute value), on the other hand Jsc did not
change. Rs dramatically decreased and Rsh improved, proving that copper diffusion

with b.c. annealing enhances the device performance remarkably.

The major improvement was typically obtained with the larger amount of copper (5
A) and lower annealing temperature of the absorber. On the contrary, absorbers
annealed at 350 °C did not improve at the same level. Overall parameters are shown
in table 7. (IV-V). The carrier recombination reduces in the region near the b.c. with
the introduction of Cu, the better structural properties of VAazq lead effectively to

higher conversion efficiencies. Our best cell performed Voc = 339 mV, Jsc = 20.7 mA

119



cm?, FF = 50 %, Rs = 35 Q and Rsh = 743 Q, corresponding to a power conversion
efficiency of 3.5 %.
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Figure 7.12. J-V characteristics of the vacuum annealed samples at 300 °C, 3 A and 5

A of Cu with back contact annealing.

Table 7. IV. Performance values of reported samples with 3 A Cu layer.

Sample | Cu B.c. Voc Jsc FF n Rs Rsh
ID (A) | annealing | (mV) | (MAcm?) | (%) | (%) | Qem?) | (Qcm?)
VAswn 3 No 303 20.6 34 | 22 71 353
V Az 3 Yes 339 20 44 2.8 48 493
V Asso 3 Yes 332 19 40 2.5 57 469
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Table7. V. Performance values of reported samples in fig. 5 with 5 A Cu layer.

Sample CU BC Voc Jsc FF l] Rs (Qcm- Rsh

ID (A) | annealing | (mV) | (MAcm?) | (%) | (%) 2) (Q cm?)
VA3 5 Yes 339 20.7 49 3.5 35 743
VAsso 5 Yes 325 19.7 41 2.6 52 500
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Figure 7.13. J-V characteristics of the vacuum annealed samples at 350 °C, 3 A and 5

Similarly, we also incorporated Cu with the best reported result conditions on
TEC/CdS/Sh,Ses/Cu/Au superstructure and the study of the electrical study reported
champion cell performance of 2.6% shown in fig. 7.14, the reported values are lesser

than that discussed earlier in this chapter with Cu in the back contact.
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Figure 7.14. J-V characteristics of the vacuum annealed samples at 350 °C and 5 A of
Cu with back contact annealing.

7.4 Overall conclusion.

In this chapter we discussed the vacuum annealing study were, we demonstrated
ITO/ZnO/CdS/ShoSes superstrate based solar cells via low temperature thermal
evaporation process. The studies demonstrate that annealing the samples in vacuum at
300 and 350 °C produce a compact and stoichiometric structure with PCE of 2%.
Successively, the back contact was annealed at 190 °C which further improved the
efficiency cells were annealing at 190 °C, obtaining improved efficiencies for all the
different types of samples. Structural and morphological analysis has revealed that a
rearrangement of the structure is obtained by annealing the absorber layer in vacuum.
By annealing the absorber at 300 °C the Sh.Ses structure shows a prevalent (hk1l)
orientation, more performing for carrier collection, while after annealing at 350 °C a

larger number of (hkOQ) reflections is registered. Similarly we also, studied the vacuum
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annealing of Glass/TEC/CdS/Sh,Ses where the champion cell reported a PCE of
3.65% which is amongst the highest reported till date via thermal evaporation. The as
deposited and annealed films show well resolved preferred (hkl) peaks. SEM and
AFM shows homogeneous, pin hole free film. Raman analysis shows no formation of
secondary phases. This process, with the optimized buffer layer, can be a base step for
high efficiency low temperature growth Sb.Ses devices, with potential for flexible

solar cells.

To conclude overall we have successfully fabricated CdS/Sh,Ses superstrate based
solar cells via low temperature thermal evaporation process without selenization.
Successively, the cells were treated with copper followed by subsequent annealing of
the back contact which improved the efficiency of the cell. Copper inclusion improves
radically the back contact of the device, enhancing the effect of the Sh,Ses post-
deposition annealing at 300 °C and 350 °C. An efficiency of 3.5 % was reached for
the absorber annealed in vacuum at 300°C with a 5 A thick Cu layer on top of it,
which is to our knowledge, the best efficiency for ShoSes for thermal evaporation

without selenization.
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Chapter 8
Selenization study of the absorber

This chapter focuses on the detailed study and analysis of selenization process.
Selenization was performed in two methods: 1) In situ co-selenization and post
deposition selenization 2) Ex-situ selenization and chemical etching study of the back

surface.

8.1 In-Situ co-selenization and post-selenization Studies.

Sh>Ses is a promising alternative light-absorber material for thin-film solar cells,
however by depositing it by thermal evaporation, it appears to decompose slightly
leading to Se deficiency. In this work we propose two alternative routes for the supply
of selenium in the deposition of Sh,Ses thin films. First method is the co-evaporation
of Se and Sh>Ses while the second is the post deposition selenization. Superstrate
Glass/FTO/TO/CdS/Sh,Ses/Au configured thin film cells are grown using thermal
evaporation. X-ray diffraction (XRD) patterns confirm the presence of CdS peaks
along with the preferred (hkl) oriented grains, which are suppressed upon
selenization. Studies performed by X. Liu et al. indicate that Sh,Ses films partly
decompose during thermal evaporation, leading to Se deficiency. This generates, in
the Sh>Ses bulk, selenium vacancies (Vse) giving place to deep recombination centres
that affect the performance of the device [1]. In this paper we explore two methods to
mitigate the Se loss: (a) by simultaneously evaporating SbzSes and Se during the
absorber growth (co-selenization); (b) by a post-deposition selenization which results
in a two-step process where in the first place Sh.Ses is deposited on the buffer layer
and then, in the second step, Se is fluxed at 350 °C in order to recrystallize and adjust
the stoichiometry. The influence of selenization on the Sh,Ses; thin films was
investigated by atomic force microscopy (AFM), X-ray diffraction (XRD), Raman
spectroscopy, External Quantum Efficiency (EQE) and current-voltage (J-V)

characteristics.
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8.1.1 Experimental details.

Sh2Ses solar  cells are prepared in superstrate configuration
(Glass/FTO/TO/CdAS/ShoSes/Au). The front contact (TCO-transparent conductive
oxide) consists of a fluorine doped tin oxide (FTO) layer followed by a high
resistivity transparent (HRT) un-doped tin oxide (SnO2 — TO) layer industrially
deposited on soda lime glass (NSG TEC 12D). CdS is deposited on the FTO/TO stack
by thermal evaporation at a pressure of 10 Pa, and with a substrate temperature of
150 °C, with a thickness of 150 nm. After deposition, the layer is annealed in the
same deposition chamber in vacuum at 450 °C to improve its crystalline structure and

its stability to the subsequent depositions.

The absorber thickness has been optimized and fixed to 450 nm, the layer is deposited
at a substrate temperature of 300 °C and with a base pressure of 3x10* Pa.

During the co-selenization process Se powder is evaporated simultaneously with
Sh>Ses from distinct graphite crucibles at different varying rates. Selenium rates (Rse)
have been fixed relatively to the evaporation rate of SbzSes (Rsnzses), We have
considered R=2, R=1 and R=0.5 with R= Rse/Rsh2se3. The post deposition heat
treatment of as deposited and co-selenized samples is done at 350 °C.

Table 8. 1 (a). As-deposited, annealed and co-selenized samples.

Sample I.D. Co-Selenization Post deposition heat
treatment (°C)
As-Dep - -
coSel-1 R=1 -
coSel-0.5-Ann R=0.5 350
coSel-1-Ann R=1 350
coSel-2-Ann R=2 350

Post-deposition selenization is instead performed directly at a substrate temperature of
350 °C; the rate of the additional Se evaporation step is also calculated on the

previous SboSes deposition rate: R= Rse/Rshzses. Samples’ details along with their ID
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are discussed in table 8.1(a, b). The Sb2Ses lumps and Se pellets are heated in graphite
crucibles at a temperature range of 600-700 °C and 280-350 °C respectively.
The back contact consists of a 30 nm thick Au film deposited by thermal evaporation

at a base pressure of 1x107 Pa, followed by post deposition annealing at 150 °C in air.

Table 8. I (b). Post deposition selenized samples.

Sample I.D Post-Selenization heat
treatment (350 °C)
postSel-0.5 R=0.5
postSel-1 R=1
postSel-2 R=2

8.1.2 Structural characterization.

The XRD pattern for the differently grown Sh.Ses films are shown from Fig. 8.1, 8.3
and 8.5. The diffraction patterns consist of well resolved peaks which have been
indexed to Pbmn space group in orthorhombic symmetry. All the diffraction peaks of
the thin films were well matched with the JCPDS card no PDF 15-0861. The observed
peaks corresponding to reflection planes (211), (221), (301), (321), (141) and (061),
provide clear evidence for the formation of a stibnite structure for the Sb.Ses thin
films under study. The detailed study of the as deposited and selenized films registers
the dominance of the preferred (hk1) peaks with the presence of two CdS compound
peaks at 26 = 26.5 ° and 52 ° [2][3]. This is corroborated also by analysis of ShoSes
deposited on SnO2 which does not show the above-mentioned peaks.

It is evident that co-selenized samples reduce the presence of the CdS compound
notably enhancing the presence of (061) and (141). For the post-selenized samples,
CdS detection is almost suppressed, moreover an additional dominant (041) peak is
observed. Note that no additional Se diffraction peaks are detected, despite that Se
supply is in excess during the in-situ selenization process. As a matter of fact, the
substrate temperature during Se evaporation is above the melting point of Se and thus
excludes possible condensation of Se vapor into the sample.
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The texture coefficient (TC) is calculated by the Harris formula (see eq.1):Texture
coefficient value greater than 1 indicates enhanced texture orientation along that
particular plane compared to the standard orientation [4].

I(hkl)
To(hkl) Ln

1(hk)

T(hkl) = [ Zi- 170(hki). (1)

Where Inkiy the measured diffraction peak intensity of (hkl) plane, and loqkiy is the
standard XRD peak intensity, n is the number of reflections considered for
calculation.

As shown in the fig. 8. (2, 4 and 6), the Sh,Ses layer grows spontaneously with a
(221) high orientation, however when the texture coefficient is calculated we realize
that (321) is also a very predominant peak which is reduced in favor of (141)
orientation through a post-deposition annealing or co-selenization. This last
orientation is present together with the (041) peak when instead a post-selenization is
applied. In this case the (221) orientation has a stronger incidence compared to the

other cases, while the (061) is largely reduced.

This shows that, despite the apparently similar spectra and the stronger (221) peak
intensity, there is a different preferred orientation if the layer is subjected to co-
selenization and post-deposition selenization. Also, this suggests that by adding
selenium we perform a different restructuring of the crystals, which moreover

depends on the way of incorporating selenium.

The crystallite size and lattice strain of the present samples are calculated by

analyzing the peak broadening of the XRD pattern using Scherrer’s formula (see

eq.2).

kA

Cos© (2)

d(hkl) = -

Where A is the wavelength of the X-ray radiation (1.5405 A), © is the Bragg’s angle,
R is the FWHM (Full Width at Half Maximum) in radians, and k a constant related to
crystallite shape and is taken as 0.94 [5][6].
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The micro strain (S) of the films is estimated by using the formula S = Bcos©/4. The
average crystallite size and micro strain for all the as-deposited, co-selenized and
post-selenized samples are discussed in Table 8.1l (a, b), which clearly shows the
increase of micro strain with selenization rate for post-selenization process. The
average crystallite size of the as deposited thin films is around 71 nm and it also

nearly the same for the co-selenized and post-selenized samples.

By analyzing the pattern with Rietveld-refinements [7] by exploiting the MAUD
software [8] we can observe that the lattice parameters of as-deposited, co-selenized
and post-selenized layers are different. In particular the lattice parameters of as-
deposited absorber are in line with what has been measured and/or calculated from
other laboratories [9][10][5]. Lattice parameters b and c are very similar irrespective
of the different treatments, instead the lattice parameter a change. In the as-deposited
case this value is 11.6 A, quite like what is observed in the literature; however, it
shrinks to 11.59 A (negative displacement) when the absorber is co-selenized and
annealed at 350 °C. When the absorber is annealed at 350 °C in selenium atmosphere
the a-value is repristinated to larger sizes, even closer to the standard value for Sb,Ses
[11].

We observe that the micro strain for this last case is quite larger compared to the as-
deposited case: probably the positive displacement of the lattice parameter generates
an evident micro strain. This is confirmed for each post-selenized case, demonstrating
that the inclusion of selenium by post-selenization at 350 °C delivers a very different
condition. As a matter of fact, the presence of selenium at high temperature
recrystallizes the layer, possibly reducing the selenium vacancies and for this reason
restoring the original a-lattice path. The result is a layer that stoichiometrically is not
selenium-poor but at the same time with large grains (as observed in the crystallite
size and in the following AFM images). The effectiveness of this treatment in
mitigating the selenium deficiency is also suggested by the absence of the CdS peaks

in the XRD spectra: probably Se diffuses even in the window layer damaging it.
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Table 8. 111 (a). Lattice parameters and average crystalline size of the as deposited and

co-selenized Sb,Sejs thin films.

Sample I. D Lattice FWHM Average | Micro strain
parameters | (221) and (141) | crystallite (S)
(A) ®) (nm)
As-Dep. a=11.602 0.1215 71 4 x10°3
b=11.764 0.1270
c=3.971
coSel-1 - 0.1245 71 6 x1073
0.1175
coSel-0.5-Ann. - 0.1285 72 5.8 x1073
0.1100
coSel-1-Ann. a=11.593 0.1490 65 5.4 x1073
b=11.754 0.1340
c=3.970

Table 8. 111 (b). Lattice parameters and average crystalline size of the post-selenized
ShaSes thin films.

Sample I. D Lattice FWHM Average | Micro strain
parameters | (221) and (141) | crystallite (S)
(A) () (nm)
postSel-1 a=11.616 0.1220 68 1.3 x107
b=11.755 0.1350
c=3.970
postSel-0.5 - 0.1052 87 9.2 x10°3
0.0955
postSel-2 - 0.1270 74 1x107?
0.1090

Fig. 8.7, 8.8 and 8.9 shows the top view AFM images of the films, while Table 8. IV
(a, b) reports the root mean square (RMS) roughness, which indicates the roughness
of the film, and the mean grain size analysis of the samples. AFM image of the as-
deposited case exhibits dense, homogenous and relatively large grains (0.5-1 pm),
while the co-selenized samples also shows similar grains with few pinholes. After co-
selenization and annealing the grains are smaller (less than 0.5 um), with different
more round-shape, and with a clear loss in compactness. No difference in morphology

is observed for the different Se evaporation rates.
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On the other hand, when the layers are selenized after deposition, the surface presents
a different morphology compared to the co-selenized ones. The grains are larger,
reaching similar sizes of the as-deposited case, but with a much larger compactness:
the boundaries are well over posed and the grains well aligned. The post-selenized
samples with rate Rse = 2 Rsnases are observed to have pinholes. The post-selenized
sample with Rse = 0.5 Rsp2ses also have few pinholes along with few very small grains
which may be the reason for recombination losses and poor performance of the solar
cell. Sample with Rse =1 Rsh2se3 has a dense compact structure with well resolved
grains and grain boundaries which is the reason for the comparatively better

performance of the cells from its counterparts.
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Figure 8.7. AFM image of the as-deposited and co-selenized samples.
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Figure 8.8 AFM image of the vacuum annealed, co-selenized samples.

Table 8. IV. AFM analysis (referred to Fig.8. (7,8 and 9)) showing root mean
square (RMS) roughness (Sqg) and mean grain size of the

samples.
Sample I. D RMS, Sq (nm) Mean grain size (nm)
As-Dep 31 511
coSel-1-Ann 20 368
postSel-1 43 554
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Figure 8.9. AFM image of the post-selenized samples.

We observed that with co-selenization and/or post deposition annealing, a change of
the initial conditions, which results in reduction of grain size, that is coherent with the

observed reduction of a-lattice parameters and crystallites.
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Figure 8.10 . SEM image of the as deposited, co and post-selenized samples.

In fig. 8.10 the SEM pictures of the of the as deposited, co and post-selenized samples
confirm the morphology observed with AFM, however these wider views give a
clearer idea of the homogeneity of the structure: the enhanced grain size is even more
evident for the post-selenized layer while for the co-selenized absorbers reported

reduction in grain size.

Raman analysis of as-deposited, co-selenized and post-selenized samples, shown in
fig. 8.11, demonstrates the overall absence of large number of secondary phases. All
the samples deliver a very similar spectrum, with the main Sb,Ses; peaks at the same
position without evident shifts to highlight. Indicating that during co-selenization as
well as post-deposition selenization no elemental selenium phase is formed, and the

stoichiometry is preserved.
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Figure 8.11. Raman spectra of the as deposited, co and post-selenized samples.
8.1.3 Electrical Study.

In this section we did the electrical study of the samples in order to analyze the effect
of Se inclusion on the cell performance, efficiencies together with electrical
parameters of the superstrate TEC/CdS/Sb2Ses/Au devices are summarized in Table.
8.V (a, b). Moreover, the J-V characteristics of the devices are presented in Fig. 8.12

Efficiencies are very different when as-deposited and co-selenized is compared.

As a matter of fact, the best device with as-deposited absorber layer shows an open
circuit voltage (Voc) of 289 mV, a fill factor (F.F.) of 45.4 %, and a very low short
circuit current density (Js¢) of 12 mA/cm?, corresponding to a power conversion
efficiency of 1.57 %.

For devices made with absorber deposited by co-selenization at different rates (R=2,
R=1, R=0.5) a maximum Vo of 317 mV, Jsc of 25.8 mA/cm?, with a F.F. of 43.4 %
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(conversion efficiency of 3.55 %) are obtained in the R=1 case. The champion cell of
post-selenized sample, again the R=1 case, registers PCE of 3.45%, Vo of 345 mV,
Jsc of 25 mA/cm? with a F.F. of 40.7 %. In any case we can observe for this kind of

devices a further increase in current density.

This behavior can be explained if we examine the EQE presented in Fig. 8.13. The
device corresponding to the as-deposited absorber case shows a very low response on
all range of wavelengths which highlights a general low quality of the absorber
material with a large loss in carrier collection. On the other hand, the co-selenized
absorber layers deliver devices which have a larger EQE response in the long
wavelength region, above 750 nm. However, these devices have a slight reduction in
EQE in the 500 nm region, which suggests the deterioration of the junction. This
explains why we measure a higher current density in these cases, but the overall

efficiency remains the same.

If we now consider the EQE of the devices made with post-deposition selenization,
we register a further improvement of the EQE in the long wavelength region, and
again the result is a slight increase in short current density. However, for these devices
the loss in the short wavelength’s region is even larger. This suggests that
incorporation of additional selenium on the back improves the performance of the
semiconductor by possibly increasing lifetime and reducing recombination effects and

enhancing the overall quality of the back contact.

The presence of CdS is clearly observed in the XRD for as deposited absorbers, less
observed in the co-selenized absorbers and least observed in the post-deposition
absorbers. The lower the CdS peaks, the lower the response in the short wavelength
region, but at the same time the higher the response at long wavelengths. The reduced
detectability of CdS peaks, culminating in their almost total suppression in the post-
selenized samples, suggests that there is a decomposition of the window layer at the
junction due to the increased presence and diffusion of Se in the layer. Besides, in
previous studies on CdSexTeix based solar cells [12], we have already proved the
degradation of the CdS after the selenization of the layer above it. Moreover, the
collapse of the EQE response occurs between 750 nm and 700 nm, which is the

wavelength region corresponding to the bang gap of CdSe (around 1.72 eV),
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indicating the possible formation of this not photoactive compound at the junction.
Thus, while the stoichiometry of the absorber is enhanced by the co-selenization and
even more by

the post-selenization process, the quality of the junction deteriorates; the presence of
the CdS appears to be a limiting factor in improving the devices. A possible solution
could be the replacement of the CdS with a more suitable buffer layer, such as TiO..
In any case, we would like to highlight that the efficiencies reported between 3.5 %
3.6% despite not being the highest in absolute terms, are to our knowledge the highest

obtained with low temperature vacuum evaporation and with CdS buffer layer.

Table 8. V(a). Statistics of device performance for Sh,Ses solar cells with as deposited
and co-selenization at different rates.

Sample Voc Jsc FF I'L
1.D (mV) | (mA/cm?) (%) (%)
As-Dep 289 12 45.4 1.57
coSel-1 345 22.2 39.7 3.05
coSel-0.5-Ann | 324 25.3 42.6 3.5
coSel-1-Ann 317 25.8 43.4 3.55
coSel-2-Ann 324 22.9 39 2.89

Table 8. V(b). Statistics of device performance for post-selenized samples.

Sample 1.D Voc \]sc FF n
(mV) (mA/cm?) (%) (%)
postSel-0.5 303 19.3 39.6 2.32
postSel-1 345 25 40 3.45
postSel-2 331 23.0 40.7 3.1

141



w
o

Current density [mA/cm?]

- - - coSel-1 oy
— — coSel-1-Ann. o
20 - — - — postSel-1 o
Voe =317 mV /’ b
10 - Js¢ =258 mA/em? , /°
F.F.=43.4 \ A
0 N =3.55% . / /
Voc =345 mV ,,/
10 - Js¢ =22.2 mA/em’ /Ofs Voc =345 mV
F.F.=39.7 ™~ . > Jse =25 mA/em?
.20 W00 ;.//'/ F.F. =40
.---‘_-__"’,__‘_.—-:f’ n =3.45%
-30 : . : " y . T . 7 ;
-100 0 100 200 300 400 500

Voltage [mV]

Figure 8.12. J-V curves of the co-selenized and post-selenized samples.
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Figure 8.13. EQE spectra of the as deposited, co and post-selenized devices.
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8.1.4 Conclusion.

To summarize, we systematically investigated in situ selenization of the superstrate
ShoSes films. From the measurements and analysis, we conclude that selenization
plays a key role in improving the absorber quality, possibly compensating Se loss
which occurs during thermal evaporation and vacuum annealing. The crystal growth
is strongly affected by the co-selenization and/or post deposition treatments, Sh,Ses
layers show a good orientation on the first place, by organizing along the c line
perpendicularly to the substrate. With co-selenization the crystal structure changes,
the CdS is reduced, and the orientation of the grains is more randomly distributed,
furthermore the grain size is generally decreased, and the a-lattice parameter is
shrinked. However, the crystal quality improves when Se is added by post-deposition
treatment, resulting in larger and more compact morphology. In this case the a-lattice
path is enlarged getting closer to standard Sh,Ses values, while micro strain is

observed. Finally, the presence of CdS peaks is almost totally suppressed.

The selenium treatments lead to an enhanced current density observed by J-V
characterization and confirmed by external quantum efficiency, where a remarkable
gain at long wavelengths is observed; this effect is stronger for post-deposition
selenium incorporation. However, the reduced response in the short wavelength range

does not allow for champion efficiency.

8.2 Ex-situ or post deposition selenization.

In the presented work, Antimony selenide (Sb2Sez) based thin films have been grown
in superstrate configuration by low temperature thermal evaporation process. For re-
incorporation of Se to adjust the stoichiometry and increase crystallization of the
absorber has been done in this paper. Solar cells were fabricated in the superstrate
configuration of Glass/ITO/ZnO/CdS/Sh,Ses/Cu/Au. Post deposition selenization of
the as deposited samples at 300 and 400 °C in argon environment were carried out.
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8.2.1 Preparation of device.

Antimony selenide (Sb»Ses) absorber based thin film solar cells were deposited in
superstrate configuration by a low-temperature fabrication process based on vacuum
evaporation (VE). In order to understand its properties, we have preferred to study the
absorber when deposited on stack with its typical device configuration. More in detail,
by radio frequency (RF)-magnetron sputtering we deposited a stack of 400 nm thick
indium tin oxide (ITO) film on a soda-lime glass with 90 % In>O3 and 10 % SnO>
target in Ar + 2 % O atmosphere and with a substrate temperature of 400 °C.
Subsequently, by RF magnetron sputtering we deposited a 100 nm thick i-ZnO film,
in an atmosphere of Ar + 2 % O, again with a substrate temperature of 400 °C. The

stack was then annealed in vacuum at 10 Pa at 450 °C.

On the 1TO/ZnO stack, CdS was deposited by thermal evaporation at a pressure of
107* Pa, and substrate temperature of 150 °C, with a thickness of 150 nm. To improve
its crystalline structure, the layer was subsequently annealed in vacuum at 450 °C.
The samples were then moved into a different vacuum evaporation chamber, with a
fine control of crucible temperature, where Sbh;Ses was deposited on the
Glass/ITO/ZnO/CdS stack. The material source (ShSes lumps) was heated at a
temperature ranging from 700 to 800 °C in order to be evaporated at a deposition rate
of approximately 0.3 nm/sec. Absorbers with thickness of 700 nm were deposited at a
base pressure of 3.6x10* Pa and with a substrate temperature of 320 °C. Post
deposition selenium treatment were carried out by heating each Sh,Se; sample with
Se pallets at temperature 300 °C and 400 °C at 200 mbar, in argon environment, for

30 minutes.

8.2.2 Characterization.

X-ray diffraction analysis of the ShySes films on Glass/ITO/ZnO/CdS stacks are
shown in Figure 8.14, in particular: as deposited and selenized samples (at two
different temperatures: 300 °C and 400 °C). The diffraction peaks correspond to the
orthorhombic Sb»>Ses (JCPDS 15-0861) [3,4]. Selenization treatment at 300 °C
exhibits strong (221), (211) peaks as compared to the selenization done at 400 °C.
However, both films show a slightly increased orientation suggesting that a positive
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recrystallisation of the grains is occurred. The films exhibit both [hk1] and [hkO]
orientation peaks, of which the preferrable [hk1] reflections are dominant. These
planes consist of one —dimensional (SbsSeg)n ribbon standing on the substrate with a
certain angle making is easier for the carrier transportation compared to [hkO] planes

which are parallel to the substrate [5].
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Figure 8.14. X-ray diffraction patterns of Sh.Ses films: as deposited, selenized at
300°C and selenized at 400°C.

Moreover, a peak at of pure antimony is strongly reduced after post-deposition
treatment, demonstrating that the selenization of the layer is a good path for

improving the absorber stoichiometry.
This is quite coherent with the XRD analysis, the observed recrystallization is

confirmed and the selenization treatment shows the ability in improving the crystal

quality of the Sh,Ses layers.
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Figure 8.15. Schematic view of (a) as deposited, (b) selenized at 300 °C, (c) and
selenized at 400 °C.

In order to analyze the morphology of the as deposited and treated absorber layers and
understand the effects of post deposition treatment on their structure, AFM analysis
was performed. In figure 8.15, the AFM pictures of as-deposited Sh,Ses layers (a),
selenized at 300 °C (b) and 400 °C (c). The films are compact, free of cracks and
pinholes, nevertheless after selenization the absorbers show a very different
morphology. The layers selenized at 300 °C show an enlargement of the grain size
and at the same time a reduced compactness of the films. On the other hand, ShoSes
selenized at 400°C reveal a further enhancement of the grain size but also a structural
rearrangement in agglomerates and generation of much bigger grains in the order of
up to 5 micrometers. This is quite coherent with the XRD analysis, the observed
recrystallization is confirmed and the selenization treatment shows the ability in

improving the crystal quality of the Sh,Ses layers.
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More details about the structure of Sh,Ses thin film were obtained from Raman
scattering spectra. The three different films perform a very similar spectrum, with
same peaks all attributable to the stoichiometric Sh>Ses as shown in fig 8.15. The
peaks around 152 cm™, 192 cm™ and 211 cm™ are assigned to Sh,Ses orthorhombic
phase. The main peak, at 192 cm, is largely reduced for the 400 °C selenized case,
this suggests a gradual degradation of the material quality in terms of composition,
that cannot be judged by the AFM analysis where we observe that higher the

temperature the larger the grain size.

A As deposited
«—192 cm ——— Se 300°C
Yy Se 400 °C
I=
>
E 152 cm™
> \ 211 cm’
£ /
=
-
=
= | M ) M ) & | = |}
100 150 200 250 300 350

Raman shift (cm”)

Figure 8.15: Raman Spectra of Sb>Ses absorbers deposited on the CdS/ZnO/ITO
stack: as deposited, selenized at 300 °C and selenized at 400 °C.

8.2.3 Electrical study.

Many devices have been prepared with and without selenized absorber layers. The J-

Vs of best devices with as-deposited and selenized Sh,Ses are shown in fig. 8.16. and
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8.17. respectively. As-deposited Sh.Ses based devices delivered conversion
efficiencies of 2.7% as shown in fig. 8.16. The solar cells have been annealed at 190
°C in air after back contact deposition. In fig 8.17, a sharp decrease in the
performance is observed after selenization, which is in contrast of what has been
reported above in terms of material quality. The efficiency reduction is mainly due to
the large decrease in current and fill factor with an increase of series resistance.
Moreover, for the 400 °C treated absorber case a double diode effect is observed. Post
deposition Selenization of the deposited sample under Argon environment shows PCE
of 1 %.
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Figure 8.16. J-V characteristics of Sb2Ses based solar cells as-deposited.
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Figure 8.17. J-V characteristics of salinized Sb2Ses based solar cells at 300 and 400 °C.

8.2.4 Conclusion.

Antimony Selenide thin films were deposited by thermal evaporation and selenized at
different temperatures. Selenized samples show an increased grain size as selenization
temperature increases, with a change in morphology when 400 °C is reached. The X-
ray diffraction analysis suggests the formation of crystalline films with the preferred
[hk1] orientations, with a slight increase when selenization is applied. Raman spectra
suggest a small degradation of the sample with 400 °C but confirms for all the layers
the correct Sh,Sez stoichiometry. On the contrary the efficiencies of devices with
selenized samples are reduced. In summary the selenization procedure is a promising
step for increasing device quality but more investigation must be done in order to
improve junction quality. Post deposition Selenization of the deposited sample under
Argon environment shows that the champion solar cell showed a conversion
efficiency of 1.0 % with a Voc of 261.3 mV, Jsc of 13.6 mA cm and FF of 30.7%

which is less than the as deposited sample.
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8.3 Chemical etching of Sh>Ses solar cells.

Sh>Ses solar cells have record power conversion efficiency at near 10% [13]. The
device performance depends on the orientation of the nanoribbon it is for this reason
most of the stress is given on the deposition condition, and also to optimise it
[14][13][15][16]. The behaviour of the front contact and back contact are still poorly
understood. Free elemental selenium and Sb20O3 have been identified at the surface of
ShoSes films, however the impact of this on device performance have not yet been
properly investigated [17][18]. Surface modification can lead to an enhanced
performance of the device. Br-MeOH, methyl ammonium iodide, hydrogen iodide are
the commonly used etching agents for surface modification [19,20]. In this work we
will use Br-MeOH etching for surface treatment of the as deposited and post-
selenized samples as the probability of unreacted selenium is highest in the post-

selenized case.

8.3.1 Br-MeOH treatment and study.

The sample preparation method has already been discussed in chapter 8.2, after the
deposition of Sh.Ses the samples are treated with Br-MeOH. We take 40 ml of
methanol and add 4 drops of bromine, then Sb,Ses is dipped for 2 secs and then
immediately washed and dried with argon gas, post etching gold back is deposited via
thermal evaporation and cell performance is studied. The X-ray diffraction study of
the treated sample has been done but it does not suggest any change major change in
the crystallographic orientation and is represented in fig 8.18. All the dominant (hk1)
are found to be present, post Br-MeOH treatment there is a slight increment in the
intensity of the (hk1) peaks suggesting a slight modification in crystallinity leading to
a better performance of the solar cells.
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Figure 8.18: X-ray diffraction patterns of Sh>Ses films: as-deposited, as-deposited
after Br-MeOH etching.

8.3.2 Electrical Study.

The J-V of the best devices with as-deposited and bromine ethanol etched Sh,Se;
respectively are shown in fig 8.19 and 8.20. J-V of as-deposited Sh,Sez based devices
with and without bromine methanol etching delivered conversion efficiencies between
2 and 3%.

The J-V behavior is like the non-etched ones but there is a significative increase in
open circuit voltage which suggests that one detrimental effect is in the surface of the
absorber where selenium in excess could have been deposited. The Vo is larger than
the initial as deposited samples, confirming that the quality of the absorber layer has
improved, but on the other hand current and fill factor values remain low. Which
suggests a gradual degradation of the junction with the increase of the annealing
temperature that gives place to a non requested counterbalance in the efficiency

improvement.
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Figure 8.19. J-V characteristics of as-deposited and Br-MeOH etched Sh,Ses solar
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Figure 8.20. J-V characteristics of finished solar cells with Br-MeOH etched Sh,Ses
absorbers for both 300 and 400 °C.
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8.3.3 Conclusion.

This work shows the material and the electrical characterization of the as deposited
and Br-MeOH etched samples, the study reveals the preferred [hk1] orientation of the
Sh>Ses deposited via thermal evaporation for both with a better device performance
for bromine ethanol etched one. Post deposition selenization of the deposited sample
under argon environment shows the champion solar cell delivered a conversion
efficiency of 1.2 % with a Vo of 402 mV and FF of 24.3%, the analysis reveals that
Br-MeOH etching led to an increase in Voc by 25 % and the F.F increases by nearly
20 %. Overall, the study clarifies the role of etching and provides us with the insight
in optimizing Sh,Ses back contact.
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Chapter 9
Conclusion & future prospect

In our laboratory, superstrate configuration of Sh,Ses solar cells were fabricated by
low temperature thermal evaporation process and achieving an efficiency greater than
3.5%. Continuous study and optimization of our processes will lead to a higher
efficiency for the Sb>Ses based devices. In this thesis, we focused on the study of the
solar cell buffer layer, Sh,Ses absorber layer, front contact, back contact, selenization
and etching. The thesis completely covers the proposed objectives. Structural
properties and phase purities of the films were investigated by XRD and Raman
spectroscopy. Elemental compositions of the films were calculated by EDXS
equipped with SEM. The important photovoltaic properties such as band gap and
absorption coefficient were calculated from the UV-visible absorption spectra. The

major results obtained from this work are discussed below:

1) To study the influence of buffer layer, 3 types of buffer layers were used.
Various thickness of CdS film (50, 90, 150 nm) were grown via thermal
evaporation followed by Sh,Ses growth. XRD registered the preferred (hkl)
planes, where the champion cell reported an efficiency of 1.7% with 150 nm
CdS thickness. CdS deposited via chemical bath deposition shows dense and
pin-hole free Sh,Sez film growth and showed an efficiency of 1.5%. The
reported band gap of CdS grown by thermal evaporation and CBD are 2.4 and
2.37 eV respectively. Finally, TiO. buffer layer was studied with varying
thickness using spin coating technique. Film grown on TiO, shows
pronounced (hk0) plane with band gap of 3.97 eV and the reported efficiency
of the champion cell was less than 0.5% with 5 drops of TiO.. In conclusion
we can say that the performance of the CdS by thermal evaporation and CBD

are near about the same, but TiO buffer layer requires more in-depth study.

2) The optimized thickness of the absorber layer deposited by thermal
evaporation was 450 nm. The work revealed the preferred (hk1) plane for the
1D SboSes. The SEM and the AFM images reveal that the films are

homogeneous, crack free with fewer pin holes. Finally, the study also
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3)

4)

5)

6)

7)

concludes that the as deposited films are Sb rich which might be the reason for
lower performance of the solar cells. To sum up we present non-toxic, stable
method of solar-cell fabrication with a certified device efficiency of 2.0 %
irrespective of the front contact.

Sh,Ses was directly synthesized on 1ITO/ZnO and FTO/SnO; substrate. There
is presence of the preferential (hk1) diffraction peaks (211), (221), (061) with
both the substrate. Deposited Sb>Ses on ZnO and SnO> have average grain size
of 4 to 60 nm respectively. The champion cells reported 1.4% on ITO/ZnO
front contact.

Study of vacuum annealed Sh»Ses at 300 and 350 °C were carried out on
Glass/ITO/ZnO/CdS/ShzSez and  Glass/TEC/CdS/ShoSes.  Superstrate solar
cells annealed at 300 °C showed prevalent (hk1) orientation, while samples
annealed at 350 °C showed a larger number of (hkO) peaks. The champion

cells reported PCE of 2% and 3.65% respectively.

Cu was introduced as additional back contact using thermal evaporation which
improved the performance of the cell. 5 A of copper improved the back
contact of the device, enhancing the efficiency from 2 % to 3.5 % with the
Glass/ITO/ZnO/CdS/Sh2Ses configuration.

In situ selenization of the superstrate ShoSes films were carried out in the
thermal evaporation chamber. The measurements and analysis, conclude that
selenization plays a key role in improving the absorber quality. The crystal
growth is dependent on the co-selenization and/or post deposition treatments.
Co-selenized and post-selenized samples reported PCE of 3.55% and 3.45 %
respectively. However, the crystal quality improves when Se is added by post-

deposition treatment, resulting in larger and more compact morphology.

Post deposition selenization were also performed in argon environment. The
best solar cell showed a conversion efficiency of 1.0 % which was less than

the as deposited sample. Selenization procedure is a promising step for
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increasing device quality, but more study and investigation needs to be done.
Br-MeOH etching was performed with the post-selenized samples and a PCE

of 1.2% is reported, which was just a slight increase in the efficiency.

In the future, following factors should be considered to improve the PCE of Sb.Ses

solar cells:

(1) Enhancement of the photocurrent in the short-wavelength region of the
spectrum; by using ZnO, TiO2, or SnO to improve the EQE in the short-
wavelength range. Optimization of the different buffer layer must be done in

accordance with the thermal evaporation process.

(2) Carrier management and optimization is one of the most important aspects to
be kept in mind. Improvement of the Voc and FF is a complex task and
requires device engineering approach to control and passivate the
recombination losses of charge carriers, to identify the defects and to measure

their formation energies, energy levels, and density.

(3) Lattice matching and band alignment is key to device engineering and
optimization of these parameters would help to enhance the PCE and intern

the performance.

(4) Improvement of the absorber/back contact interface, aiming to ensure ohmic

behavior by surpassing the rollover effect.
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