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Preface

Today’s world is more concerned about the energy production,
consumption and conservation due to the unstable petroleum prices, global
warming etc. The world demands reliable and affordable green renewable energy
sources and energy conservation techniques. In this scenario, tackling solar
energy has gained more attention and solar photovoltaic has emerged as an
inevitable candidate for clean and renewable energy technology. Photovoltaics are
pollution free, reliable, quiet, virtually maintenance free and durable at moderate
cost. But till date, solar electricity is out of common man’s reach due to the high
cost of solar cells. Next generation commercial photovoltaic devices will be thin
film based. To make it affordable, costly ITO substrates have to be substituted
cither by another economical TCO material or by a metal substrate. Energy
saving is equally important as energy production in the present scenario. TCO
materials are generally used in solid state lighting devices, low emissivity windows

etc. which in turn reduce the energy consumption.

This thesis is devoted to the development of economical and
environment-friendly transparent conducting oxide materials (TCO) for different
energy applications. The work mainly focused on tailoring the properties of wide
band gap oxide thin films namely SnO, and ZnO. Tailored SnO, can be used as a
low cost alternative to ITO thin films in energy applications, especially in solar
cells. The developed ZnO based p-type TCO thin film can be ideal for
transparent electronics. Other than TCO applications, this work explored the
possibility of creating sub-band levels in ZnO films for the plausible all layer
Zn0O based solar cells. ZnO-based ion diffusion barrier layer over steel substrate

was also studied to use in flexible solar cells.



Chapter 1 begins with an introduction to present trends and future
prospects of transparent conducting oxides in thin film solar cells and other
energy conserving device applications for the sustainable development of
humanity. The basic requirements of TCOs were elaborated in terms of material
properties followed by short review of SnO, and p type ZnO. The motivation

behind the work is also included in this chapter.

Chapter 2 explains the preparation and characterization of undoped SnO,
thin films by chemical spray pyrolysis (CSP) by systematically varying the
deposition conditions. The effect of three different parameters namely substrate
temperature, precursor concentration and spray rate is discussed in detail. SnO,
films were prepared by varying substrate temperature from 375°C to 500°C and
425°C was selected for further studies after measuring sheet resistance and
transmission spectra. Precursor concentration was varied from 0.1M to 0.3M and
better quality films were obtained with 0.2M solution. To study the effect of
spray rate on the properties of sprayed tin oxide thin films, films were deposited
by varying spray rate from 3ml/min to 9ml/min and the films prepared at
9ml/min were turned out to be more conducting. XPS analysis of the films
revealed the change in composition and a reduction in detrimental oxygen

components in the films with spray rate.

Chapter 3 discusses the effect of fluorine dopant sources and
concentrations in SnO, films by CSP. Exact doping concentrations are not
included to protect patent data. Fluorine (F) doped SnO, films were prepared by
incorporating different concentrations of NH,F and HF as F source in the
precursor solution and found that NH,F is the best dopant source. FTO films

with transmittance between 77 — 95% in the visible region and resistivity of

4
2.48x10 Q.cm were successfully deposited.



To prove the applicability of the deposited FTO films, different all layer
spray deposited solar cells were fabricated on FT'O substrates with reasonable
efficiencies. A transparent thin film heater (I'TFH) was also fabricated, which can
reach high temperatures at relatively lower voltages with low power consumption.
The TTFH could attain 340°C within two minutes by the application of 20V. The
FTO films exhibited high IR reflectance and this FTO-coated glass can be used

as low emissivity windows to conserve energy in buildings and vehicles.

Chapter 4 discusses the preparation and characterization of in-situ Ag-
doped ZnO films by CSP. Films were prepared by adding different
concentrations of Ag dopant sources in the precursor solution. Intrinsic and p-
type ZnO films were obtained at 5% and 7% doping concentrations respectively.
p-type nature of the 7% Ag-doped ZnO films was identified from Hall
measurement and is further confirmed by fabrication of ZnO-based p-i-n
homojunction. Intrinsic ZnO was used as the window layer in CIS/CdS solar

cells with reasonable improvement in cell parameters.

Chapter 5 deals with the ex-situ doping of metallic Ag and Sn in ZnO
thin films. Different quantities of these metals were deposited over spray
deposited ZnO films using vacuum evaporation and these films were annealed at
450°C for two hours to diffuse the metals into ZnO. All the films were n-type in
nature without much variation in electrical properties. But the metal incorporated
films were darker. Sub-band absorbing levels were identified from the low energy
regions of the absorption spectra. On XPS analysis, it was observed that the

incorporated metals exist in a metal - metal oxide mixed state in ZnO lattice.

Chapter 6 deals with the deposition of ZnO layers on steel substrates
using CSP for flexible solar cell applications. First ZnO layer was deposited at a
relatively lower substrate temperature to prevent detrimental ion diffusion from

the substrate and a top layer of Al:ZnO was deposited over it at a higher



temperature for reducing the sheet resistance. XPS depth profile analysis of the
samples proved the capability of these conducting ZnO layers in preventing ion
diffusion from steel substrates. To demonstrate the efficacy of this metal ion
diffusion bartier layer, all layer spray deposited CIS/InS solar cells were
fabricated on steel substrates with and without ZnO barrier layer. The device
fabricated with ZnO barrier layer showed a reasonable improvement in short

circuit current density and efficiency.

Chapter 7 summarizes the entire work along with future prospects.
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1.1 Introduction

The urge towards the production and consumption of renewable energy
has expanded in recent years and solar power is one of the world’s fastest
growing sources of electricity. Solar cells generate power from solar energy by
converting sunlight to electricity. The photovoltaic (PV) technology has gained
a potential growth through the production of PV cells. Photovoltaics are green,
pollution free, reliable, quiet, have no moving parts, virtually maintenance free
and durable at moderate cost. Another important aspect of photovoltaics is the
wide range of power generation from a few watts to megawatts. So solar cell

installation is ideal for both domestic and industrial needs.

Solar cells based on silicon (Si) account for 90% of photovoltaic device

production because of its relatively good efficiency and well understood
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technology’. Even though the cost to produce Si solar cells has dropped
significantly and efficiencies have improved during recent years, it is still out
of common man’s reach and payback time is more than 20 years. The
production of high efficiency solar cells at reduced cost is the most critical
issue in the field of photovoltaics. One of the main reasons for the high cost of
Si based solar cells is the complex production technique needed for high purity

crystalline silicon substrates.

The next generation photovoltaic devices will be thin film based and
they can significantly reduce the material cost by reducing the quantity of
materials consumed. In a thin film solar cell, transparent conducting oxide
(TCO) layer plays a significant role and the wide band gap indium tin oxide
(ITO) is the most widely used one. ITO exhibits exceptionally good
conductivity and transmittance in the visible region. The need for ITO in other
applications such as light emitting diodes (LEDSs), digital displays, and touch

sensors etc.?®

increased the worldwide consumption of this material. This
noticeable demand resulted in indium (In) scarcity and its cost hike. Even
though the material consumption is less for thin film solar cells, the use of ITO
or the use of indium containing absorber or buffer layers makes the device
expensive”®. Hence the cost of today’s thin film solar cells is attributed to In
based layers in solar cells. It highlights the necessity of an alternative TCO

material for current day photovoltaic applications.

In addition to efficient production of green energy, the consumption
also should be in a careful and conservative manner. It is said that “energy
conserved is equal to energy produced” *. About 50% of energy produced
worldwide is utilized for household or industrial heating and cooling
processes, which usually consume and waste a huge amount of energy. Use of

proper thermally insulated buildings, heat reflecting smart windows, high
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efficiency solid state lighting and usage of solar light (with the help of optical
fibers and properly designed glass windows) can significantly reduce the

energy consumption.

Even though wide band gap materials are commonly used in transparent
electronic and smart window applications, they have functional roles in solar

cells as buffer layers, intrinsic layers and metal diffusion barrier layers etc.
1.2 Importance of wide band gap materials

The invention of Si based electronics paved the way for the modern
electronics era. “Moore’s law” predicts that the number of transistors in silicon
microprocessors tends to double every 18 — 24 months, mainly through
reduction in the size of the transistors®. Beyond a certain limit, continuous
miniaturization of devices leads to collapse of Moore’s law due to the heat
dissipation and current leakage issues®’. Development of efficient devices
employing novel materials at reduced cost is a challenge for current day power
electronic devices. The potential of wide band gap materials is utilized in
rapidly developing solid state lighting industry as it provides green, durable,
long life and energy saving alternative to incandescent and fluorescent lamps.
Greater durability and reliability of wide band gap materials make them
suitable for applications like LEDs. In high power electronics, wide band gap
semiconductors like silicon carbide (SiC) and gallium nitride (GaN) have
added advantages like better conductivity and better switching properties than
Si. Replacing Si with wide band gap materials can increase DC to DC
conversion efficiency from 85% to 95%, AC to DC conversion efficiency
from 85% to 90% and DC to AC from 96 to 99%®. These materials also find
applications in solar cells as they transmit visible light and their electrical and

optical properties can be tuned easily according to the need. This thesis
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explores the possibility of developing SnO; and ZnO thin films for different
energy applications.

1.3 Wide band gap materials as transparent conducting oxides

- review

Materials exhibiting good electrical conductivity and high optical
transmittance in the visible region are called as transparent conducting oxides
(TCO). Since electrical contacts in devices like solar cells, LEDs, flat panel
displays, etc. should not obstruct light from entering or leaving the device®,
TCOs are necessary for these applications. The first TCO was reported more
than 100 years back in cadmium oxide (CdO) thin films by Badeker in 1907,
Currently cadmium (Cd) based TCOs are not widely used in TCO applications
because of its toxicity. Post oxidation of evaporated metal films to form metal
oxide was the earlier method to fabricate TCOs. Fabrication of tin and indium
oxides (TO and 10) are reported by T.G. Bauer in 1937 and G. Ruppercht in
1954 respectively™. The practical development of TCOs showed only a little
progress until chemical routes for depositing TO and 10 were developed in
1940s'?. Early TCOs were developed for applications such as anti-static
coatings, electrodes for electroluminescent panels and wind shield defrosters
etc. In the 1950s and 60s, the most popular and widely explored TCO was tin
doped indium oxide (ITO). Vacuum evaporation, DC and radio frequency
(RF) sputtering followed by post oxidation treatments at temperatures 300°C
to 500°C were the deposition methods used at that time. In 1970s, a more
controllable TCO production process was introduced by using oxidized
sputtering targets than metal/metal alloy targets in reactive sputtering. In 1972,
D.B. Fraser and H.D. Cook reported the deposition of ITO films with 85%

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications
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transmittance and 3 x10“Q.cm resistivity'®. These values for TCOs were

considered as “Gold Standard” for a long time*.

Ternary compounds like Cd,SnO, (CTO) with good electro-optic
properties were investigated in the late 1970s***°. But its use was limited due
to Cd toxicity and high temperature post deposition treatments (> 600°C).
Interest in ZnO as TCO begins in 1970s and 1980s*° ™ but the low thermal
stability of ZnO hindered its further use. Ternary compounds like ZnSnO,
GalnO, ZnInO etc. and multi component oxides of binary compounds (ZnO,
Sn0,, In,03, Ga,03, MgO etc.) were studied in 1990s%°. Development of
CuAlO; , a p-type TCO with conductivity 1S/cm, raised an interest in p-type

TCOs and the first TCO based p-n junctions were made in the late 1990s** .

In 2001, Y. Meng et al. discovered high mobility TCO (100 —
130cm?/V.s) by doping 10 with molybdenum (IMO). Resistivity of the film
was 1.7 x 10Q.cm?*. This result invoked interest in high mobility TCOs and a
number of works were reported on 10 doped with Zr and Ti, but none had
reached high mobility reported by Y. Meng on IMO?. The current interest is
in developing economical and affordable TCOs for flexible optoelectronics

devices, solar cells, and other energy conservative applications.
1.4 General properties of TCOs

TCOs are wide band gap materials (Band gap > 3.1eV) having low
resistivity. Wide band gap ensures that the visible light passes through the
material without absorption and thereby not exciting the electrons in the valence
band to conduction band. If the TCO has perfect stoichiometry, then the
material will be a perfect insulator or ionic conductor®?® %, But the formation of
intrinsic defects like oxygen vacancies or the presence of extrinsic dopants gives

rise to considerable charge carrier concentrations'***“. Electrical conductivity
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(o) of TCO thin films depends on the charge carrier density (n), effective mass

(m") and the relaxation time (t) as given by the equation 1.1.

ne?t

(1.1)

O = "
m

where e is the electronic charge. The charge mobility (u) is expressed as

ne

M= (1.2)

Therefore the conductivity in terms of mobility and charge carrier

density can be expressed as

G = neu (1.3)

The electrical conductivity of TCO materials is limited due to the
dependency between carrier concentration (n) and mobility (). If the carrier
concentration is increased beyond certain limits, mobility will be adversely
affected due to scattering. Other than that, an increase in carrier concentration
affects the transmittance at the near infrared (NIR) edge. In TCOs, there is
always a balance between electrical conductivity and optical transmittance,

because for a solid material these two properties are opposing each other.
1.4.1 Correlation between conductivity and transparency

The solution of Maxwell’s equation for electromagnetic waves passing
through an uncharged semiconductor will give real and imaginary parts of the

refractive index*.

n? =§ {1 + (2—;)} +1 (L.4)
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and

N[ =

k2 = Eg {1 + (270)} 1 (L5)

where n is the refractive index, k is extinction coefficient, ¢ is dielectric
constant and o is the conductivity of the medium. v is the frequency of the
incident radiation.

For an insulator, conductivity (o) will be zero. Therefore refractive
index, n = &2 and extinction coefficient k = 0. It means the insulating
semiconductor medium will be transparent to electromagnetic waves. But for a
perfect conductor, the incident wave will reflect back with 180° phase

difference.
1.4.2 Correlation between electrical and optical properties

Effect of carrier concentration on the optical transmission on NIR edge
can be explained on the basis of Drude’s free electron theory***3. Polarization
is induced within the material due to the interaction of free electrons with

electromagnetic radiation.

The equation of motion of free electron is given by

d 1
Where, m is the mass of electron, V(t) is the velocity of electron at any instant
of time t and zis the relaxation time.

Force acting on an electron in an alternating electric field E(t)= E.e ~it

can be written as
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F = —eE.e"iot (1.7)

Assuming a solution, 8V(t) = 8V.e™" for equation (1.6), then

1 )
m[—ia)+—].= —eE (1.8)
T
Or
er 19
SV = /.m (1.9)
1—-ior

Current density in the material can be obtained as

ne’r (1.10)

S = eV = A= D

According to Drude model, the ac electrical conductivity is given by

ne?r 1+ior
o(@) = ]

md—iwd _ °° |1+ (0D? (1.11)

where, o, corresponds to dc electrical conductivity and is given by oo =ne’t/m

At higher frequencies, wr >> 1 and the ac conductivity can be

modified as

i ne?  ne?

1
ol@) = oy [(a)r)z T wrdl ~ mae? r+ "o (1.12)

Therefore, the imaginary term of ac conductivity is dominant and is
independent of . The result can be expressed as a complex dielectric constant

rather than considering it as complex electrical conductivity.

The dielectric constant, & = 1 + (47F/) (1.13)

Where P is the polarization and is given by
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ne?/
m
(1.14)
P=—-——E
@ + 19/,
Hence the dielectric constant of free electron can be expressed in terms

ofn, r and w as

4mne? /m

@ + 19,
When relaxation time tends to infinity, i.e. in the absences scattering,

the dielectric constant will be positive only if @*>4zne®/m

When the dielectric constant is negative, electromagnetic waves cannot
propagate in to the medium because the wave decays exponentially. Hence in
the medium with imaginary wave vectors, incident waves get reflected. The
corresponding cut off frequency is known as plasma frequency (a). The
material is transparent to those waves with frequencies higher than «,. The
relation connecting the plasma frequency of material to its carrier

concentration is given by equation (1.16).

2
- 4mne Z/m (1.16)

Equation (1.16) tells that the plasma frequency of material can be tuned

to higher frequencies by increasing its carrier concentration***°.

1.4.3 Electrical properties of TCO

Origin of electrical conductivity of TCO is from non-stoichiometry of
the material. Charge carriers are supplied by the shallow donor sites created by
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oxygen vacancies and metal interstitial defects®. Intentional doping and
diffusion of alkali ions such as Na from the glass substrate can significantly
affect the electrical properties of TCOs. A moderate doping can increase the
carrier concentration and there by electrical conductivity of TCOs. But further
increase in carrier concentration reduces the carrier mobility by scattering
mechanisms and set a limit to the conductivity?®. High doping concentration
can also cause clustering of dopant ions which could significantly increase the

scattering rate®*®,

1.4.4 Optical properties of TCO

Besides good electrical conductivity, TCO films should have high
transmittance in the visible region. Photons in the ultra violet (UV) region will
be absorbed by the material if its energy is greater than the band gap of TCO
and a transmission edge in the UV region can be observed. The material will
exhibit second transmission edge in the NIR or IR region due to the reflection
of photons whose frequencies are below the plasma frequency of the film. The
transmission spectrum of a typical TCO film is shown in Figure 1.1.

Transmittance (%)

A A

Band gap Plasmon

Wavelength (nm)

Figure 1.1. Transmission spectrum of TCO

Ideal TCO should transmit all the photons with energy less than its

band gap, but there are no ideal TCO films. All real TCO films have
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transmission window between UV and IR region. The width of the window is

related to the carrier concentration in the material.
1.4.5 Thermal stability

Electrical conductivity of TCOs remains stable up to a threshold
temperature which depends on the material characteristics and deposition
techniques. TCO shows degradation in their properties after heated to
threshold temperature for a long time. Threshold temperature of various TCO
materials is given in the following order. ZnO (250°C) < SnO, (500°C) < and
Cd,Sn0; (700°C)*". Thermal stability of TCO is essential for photovoltaic
applications as the fabrication process may involve high temperature
deposition conditions and the finished device has to work in very harsh

environmental conditions where temperature variations are natural.
1.4.6 Chemical stability

Chemical stability of TCO is the ability of the material to withstand
corrosive environments without deteriorating its properties. Fabrication of
amorphous Si based thin film solar cells involves hydrogenation process to
passivate the Si surface so as to reduce the density of dangling bonds. But in
‘hydrogen rich’ environments, ITO undergoes heavy reduction®®. ZnO and SnO,
are more stable in the presence of reducing plasma and fluorine doped tin oxide
(FTO) films are extensively used for the fabrication of amorphous Si solar

cells®*8,
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1.4.7 Mechanical durability

Mechanical durability of TCO materials is related to the hardness of the
corresponding crystals. Titanium nitride and tin oxide are harder than glass
and they can be utilized in applications where these layers are exposed. The
mechanical hardness of ZnO is low and is readily scratched and can be used

only with protective coatings*.
1.5 n-type TCO materials

Oxides of In, Sn and Zn are the three popular transparent conducting
materials that evoked commercial interest, among which tin doped indium
oxide (ITO), available with high transmittance and high electrical conductivity
on various substrates holds the major share. Most of the ITO produced
worldwide is utilized for display applications. The high cost of ITO and low
stability of ZnO has spanned the interest on economical and stable SnO, for

the fast emerging photovoltaic and low emissivity, smart window industries.
1.5.1 Tin oxide (SnO,)

Tin oxide crystallizes in tetragonal rutile structure and belongs to
P4,/mnm space group®*. The unit cell consists of two tin cations and four
oxygen anions. The Sn cations are situated at the corners of a regular
octahedron and each oxygen anion is surrounded by three Sn cations at the
corners of an equilateral triangle. The lattice parameters are a = b = 4.7371&,
¢ = 3.186A and c/a ratio is 0.672A%%%%, The ionic radii of Sn*" and 0% are
0.71A and 1.4A respectively®>™,
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@ - ©Sn

Figure 1.2. Rutile structure of SnO,**

Similar to other wide band gap binary oxide TCOs, the conductivity of
SnO; also arise due to the intrinsic non-stoichiometric defects like oxygen
vacancies. C. Kilic and A. Zunger reported that the formation of Sn
interstitials and oxygen vacancies are due to their very low formation energies.
The high conductivity exhibited by this material, even without doping can be
due to this non-stoichiometry®. There are three ways of generating charge

carriers in the material by intrinsic or extrinsic doping®.

1. Generation of free electrons to the conduction band without the

expense of additional energy.

2. Creation of localized defect levels below the conduction band at the

expense of external energy source (light or heat).
3. Donor band becomes the conduction band.

The defect level for Sn interstitial is found to be about 203meV above

the conduction band minimum and it spontaneously donates the electrons to
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the conduction band. But the defect level for oxygen vacancies is 114meV
below the conduction band and they can be easily activated by thermal
energy™". That means for the pure tin oxide films, generation of the conduction
electrons can be attributed to the first two mechanisms mentioned above®. The
electrical conductivity of tin oxide can be further improved by doping with a
pentavalent dopant like Sb to substitute Sn cation or a halogen like F to
substitute oxygen anion. In both the cases, dopants provide additional

electrons to the lattice resulting in the increase in carrier concentration®°®*".

1.5.2 Review on SnO, based TCOs

Even though SnO, based TCO has been widely used for various
applications such as thin film solar cells, low emissivity windows and window
defrosters, commercially available tin oxide based TCO is not economical for
practical applications. Sb doped SnO, thin films were prepared using electron
beam evaporation by M.F. Arendt and John S. Swinnea. They investigated
structural, optical and electrical properties of the films with respect to
annealing time and temperature in oxygen atmosphere®®. Abdul Faheem Khan
et al. studied the effect of annealing temperature on the structural and
electrical properties of tin oxide films prepared by electron beam evaporation
and RF sputtering. It was reported that the films deposited through electron
beam evaporation were amorphous in nature, but annealing up to 400°C
improves crystallinity and conductivity. But further increase in annealing
temperature resulted in decrease in electrical conductivity®®. Films prepared
using RF sputtering at room temperature were crystalline in nature and the

lowest resistivity of the films was about 1x10°Q.cm.®

P.M. Gorley et al. studied effect of substrate temperature and annealing

on tin oxide films prepared by reactive sputtering. Preheating the substrate and
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annealing the deposited films resulted in enhancement in transmittance and
conductivity. The lowest resistivity and highest transmittance for the films

were reported to be about 6x10™Q.cm and 95% respectively®.

The effect of oxygen to argon ratio on the properties of tin oxide thin
films deposited by reactive DC sputtering was studied by J. Montero et al. The
lowest resistivity of the films was about 3x10°Q.cm.®” They have also studied
effect of different discharge power densities without preheating the substrate.

The lowest resistivity of the films was about 3.3x10°Q.cm.®®

Toshiro Maruyama and Kenji Tabata have prepared fluorine doped tin
oxide thin films by low temperature atmospheric pressure chemical vapor
deposition (APCVD) technique. The organometallic compound, Tin(ll)
trifiuoroacetate was used as the precursor for film deposition. The resistivity

of the best deposited film with thickness 1.26pm was 5.9x10*Q.cm.*

Ta doping in tin oxide by metalorganic chemical vapor deposition
method is reported by Sang woo Lee et al. The films were prepared on corning
7059 glass substrates. The lowest resistivity of the films was about 2.01x10™
Q.cm. The report suggests that Ta is an excellent dopant for enhancing the

electrical properties of tin oxide thin films®.

The effect of substrate temperature, distance of the substrate from
precursor inlet and precursor flow rate on the properties of tin oxide were
reported by Geeta Sanon et al. Films were deposited on quartz substrate and

the lowest sheet resistance obtained was 57€/sq.%®

Understanding the detailed chemical reaction mechanisms for tin oxide
thin film fabrication using chemical vapor deposition (CVD) could lead to the

development of high quality TCOs cost effectively®’.
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James Proscia and Roy G. Gordon reported the effect of various
concentration ratios of precursors, tetramethyltin and bromotrifluoromethane
(Freon) on the formation of fluorine doped tin oxide thin films by atmospheric
pressure chemical vapor deposition technique. The films produced under
optimized deposition conditions were reported to have conductivities near
3000Q"cm™.%®

Preparation of fluorine doped tin oxide thin films on silicon, glass and
quartz substrates at various substrate temperatures using atmospheric pressure
chemical vapor deposition from (CH3(CH2)3)2Sn(0,CCF3), and oxygen was
reported. The films showed 75% transparency in the visible region and
resistivity of 8.2x10* Q.cm.”

Richard J. McCurdy explored possibilities for depositing TCO through
chemical vapor deposition technique on glass manufacturing line. CVD
deposition parameters like thickness insensitive film design, float line
compatible CVD chemistry, and flexible deposition technology etc. are

discussed in this report’.

Fundamental framework for atmospheric pressure chemical vapor
deposition of tin oxide coatings on glass using monobutyltintrichloride as the
precursor was developed using computational fluid dynamics (CFD) in
impinging flow geometry. Effects of reactor-substrate spacing and glass line
speed on the simulated deposition profile and comparison of modeling results
with experimental data were discussed. The study showed that the effect of
reaction kinetics is less important and the deposition process is mainly

diffusion controlled*.

Development of atmospheric pressure CVD processes for high quality

transparent conductive oxides was presented by Ariél de Graaf et al. It was
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shown that high transmittance (80%) and low resistivity (4 x10“Q.cm) film
can be obtained in combination with an intrinsic surface structure that

enhances light trapping effect’.

A comparative study of the growth of tin oxide thin films by atomic
layer deposition (ALD) and CVD were reported by Jonas Sundqvist et al. It is
identified that low growth rate of ALD promotes the formation of high quality
epitaxial films. CVD grown films were reported to have high surface

roughness and grain boundaries”.

U. Dagkaldiran et al. reported preparation of fluorine doped tin oxide
films by APCVD technique for the fabrication of amorphous Si solar cells.
The cells fabricated on the deposited FTO films were reported to giving 9.3%
efficiency with 73% fill factor’”.

Y. Wang et al. synthesized self-organized Sb, Nb, and Ta doped
mesoporous SnO, thin films with adjustable doping levels on organic
substrates using evaporation induced self-assembly™. In this work, precursor
of Sn along with the dopant was mixed in an alcoholic solution and was coated
on to the substrate by dip coating technique. Electrical conductivity of the

films was in the order of 102Q.cm only.

Effect on annealing of pure and antimony doped tin oxide thin films in
different atmospheres were reported by E. Shanthi et al. The method of
preparation of the films was chemical spray pyrolysis. They identified that
change in electrical properties was due to the adsorption or desorption of
oxygen originating at grain boundaries”®. They also investigated effects of
different dopants like Sb,F and Sb & F at various concentrations and compared

their properties. It was observed that F is the best dopant for improving the
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optical as well as electrical properties of the films. lowest sheet resistance was
observed to be less than 10Q/sq.”’

E. Elangovan et al. have investigated effect of different fluorine to tin
ratios on FTO films by chemical spray pyrolysis (CSP); here SnCl, and NH4F
were the precursors for Sn and F. They reported that the increase in fluorine
concentration helped to improve transmission in the visible region and
reflectance in the IR region. The best films were of about 1.2um thick and had
85% transmittance and 94 to 98% reflectance in the IR region (above 1500
nm), while sheet resistance was reported to be 1.75Q/sq.”® They also studied
effect of antimony doping on tin oxide films. Here the dopant source was
SbCl; On Sb doping, it was identified that carrier concentration increased and
hall mobility decreased drastically. The lowest sheet resistance obtained with
Sb doping was 2.17€/sq.”

Seung-Yup Lee reported preparation of Sb doped tin oxide thin films
by using ultrasonic spray technique. Effect of antimony doping on structural,
electrical and optical properties of tin oxide thin films were discussed. Change
in preferential orientation from (211) plane to (200) plane with doping is

observed. The lowest resistivity for the best films was about 8.4x10™Q.cm.*

Low temperature growth of fluorine-doped tin oxide films by
intermittent spray pyrolysis was reported by Tatsuo Fukano and Tomoyoshi
Motohiro. They used ‘perfume atomizer’ for spraying the precursors at a
temperature between 325°C to 340°C and the resulted films had 92%
transparency. The lowest resistivity of 5.8 x10“Q.cm was obtained after

annealing the samples at 450°C for 60 minutes in air®.

G.C. Morris and A.E. McElnea reported preparation of FTO films with

tin fluoride in methanol solvent with and without addition of HCI. Dependence
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of properties on deposition time, substrate temperature, and solution
composition were studied and the best films had resistivity of 5.6 x10™*Q.cm.%

Effect of F, Sb, and F & Sb doping on spray pyrolysed tin oxide thin
films was studied by B. Thangaraju. All doped films were observed to have
degenerate carrier concentrations in the range 10%° to 10%. But better
transmittance and lower sheet resistance were obtained on fluorine doping. the

lowest sheet resistance obtained on fluorine doping was 5.65(2/sq.28

K.S. Shamala et al. compared pure and Sb doped tin oxide thin films
prepared by using electron beam evaporation and spray pyrolysis. The
substrate temperature required for obtaining crystalline films by spray
pyrolysis was found to be higher than that for electron beam evaporation.
Resistivity of undoped films was observed to be lower for e-beam evaporated
films, but on antimony doping resistivity of the films prepared through spray
pyrolysis decreased drastically. The lowest resistivity obtained for Sb-dopped
was 1 x102Q.cm (e-beam evaporated films) and 7.74 x10“*Q.cm (spray

deposited films)®.

Effect of solvents and fluorine dopant concentration on formation and
properties of spray deposited nanocrystalline tin oxide thin films was studied
by A.V. Maholkar et al. Precursor solutions were prepared by dissolving
stannic chloride and ammonium fluoride in different solvents such as
methanol, ethanol, isopropyl alcohol and distilled water. Film thickness was
varying from 880nm to 2200nm for different solvents and the best electrical
properties are exhibited by the films prepared with isopropyl alcohol as the
solvent. Sheet resistance of the best undoped film was 3.71€/sq.>* Best
fluorine doped film showed resistivity of 3.8 x10™Q.cm and charge mobility
6.59cm?/V.s.%
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Chin-Ching Lin et al. analyzed temperature dependence of FTO films
produced by ultrasonic spray pyrolysis on glass substrates. A change in
preferential growth from (211) plane to (200) plane of rutile structure was
observed with increase in temperature. Electrical properties of the prepared
films were found to be largely influenced by the doping concentration and
deposition temperature. Maximum transmittance and minimum resistivity

shown by the best film were 77% and 6.2 x10™Q.cm respectively®®.

In the thickness dependence study on the properties of spray deposited
films, it was reported that mobility and hall concentration increased linearly
with thickness and resistivity could brought down to 3x10“Q.cm.®” Effect of
thickness of FTO films prepared through spray pyrolysis was analyzed by
A.A. Yadav et al. by varying the quantity of precursor solution. Films of
thickness up to 1700nm were prepared at 3nm/s growth rate. The best films
showed 77% transmittance. Low resistivity of 3.91x10Q.cm and mobility of

11cm?/V.s were reported®.

D.R. Acosta et al. prepared FTO films by varying the F concentration
using CSP. The substrate temperature was 300°C and the deposition time was
15 minutes. Resistivity was brought down from 33 x10™Q.cm to 6 x10”Q.cm
with fluorine doping. Increase in surface roughness with increase in dopant

concentration was also reported®®.

P. Veluchami et al. synthesized large area FTO thin films using
ultrasonic CSP to wuse it as a substrate for CdS/CdTe solar cells.
Organometallic compound of tin (dimethyltindichloride) with NH4F and HF
were the precursors used and the growth rate was greater than 15nm/s.
Thickness of the films was reported to be around 500 nm with sheet resistance
less than 10Q/sq. Mobility of the films was 43.8cm’/V.s. Fabricated
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CdS/CdTe thin film solar cell on the deposited FTO films exhibited maximum
conversion efficiency of 14.95%%.

Even though doped conducting oxides with lower resistivity as low as
2 x10™Q.cm with transmittance greater than 80% are reported, charge mobility
for those films was lower. High conductivity with high mobility was achieved
only when the precursors were made of organometallic compounds. But
considering the cost and environment, better understanding on the spray
deposition of FTO is needed.

1.6 p-type TCO materials

n-type TCO films are commercially available and are used in a wide
variety of applications as transparent window electrodes. The absence of
p-type TCO was hindering the development of active transparent electronic
devices such as diodes, transistor, and UV LEDs. First p-type TCO was
reported by H. Sato et al. on NiO films with transmittance around 40%. They
also fabricated a thin film p-i-n diode using the p-type NiO. Transmittance of
the device was reported to be about 20%. Ni vacancies and oxygen interstitial
sites are the reason for the p-type conductivity of NiO films™. The real
progress in p-type TCOs started with invention of p-type conductivity in
CuAlO; thin films by Kawazoe et al.

There is an extensive review on p-type TCOs by A.N. Banerjee and
K.K. Chattopadhyay®’. GaN along with AlGaN and InGaN are presently
dominating in the light emitter market due to their viable p-type conductivity.
Now n-type ZnO is used in conjunction with GaN to make blue LEDs.
Developing p-type ZnO has added advantages like possibility of low

temperature growth of epitaxial films, radiation hardness and little lattice
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mismatch with n-type ZnO. Therefor the development of p-type ZnO is also

equally essential®.

ZnO is a wide band gap, group II-VI compound semiconductor that
crystallizes normally in hexagonal wurtzite structure and belongs to p6smc
space group®. In wurtzite structure, zinc and oxygen atoms are arranged
alternatively to form a hexagonal close packed lattice of zinc as shown in
Figure 1.3, whereas oxygen are positioned in the tetrahedral groups of four Zn
atoms. All these tetrahedral groups are aligned along the hexagonal axis. The
lattice parameters of ZnO are a = 3.24A and ¢ =5.24A with c/a ratio 1.66.

Figure 1.3. Wurtzite structure of ZnO %

Wide and direct band gap of ZnO (> 3.3eV) along with its high exciton
binding energy (60meV) makes it a suitable candidate for optoelectronic
devices such as LEDs and lasers. Strong luminescence exhibited by ZnO in the
wide green - white region makes it suitable for phosphor applications®>*>. ZnO
can be easily etched at low temperatures using chemical routes and it makes

ZnO suitable for electronic and optoelectronic application, design and
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processing. ZnO exhibits exceptionally high radiation hardness and it makes
this material suitable candidate for high altitude and space applications.

There are a number of reports regarding the experimental and

theoretical aspects of p-type zZnO%'%®

. p-type ZnO can be achieved by
substituting Zn with group-I elements (Li, Na and K) or oxygen by group V
elements (N,P and As). Theoretically, group-1 elements are better dopants than
group V elements in terms of creating shallow acceptor levels. However, due
to the small ionic radii of group-1 elements, this will result in the occupation of
interstitial sites rather than Zn sites and will act as donors'®. Doping with
group V elements will create deep acceptor levels, among which only nitrogen
is likely to result in a shallow acceptor level®®. Since the size mismatch
between the group-I elements and Zn prevents the formation of p-type ZnO,
group-1, element Ag is suggested to be a better dopant'®’. H.S. Kang et al.
have fabricated Ag doped p-type ZnO employing pulsed laser deposition

method in 2006%°,

First principle calculations of doping effect of group-I, elements were
done by Y. Yan et al. and they calculated transition and formation energies for
the dopants. They found that, at oxygen rich growth conditions, formation
energy for Zn substitutional defects is low and favors p-type ZnO
formation*®"%°, 1.S. Kim et al. prepared p-type ZnO films with Ag doping by
using e-beam evaporation and B.D. Ahn could get p-type ZnO films by pulsed

laser deposition™®**,

Reports on achieving p type Ag:ZnO by spray pyrolysis was reported in
a few papers. W. Bin et al. and W. Jing-Wei et al. deposited p-type ZnO films
by Ag-N co-doping using ultrasonic spray pyrolysis method'*?***. However,

achieving p-type ZnO using single dopant Ag by spray pyrolysis technique is
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not reported earlier. In the present work, p-type nature of ZnO was achieved
through CSP technique by doping it with Ag alone.

1.7 TCO as low emissivity windows

Solar radiation is absorbed by the earth and is re-radiated as black body
radiation in the IR region (wavelength from 3um to 50um). Ability of TCO
materials to reflect electromagnetic waves whose frequencies are less than that
of their plasma frequencies (ay) is widely utilized to fabricate low emissivity
windows. Low emissivity windows are TCO coated glass windows, which can
transmit visible light but reflects the IR radiation from the earth. The usage of

low emissivity windows can reduce energy losses by at least 15%.
1.8 Motivation of the present work

Growing interest in clean energy sources like photovoltaics and the
increasing demand for low emissivity-smart windows, solid state lighting etc.
for energy conservation resulted in the wide spread interest in non-conventional
methods and materials. Among the various deposition technigues, chemical
spray pyrolysis attains a prominent position because of its simplicity and cost
effectiveness. The necessity to avoid expensive indium based TCOs and other
compounds in solar cells are a major concern. The cost of indium has increased
by several orders in the last three decades. It demands the significance of wide
band gap materials like SnO, and ZnO. Among these, SnO, will be more
suitable for photo voltaic applications due to its high mechanical, thermal and
chemical stability and it is not easily affected by the harsh out door weather
conditions. Perovskite solar cells are a recent breakthrough in the photovoltaic
research with its efficiency exceeding 20%. And FTO substrates are the best

established TCO material for perovskite solar cells.
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Commercially available FTO substrates are mostly produced through
expensive techniques like chemical vapor deposition, which hinder the cost to
come down. Preparation of these materials through a scalable and automated
technique like spray pyrolysis will be largely appreciated, if we can produce
materials with required properties. The thesis explores the possibility of
developing tin oxide based n-type TCO for solar cell and other energy
applications like low power transparent heaters, low emissivity windows etc.
In this work, the use of ZnO based p-type TCO for transparent electronic
applications and the possibility of using ZnO layers as intrinsic layer, buffer
layer and absorber layer in solar cells is also studied. Potential of ZnO as metal
ion diffusion barrier layer over steel substrates for flexible solar cell

application is also investigated.

References

1 www.nrel.gov/pv.

2 T. Minami, Thin Solid Films 516, 5822 (2008).

® A. Stadler, Materials 5, 661 (2012).

* R. Banerjee, Int. J. Innov. Res. Adv. Eng. 2, 186 (2015).

> R.R. Schaller, Spectrum, IEEE 34, 52 (1997).

® N.S. Kim, T. Austin, D. Blaauw, T. Mudge, K. Flautner, J.S. Hu, M.

Jane Irwin, M. Kandemir, and V. Narayanan, Computer (Long. Beach.
Calif). 36, 68 (2003).

7 L.B. Kish, Phys. Lett. Sect. A Gen. At. Solid State Phys. 305, 144
(2002).

www.mouser.in/applications.

% M. Batzill and U. Diebold, Prog. Surf. Sci. 79, 47 (2005).

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Chapter 1

10 K. Badeker, Ann Phys. 22, 749 (1907).

1 C.1. Bright, 50 Years Vac. Coat. Technol. 38 (2007).

12J.M. MOCHEL, U.S. Patent 2,564,706 (1946).

3 D.B. Fraser and H.D. Cook, J. Electrochem. Soc. 119, 1368 (1972).
1 G. Haacke, Appl. Phys. Lett. 28, 622 (1976).

> N. Miyata, K. Miyake, and S. Nao, Thin Solid Films 58, 385 (1979).
16 J.M. Nobbs and F.C. Gillespie, J. Phys. Chem. Solids 31, (1970).
73, Aranovich, J. Vac. Sci. Technol. 16, 994 (1979).

8 3. Yen, J. Vac. Sci. Technol. 12, 47 (1975).

9 T. Minami, H. Nanto, and S. Takata, Jap. J. Appl. Phys. 23, L280 (1984).
20 T, Minami, MRS Bull. 38 (2000).

! H. Kawazoe, M. Yasukawa, H. Hyodo, M. Kurita, H. Yanagi, and H.

Hosono, Nature 389, 939 (1997).

22 A. Kudo, H. Yanagi, K. Ueda, H. Hosono, H. Kawazoe, and Y. Yano,
Appl. Phys. Lett. 75, 2851 (1999).

23 H. Ohta, K. Kawamura, M. Orita, M. Hirano, N. Sarukura, and H.
Hosono, Appl. Phys. Lett. 77, 475 (2000).

24 Y. Meng, Thin Solid Films 394, 218 (2001).

2 M.F.A.M. Van Hest, M.S. Dabney, J.D. Perkins, D.S. Ginley, and M.P.
Taylor, Appl. Phys. Lett. 87, 2003 (2005).

F. de Moure-Flores, J.G. Quifiones-Galvan, A. Hernandez-Hernandez,
A. Guillén-Cervantes, M. a. Santana-Aranda, M.D.L.L. Olvera, and M.
Meléndez-Lira, Appl. Surf. Sci. 258, 2459 (2012).

2 AV. Moholkar, S.M. Pawar, K.Y. Rajpure, P.S. Patil, and C.H.
Bhosale, J. Phys. Chem. Solids 68, 1981 (2007).

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Introduction

28 B. Thangaraju, Thin Solid Films 402, 71 (2002).

29 3. Ebrahimiasl, W.M.Z.W. Yunus, A. Kassim, and Z. Zainal, Sensors
11, 9207 (2011).

% T.V. Vimalkumar, N. Poornima, K.B. Jinesh, C.S. Kartha, and K.P.
Vijayakumar, Appl. Surf. Sci. 257, 8334 (2011).

%1 T.V. Vimalkumar, N. Poornima, C. Sudha Kartha, K.P. Vijayakumar,

T. Abe, and Y. Kashiwaba, Phys. B Condens. Matter 405, 4957 (2010).

32 AN. Gruzintsev, V.T. Volkov, and E.E. Yakimov, Semiconductors 37,
259 (2003).

%% J. Montero, C. Guillén, and J. Herrero, Sol. Energy Mater. Sol. Cells

95, 2113 (2011).
% H. Hosono, Thin Solid Films 515, 6000 (2007).
% A.Janotti and C.G. Van de Walle, Reports Prog. Phys. 72, 126501 (2009).
% | Castafieda, Mater. Sci. Appl. 2, 1233 (2011).

8T A, Klein, C. Korber, A. Wachau, F. Sauberlich, Y. Gassenbauer, S.P.
Harvey, D.E. Proffit, and T.O. Mason, Materials (Basel). 3, 4892 (2010).

8. Ozgiir, Y.I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Dogan,
V. Avrutin, S.J. Cho, and H. Morko, J. Appl. Phys. 98, 1 (2005).

% E. Fortunato, D. Ginley, H. Hosono, and D.C. Paine, MRS Bull. 32, 242
(2007).
%0 T. Minami, Semicond. Sci. Technol. 20, S35 (2005).

' R. Manoj, Characterisation of Transparent Conducting Thin Films
Grown by Pulsed Laser Deposition and RF Magnetron Sputtering,
Ph.D. thesis,Cochin University of Science And Technology, 2006.

%2 |, Hamberg and C.G. Granqvist, J. Appl. Phys. 59, 2950 (1986).

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Chapter 1

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

J. Hu and R.G. Gordon, J. Appl. Phys. 71, 880 (1992).
J. Shi, P. Li, B. Liu, and S. Shen, Appl. Phys. Lett. 102, (2013).
R.K. Vinnakota and D. A Genov, Sci. Rep. 4, 4899 (2014).

P. Ebert, T. Zhang, F. Kluge, M. Simon, Z. Zhang, and K. Urban, Phys.
Rev. Lett. 83, 757 (1999).

R.G. Gordon, MRS Bull. 25, 52 (2000).

S. Major, S. Kumar, M. Bhatnagar, and K.L. Chopra, Appl. Phys. Lett.
49, 394 (1986).

O. Lupan, L. Chow, G. Chai, H. Heinrich, S. Park, and A. Schulte, J.
Cryst. Growth 311, 152 (2008).

Lattice parameters and illustrations of the bulk crystal structures, Phys.
Chem. Chem. Phys. 1 (2013).

C.J. Howard, T.M. Sabine, and F. Dickson, Acta Crystallogr. Sect. B
47, 462 (1991).

M. Shokooh-saremi, J. Phys. D Appl. Phys. 37, 1248 (2004).
www.wiredchemist.com.

Emuch.net.

Cetin Kilic and Alex Zunger, Phys. Rev. Lett. 88, 095501 (2002).

A.V. Moholkar, S.M. Pawar, K.Y. Rajpure, C.H. Bhosale, and J.H.
Kim, Appl. Surf. Sci. 255, 9358 (2009).

M.J. Atmane B, Achour rahal, Boubaker Benhaoua, Superlattices
Microstruct. 70, 61 (2014).

M.F.A. and J.S. Swinnea, J.Mater.Res. 8, 3131 (1993).

A.F. Khan, M. Mehmood, M. Aslam, and M. Ashraf, Appl. Surf. Sci.
256, 2252 (2010).

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Introduction

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

A.F. Khan, M. Mehmood, A.M. Rana, and M.T. Bhatti, Appl. Surf. Sci.
255, 8562 (2009).

P.M. Gorley, V.V. Khomyak, S.V. Bilichuk, 1.G. Orletsky, P.P. Horley,
and V.O. Grechko, Mater. Sci. Eng. B 118, 160 (2005).

J. Montero, J. Herrero, and C. Guillén, Sol. Energy Mater. Sol. Cells
94, 612 (2010).

J. Montero, C. Guillén, and J. Herrero, Sol. Energy Mater. Sol. Cells
95, 2113 (2011).

T. Maruyama and K. Tabata, J. Appl. Phys. 68, 4282 (1990).
S.W. Lee, Y. W. Kim, and H. Chen, Appl. Phys. Lett. 78, 350 (2001).
G. Sanon, R. Rup, and A. Mansingh, Thin Solid Films 190, 287 (1990).

A.M.B. Van Mol, Y. Chae, A.H. McDaniel, and M.D. Allendorf, Thin
Solid Films 502, 72 (2006).

J. Proscia and R.G. Gordon, Thin Solid Films 214, 175 (1992).

S. Suh, Z. Zhang, W. K. Chu, and D.M. Hoffman, Thin Solid Films
345, 240 (1999).

R.J. McCurdy, Thin Solid Films 351, 66 (1999).
M. Li, J.F. Sopko, and J.W. McCamy, Thin Solid Films 515, 1400 (2006).

A. De Graaf, J. Van Deelen, P. Poodt, T. Van Mol, K. Spee, F. Grob,
and A. Kuypers, Energy Procedia 2, 41 (2010).

J. Sundgqvist, J. Lu, M. Ottosson, and A. Harsta, Thin Solid Films 514, 63
(2006).

U. Dagkaldiran, A. Gordijn, F. Finger, H.M. Yates, P. Evans, D.W.
Sheel, Z. Remes, and M. Vanecek, Mater. Sci. Eng. B Solid-State
Mater. Adv. Technol. 159-160, 6 (2009).

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Chapter 1

75

76

77

78

79

80

81

82

83

84

85

86

87

88

Y. Wang, T. Brezesinski, M. Antonietti, and B. Smarsly, ACS Nano 3,
1373 (2009).

E. Shanthi, A. Banerjee, V. Dutta, and K.L. Chopra, Thin Solid Films
71, 237 (1980).

E. Shanthi, A. Banerjee, and K.L. Chopra Thin Solid Films 88, 93 (1982).

E. Elangovan and K. Ramamurthi, J. Optoelectron. Adv. Mater. 5, 45
(2003).

E. Elangovan, S.A. Shivashankar, and K. Ramamurthi, J. Cryst. Growth
276, 215 (2005).

S.Y. Lee and B. O. Park, Thin Solid Films 510, 154 (2006).
T. Fukano and T. Motohiro, Sol. Energy Mater. Sol. Cells 82, 567 (2004).
G.C. Morris and A.E. McElnea, Appl. Surf. Sci. 92, 167 (1996).

K.S. Shamala, L.C.S. Murthy, and K. Narasimha Rao, Mater. Sci. Eng.
B 106, 269 (2004).

A.V. Moholkar, S.M. Pawar, K.Y. Rajpure, S.N. Almari, P.S. Patil, and
C.H. Bhosale, Sol. Energy Mater. Sol. Cells 92, 1439 (2008).

A.V. Moholkar, S.M. Pawar, K.Y. Rajpure, C.H. Bhosale, and J.H.
Kim, Appl. Surf. Sci. 255, 9358 (2009).

C.C. Lin, M.C. Chiang, and Y.W. Chen, Thin Solid Films 518, 1241
(2009).

C. Agashe, J. Hipkes, G. Schépe, and M. Berginski, Sol. Energy Mater.
Sol. Cells 93, 1256 (2009).

A.A. Yadav, E.U. Masumdar, A. V. Moholkar, K.Y. Rajpure, and C.H.
Bhosale, Phys. B Condens. Matter 404, 1874 (2009).

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Introduction

89

90

91

92

93

94

95

96

97

98

99

D.R.Acosta, E.P.Zironi, E.Montoya, And, and W.Estrada, Thin Solid
Films 288, 1 (1996).

P. Veluchamy, M. Tsuji, T. Nishio, T. Aramoto, H. Higuchi, S.
Kumazawa, S. Shibutani, J. Nakajima, T. Arita, H. Ohyama, A. Hanafusa,
T. Hibino, and K. Omura, Sol. Energy Mater. Sol. Cells 67, 179 (2001).

H. Sato, T. Minami, S. Takata, and T. Yamada, Thin Solid Films 236,
27 (1993).

A.N. Banerjee and K.K. Chattopadhyay, Prog. Cryst. Growth Charact.
Mater. 50, 52 (2005).

D.C. Look, B. Claflin, Y.I. Alivov, and S.J. Park, Phys. Stat. Solidi A
2212, 2203 (2004).

S. Hagino, K. Yoshio, T. Yamazaki, H. Satoh, K. Matsuki, and A.
Onodera, Adv. Ferroelectr. 264, 235 (2001).

S. Shionoya, W.M. Yen, and H. Yamamoto, Phosphor Handbook (CRC
Press, 2006).

K. Minegishi, Y. Koiwal, Y. Kikuchi, K. Yano, M. Kasuga, and A.
Shimizu, Jpn. J. Appl. Phys. 36, 1453 (1997).

M. Joseph, H. Tabata, H. Saeki, K. Ueda, and T. Kawai, Phys. B
Condens. Matter 302-303, 140 (2001).

T. Yamamoto, Thin Solid Films 420-421, 100 (2002).

Y. Ryu, S. Zhu, D. Look, J. Wrobel, H. Jeong, and H. White, J. Cryst.
Growth 216, 330 (2000).

190y R. Ryu, W.J. Kim, and H.W. White, J. Cryst. Growth 219, 419 (2000).
101 % Li, Y. Yan, T. A. Gessert, C.L. Perkins, D. Young, C. DeHart, M.

Young, and T.J. Coutts, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film.
21, 1342 (2003).

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Chapter 1

102 A B.M.A. Ashrafi, I. Suemune, H. Kumano, and S. Tanaka, Japanese J.
Appl. Physics, Part 2 Lett. 41, 2 (2002).

1083, Zhang, S. H. Wei, and A. Zunger, Phys. Rev. B 63, 1 (2001).
104 C H. Park, S.B. Zhang, and S. H. Wei, Phys. Rev. B 66, 073202 (2002).
105 G. Wang and A. Zunger, Phys. Rev. Lett. 90, 25 (2003).

16 H'S. Kang, B. Du Ahn, J.H. Kim, G.H. Kim, S.H. Lim, H.W. Chang,
and S.Y. Lee, Appl. Phys. Lett. 88, 202108 (2006).

7y, Yan, M.M. Al-Jassim, and S. H. Wei, Appl. Phys. Lett. 89, 181912
(2006).

%81 'S. Kang, B. Du Ahn, J.H. Kim, G.H. Kim, S.H. Lim, H.W. Chang,
and S.Y. Lee, Appl. Phys. Lett. 88, 86 (2006).

1990, Volnianska, P. Boguslawski, J. Kaczkowski, P. Jakubas, a.

Jezierski, and E. Kaminska, Phys. Rev. B 80, 245212 (2009).

1B Du Ahn, H.S. Kang, J.H. Kim, G.H. Kim, H.W. Chang, and S.Y.
Lee, J. Appl. Phys. 100, (2006).

1S, Kim, E. K.K. Jeong, D.Y. Kim, M. Kumar, and S.-Y.Y. Choi, Appl.
Surf. Sci. 255, 4011 (2009).

YZ\v. Bin, Z. Yue, M. Jiahua, and S. Wenbin, Appl. Phys. A 94, 715
(2009).

W \W. Jing-Wei, B. Ji-Ming, L. Hong-Wei, S. Jing-Chang, Z. Jian-Ze, H. Li-
Zhong, L. Ying-Min, and D. Guo-Tong, Chinese Phys. Lett. 25, 3400
(2008).

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Chapter

PREPARATION AND CHARACTERIZATION
OF TRANSPARENT AND CONDUCTING TIN OXIDE

THIN FILMS USING CHEMICAL SPRAY PYROLYSIS

2.1 Introduction

2.2 Deposition technique

2.3 Effect of various deposition parameters

2.4 Deposition of SnO, thin films by optimizing the substrate temperature

2.5 Deposition of SnO, thin films by optimizing concentration of the precursor solution

2.6 Deposition of SnO, thin films by optimizing spray rate

Conclusion

References

2.1 Introduction

Intense research is going on all around the globe for developing an
economically alternative material to substitute the use of tin doped indium
oxide (ITO) in energy applications' °. ITO coated substrates are the major
component in thin film photovoltaics, digital displays, and touch screen
sensors*®. The ever increasing rate of use of modern touch sensitive digital
displays keeps the demand for ITO high. The increased demand for ITO as
well as scarcity of elemental indium (raw material to produce ITO) is the real
reason for the increase in cost for such devices. To develop affordable solar
cells, ITO substrates should be replaced with TCO having similar/better
properties. Two prominent candidates falling under this category are ZnO and

Sn0,'*. But for photovoltaic applications, other than high transmittance and
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conductivity, the TCO material should possess high thermal, chemical and
mechanical stability>®, because, the deposition of thin film solar cells usually
involves high-temperature processing steps and the resulting device has to be

used in outdoor weather conditions.

Aim of the present work is to develop an n-type TCO material, which
can probably replace the costly ITO for solar cells and other energy
applications. Among ZnO and SnO,, the latter possess high thermal, chemical
and mechanical stability’® 2. Hence for the development of n-type TCO, the
material selected is SnO,. The material deposition technique should be
economical and scalable too. Therefore automated chemical spray pyrolysis
(CSP) technique is employed as deposition technique for the present study as
it is simple, economical and scalable process suitable for the roll to roll

production process.
2.2 Deposition technique

Well-developed deposition techniques are available for the fabrication
of thin films and devices. The deposition techniques are broadly classified as
‘physical’ and ‘chemical’ processes. Among these, chemical routes are
relatively simple and economical; out of chemical processes, CSP is selected
here for the deposition of SnO, thin films. As stated earlier, the technique is a
simple, economical and scalable process, as it does not require vacuum®®. This
process can be utilized for the deposition of a number of organic and inorganic
materials onto a variety of substrates such as soda-lime glass, quartz, silicon
wafer, metals and alloys, ceramics etc. An important criteria for a material to

be selected as a substrate in spray pyrolysis is its temperature tolerance.
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In spray pyrolysis, films are deposited by spraying a solution of the
constituents onto a preheated substrate, where the constituents react
themselves or with the surrounding atmosphere to yield the specific thin film.
Composition of the films can be easily controlled by changing the
concentration of precursors in the solution. Doping is also an easy procedure

as soluble salt of dopants can be added to the precursor solution***>.

2.3 Effect of various deposition parameters

In CSP, properties of the deposited films is controlled by various
factors; of which major parameters are substrate temperature, selection of
precursors and solvents, precursor concentration, spray rate etc. This chapter
describes the optimization of each of these parameters for obtaining
transparent and conducting SnO; thin films. Several groups have reported the
deposition of SnO, thin films by CSP using different precursors such as
chlorides or organometallic compounds of Sn'®%*. Use of water, alcohols, and
a mixture of these two as the solvents has been suggested by various
reports”?®. Our aim is the economical production of high-quality TCO thin
films using environment-friendly materials. Hence use of organometallic
compounds is ruled out and stannic chloride (SnCl;.5H,0) is selected as the
precursor for Sn. A low molecular weight alcohol is used as the solvent.

(Patent protected data.)

2.4 Deposition of SnO, thin films by optimizing the substrate
temperature

For the deposition of thin film of a compound through CSP, there exists
a window of substrate temperature at which films with desirable properties are

formed. In order to identify the optimum substrate temperature, SnO, films
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were deposited by varying substrate temperature from 375°C to 500°C in steps
of 25°C. The samples were named as T-375, T-400, T-425, T-450, T-475 and
T-500. Normal soda lime glass (SLG) of thickness 1 - 1.2mm was used as the
substrate. The substrates were ultrasonically cleaned using acetone followed
by rinsing with demineralized water and dried in a hot air current. After
cleaning, these substrates were heated to a required temperature by keeping
over a hot plate. Temperature was controlled and maintained at appropriate
value by a proportional-integral-derivative (PID) temperature controller with
k-type thermocouple inserted beneath the heater surface. After the substrates
were heated to the desirable temperature, 100ml of the precursor solution was
sprayed onto the hot substrate at the dispensing rate of 7ml/min. The distance
between the spray nozzle and substrate was maintained at 20cm. Scanning

area of the spray head was fixed at 18cm x18cm.

The structural characterization of the deposited films was carried out by
X-ray diffraction (XRD) technique. In XRD, when the X-rays incident on the
samples satisfy the Braggs diffraction condition, (nA = 2dsin6, where n is the
order of the diffraction, A is the wavelength of X-ray, 0 is the Bragg angle and
d is the interplanar spacing), it gets diffracted and a detector records the
pattern. X-ray diffractograms [obtained by employing Rigaku (Model No: D.
Max.C) X-ray diffractometer, using Cu-Ko line with Ni filter (30kV and
20mA),( x=1.54/&)] of the SnO, thin films, deposited at different substrate

temperatures are shown in Figure 2.1.
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Figure 2.1. XRD pattern of SnO, thin films prepared at different
substrate temperatures

From the Figure 2.1, it is observed that all the films are polycrystalline in
nature and all the peaks matched with the characteristic peaks of tetragonal
structure of rutile tin oxide (ICDD card number 041- 1445). Crystallinity of the
films prepared at 375°C is very low and films with better crystallinities are
obtained for higher substrate temperatures. The SnO, films deposited at 400°C
and 425°C is preferentially orientated along (200) plane and the preferential
orientation is shifted to (211) plane for the films prepared at a substrate
temperature of 450°C onwards. It is reported that (200) plane is a low density
plane that is linked to oxygen vacancies in the film’. For a particular precursor
concentration, films with oxygen vacancies grow only up to a particular
substrate temperature and at higher temperatures, Sn salt in the precursor will
undergo more oxidation with less number of oxygen vacancies. Better electrical
conductivity can be expected from films with more number of oxygen
vacancies. Grain size of the films is calculated using Scherer formula and its
variation for different deposition temperatures is depicted in Figure 2.2. Grain
size of the films prepared at 400°C is about 17nm and increases to 30nm for the
films deposited at a substrate temperature of 425°C onwards.
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Figure 2.2. Grain size of SnO, films prepared at different substrate
temperatures

Important parameters for a TCO material are its sheet resistance and
transmittance in the visible region. Sheet resistance and transmission spectra
of the SnO, thin films deposited at different temperatures were measured
[Figure 2.3.(a) and Figure 2.3.(b)] using National Instruments PX1-4130 SMU
and UV-Vis-NIR spectrophotometer (Model No: Jasco-V-570). It is evident
that substrate temperature has a large impact on the sheet resistance of the

deposited films.
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Figure 2.3. Variation of (a) sheet resistance and (b) transmittance of SnO,
thin films with substrate temperature
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Table 2.1. Grain size, sheet resistance and transmittance of SnO, thin
films prepared at different substrate temperatures

Substrate . . Transmittance in
Temperature i‘,’fe g‘rr:]u)n Shee'z(rszls)t ance 400 nm — 800 nm
(0) A (%)
375 -- 257 31-71
400 175 79 31-84
425 29.6 76 58 — 86
450 29.7 133 5182
475 29.9 584 37-77
500 305 2935 46 — 69

Sheet resistance is least (76€2/sq) for films deposited at 425°C, while
optical transmittance of the deposited films progressively increases with
increase in substrate temperature from 375°C to 425°C and decreases thereafter.
Films deposited at a substrate temperature of 425°C exhibit maximum
transmittance. At lower temperatures, thickness of the films will be higher and
this may be the possible reason for the reduction in transmittance of the films
prepared at temperatures below 425°C. The increase in temperature favors the
formation of films with lower thickness, which should eventually lead to films
with higher transmittance. But on contrary to this assumption, films prepared at
temperatures higher than 425°C shows a decrease in transmittance. At optimum
substrate temperature, pyrolysis of the precursor occurs at the substrate surface
and results in the formation of uniform thin films. But at temperatures higher
than the optimum temperature, pyrolysis of the droplets may occur before
reaching the substrate surface and will result in deposition of piles of materials.
Therefore non-uniform films with increased surface roughness and reduced
transmittance is formed over the substrates. Increase in sheet resistance is also
attributed to the non-uniform formation of the films at higher temperatures. The

variation of grain size, sheet resistance and transmittance in the range 400nm to
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800nm with substrate temperature are given in Table 2.1. In this study, the
optimum substrate temperature for depositing SnO; films with low sheet
resistance and good transmittance is observed as 425°C and is used for further
optimization of SnO, thin film deposition.

2.5 Deposition of SnO, thin films by optimizing concentration

of the precursor solution

In order to optimize concentration of precursor solution, which plays a
vital role in the properties of the thin films, SnO; thin films were deposited by
varying molar concentration of the precursor from 0.1M to 0.3M in steps of
0.05M. 100ml of the precursor solution was sprayed onto the substrate kept at
the optimized substrate temperature of 425°C at a spray rate of 7ml/min. The
samples were named as C-1, C-1.5, C-2, C-2.5 and C-3.

Figure 2.4 shows the XRD pattern of tin oxide films prepared by
varying the precursor solution concentration. The preferential orientation of
the films prepared using 0.1M solution is along (101) plane of rutile SnO, and
it changes to (200) plane for films prepared using higher precursor
concentrations. It is observed that for films prepared using precursor
concentration 0.25M or higher, intensity of the peak corresponding to (200)
plane decreases and an unknown broad peak appears. However, the grain size
is found to be decreasing in a step-like manner with increase in molarity
(Figure 2.5). The decrease in grain size and crystallinity is evident from the
XRD pattern for concentrations above 0.2M. The possible reason for the
decrease in crystallinity with increase in precursor concentration is this: at
higher precursor concentrations, the substrate temperature may not be
adequate to oxidize enough salt molecules in precursor and that can result in

the formation of films with reduced crystallinity.
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Figure 2.4. XRD pattern of SnO, thin films prepared using different
precursor concentrations

48 -
44
40 -
361
32

28 '

Grain size (nm)

24 1
20
16

| —

12

T T T T T .
0.10 0.15 0.20 0.25 0.30
Molarity (M)

Figure 2.5. Grain size of SnO, thin films prepared using different
precursor concentrations

The sheet resistance of the films showed a decreasing tendency with
increase in precursor concentration [Figure 2.6.(a)]. Transmittance is lower for
films prepared using high precursor solution concentrations and is higher for
the films prepared using lower precursor concentration [Figure 2.6.(b)]. But
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the transmittance of the films remained almost similar for the films prepared at
moderate concentrations. The decrease in sheet resistance and transmittance
can be attributed to the possible increase in thickness of the films with increase
in precursor concentration. The variation of grain size, transmittance in the
range 400nm to 800nm and sheet resistance with precursor concentration is
given in Table 2.2.
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Figure 2.6. Variation of (a) sheet resistance and (b) transmittance of SnO,
thin films with different precursor concentrations

Table 2.2. Average grain size, sheet resistance, and transmittance of SnO,
thin films prepared using different precursor concentrations

Molarity of SnCl,  Avg. Grain Sheet resistance Transmittance in
(M) Size (nm) (Q/sq) 400nm — 800nm (%)
0.10 47.2 1.5x10° 78 - 93
0.15 28.9 2.2x10° 70 - 88
0.20 28.7 8.8x10" 70 -90
0.25 14.9 7.2x10* 66 — 87
0.30 15.3 5.6x10" 56 74

Here the optimum precursor concentration was fixed by considering
both transmittance and sheet resistance of the deposited films. Films deposited
with 0.2M precursor concentration show an average transmittance of 80% and
sheet resistance of 88C/sq. Hence for further optimization of SnO, thin film
deposition, precursor concentration of 0.2M was selected.
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2.6 Deposition of SnO; thin films by optimizing spray rate

Another critical parameter in CSP for the formation of thin films is
“spray rate”. It is the rate at which the precursor solution is dispensed to the
spray head to mix with the air to form fine droplets. Films were deposited by
fixing the molarity of the precursor at 0.2M and the substrate temperature at
425°C from the previous studies. Here 100ml of the precursor solution was
sprayed onto the substrate at different spray rates, from 3ml/min to 9ml/min in
steps of 2ml/min. The samples were named as S-3, S-5, S-7 and S-9.

Figure 2.7 shows the X-ray diffraction patterns of SnO, thin films prepared
at different spray rates. All the films are polycrystalline in nature and there is no
change in preferential growth from (200) plane of rutile SnO, with spray rate. It is
already confirmed that for films prepared with 0.2M concentration at 425°C, growth
is along (200) plane. The intensity of the (200) peak is low for the films prepared at
9ml/min. Grain size is calculated using Scherer formula and it is observed that
crystallinity and grain size are better for films prepared at lower spray rates. Grain
size and thickness of the films with spray rate is shown in Table 2.3.

Intensity (a.u)
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Figure 2.7. XRD pattern of SnO, thin films prepared by varying spray rate
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Table 2.3. Grain size and thickness of SnO, thin films prepared by
varying spray rate

Samole Spray rate Avg. Grain Thickness
P (mlimin) Size (nm) (nm)
S_3 3 28.9 450
S-5 5 28.8 510
S-7 7 27.6 540
S-9 9 24.3 590

Thickness of the films was measured using stylus profiler (Dektak 6M),
in which a sharp diamond tipped stylus was moved over the film edge. The
stylus is mechanically coupled to the core of a linear variable differential
transformer (LVDT) and any change in stylus position will change the core
position of the LVDT and will produce corresponding electrical signal. These
electrical signals are converted into digital format and the thickness values are
measured from it. It is observed that the average thickness of the films
increased from 450 + 20nm to 590 + 40nm with increase in spray rate and is

shown in Table 2.3.

Electrical properties of the films were measured using Ecopia HMS 5300
Hall measurement system. Hall Effect measurement of semiconductors can give
important information about its electrical properties like carrier concentration,
conductivity type, resistivity and mobility of carriers. When a strong uniform
magnetic field is applied perpendicular to the current flow direction, a voltage is
developed in the sample perpendicular to both the applied current and magnetic
field and this phenomenon is known as Hall Effect. The voltage developed is
known as the Hall voltage (V) and is proportional to the carrier mobility and its
sign depends on the type of majority carriers. Carrier concentration can be
determined from the Hall voltage and along with the conductivity measurement,

mobility can be determined. Here the measurement was done using the four probe
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Van der Pauw configuration with a 0.57T magnetic field produced by permanent
magnets. The instrument is capable of sourcing current in 1nA to 20mA. Samples
were prepared by cutting them in square shape and applying small electrodes at
the four vertices. Gold plated electrodes were used to take electrical contacts from

the samples.

From Table 2.4, it is clear that the increase in spray rate has direct impact
on electrical properties of the films. Carrier concentration and mobility are found
to be linearly increasing with increase in spray rate. It is noted that resistivity and
sheet resistance of the films decreased by two orders at high spray rates. The
variation in sheet resistance of the films with spray rate is shown in the Figure

2.8.(a). All the films are found to be n-type in nature.

The decrease in resistivity and sheet resistance at higher spray rates can be
explained as follows: the precursor content in air-solution mixture is higher at
high spray rate and as a result, the quantity of precursor falling on substrate per
unit area per unit time is more than that at lower spray rates. Increased quantity of
precursor can lead to the formation of films with higher metal concentrations. The
resulting films will have non-stoichiometric defects due to excess metal which
ultimately lead to lower resistive films with higher carrier concentrations with a
compromise in crystallinity. This is clearly evident from Hall measurement and
XRD analysis.

Table 2.4. Electrical and optical properties of SnO, thin films prepared
by varying spray rate

Sample RSty Mobilty Cr;t Sy Tgoggrznttn/
S-3 1.03x10" 7.2 8.4 >(< 10123 n 65 — sglo)
S-5 1.43x10? 10.5 4.7 x 10" n 65— 90
S—-7 494x10° 15.2 8.3 x 10" n 66 — 86
S-9 339x10° 16.8 1.1 x 10%° n 66 — 88
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Figure 2.8. Variation of (a) sheet resistance and (b) transmittance of
SnO; thin films with spray rate

Transmission spectra of the films are shown in Figure 2.8.(b). Average
transmittance in the visible spectrum is greater than 75%. Transmittance is
slightly better for the films prepared at lower spray rates, because of the low
thickness of the films. The air pressure used to atomize the precursor solution
in the spray head is constant for all spray rates. Therefore at lower spray rates,
mixing of the solution with air will be more and it can result in the formation
of smaller droplets. Also the substrate temperature used here is enough for the
re-evaporation of some of these small droplets reaching the substrate and thus
film with lower thickness is formed. But at higher spray rates, the larger size
of the droplets will compensate re-evaporation of the material and result in the

formation of films with higher thickness.

It is observed that with increase in spray rate, transmittance in the IR
region decreases and is shown in Figure 2.9. The decrease in transmittance in
IR region is due to the shift in plasma frequency to the higher energy regions.

The plasma frequency is given by the equation 2.1.

op = /4":132 2.1
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Where o, is the plasma frequency, n is the number density of electrons, e is the
charge of an electron and m is the effective mass.
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Figure 2.9. Transmission spectra in IR-NIR region of SnO, thin films
prepared by varying spray rate

From equation 2.1, it is clear that plasma frequency is directly related
to the free carrier density and shifts to high energy regions with increase in
carrier concentration. Frequencies below the plasma frequency are reflected

back by the material due to free carrier absorption®®®

and is the reason for the
decrease in transmittance in IR region with increase in spray rate. Increase in

carrier concentration with spray rate is observed from Hall measurement also.

Surface morphology of the films deposited at different spray rates was
analyzed using atomic force microscopy (AFM). In AFM, a cantilever beam
fixed with a sharp tip of diameter less than 10nm scans the selected portion of
the sample surface. AFM can work either in contact mode or in non-contact
mode. For the present analysis, ‘Nanosurf easyScan 2’ table top AFM was used,
which operates in contact mode only. When the cantilever beam moves over the

sample surface, it deflects due to the surface - tip interaction and this deflection
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is measured by the reflection of a laser beam from the back of the cantilever.

The digitalized data is utilized to create topography of the sample surface.

Figure 2.10. AFM images of SnO, thin films prepared by varying spray
rate

Figure 2.10. shows three-dimensional AFM images of SnO, films
deposited by varying spray rate. It is clear that the root mean square (RMS)
value of surface roughness of the films increases linearly with increase in
spray rate. RMS surface roughness of the samples deposited at 3ml/min is
observed to be 14nm and it increases to 21nm, 26nm and finally to 33nm when
the spray rate is increased to 5ml/min, 7ml/min and 9ml/min respectively.
Considerable variations in surface morphology are observed for the films
deposited by varying spray rate. With increase in spray rate, surface

morphology of the deposited films changes from small sharp structures to
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large blunt structures. This can be attributed to the positive correlation
between droplet size and spray rate. At lower spray rates, the formation of
small droplets of precursor solution promotes the growth of films with small
sharp structured morphology and lower surface roughness. But with increase
in spray rate, droplet size increases, and the resulted films are with large blunt
morphology and with high surface roughness.

SnO; films deposited by varying spray rate showed clear improvement
in electrical properties and shift in plasma frequency to higher energy regions.
This is attributed to the increase in carrier concentration with increase in spray
rate due to the increase in metal excess non-stoichiometric defects. X-ray
photoelectron spectroscopy (XPS) was employed to analyze the composition
and stoichiometry of the films deposited with various spray rates. XPS is a
surface sensitive quantitative analysis technique and the basic principle behind
XPS is photoelectric effect. XPS spectra of samples are obtained by irradiating
the sample surface with a beam of X-rays and by measuring the number and
Kinetic energy of the photoelectrons produced simultaneously. The binding
energy of each of the emitted electrons can be calculated using the following

equation.
Ebinding = Ephoton— (E kinetic + ¢) 2.2

where Epinding IS the binding energy (BE) of the electron, Egnoton IS the energy of
X-ray used, Exinetic IS the Kinetic energy (KE) of electrons and ¢ is the work

function. The work function depends on both the sample and spectrometer.

Kratos Analytical AMICUS spectrometer was employed for the present
study. The XPS is equipped with a nonmonochromatic Mg Ka/Al Ka dual
anode X-ray source and for the present study Mg Ka (1253.6eV) anode is used
at 120W (12KV & 10mA). Unlike the common hemispherical electron analyzer,
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this system is equipped with a DuPont type energy analyzer, which can be
operated at three different pass energies (25eV, 75eV & 150eV) using electron
transfer lens. The main chamber is maintained at high vacuum of pressure less
than 2x10°Pa. The system is equipped with a high-speed Ar ion sputtering gun
(2KV, 100mA, 10°Pa) and is used for the surface cleaning of the samples from
atmospheric contaminants and for etching the samples for depth profile studies.

The spectrometer is calibrated by measuring Ag 3ds,, (368.2eV) line.

The samples were mounted on stainless steel holders using conducting
carbon tape. Prior to the measurement, the samples were subjected to Ar ion
sputtering in order to remove any surface contamination. The resolution of the
analyzer is set at 25meV. Binding energy values of the elements present in the
samples were calibrated and calculated on the basis of C 1s peak at 284.6eV of
adventitious Carbon. Main core level photoemission spectra (with 25meV
energy increment) of C, Sn and O were recorded and relative atomic
concentrations of the elements were determined from appropriate core level
integrated peak areas and sensitivity factors provided by the Kratos analysis
Vision 2.2. Shirley background subtraction was used for the calculation of
relative atomic concentrations. Results of composition analysis of the films

using XPS are given in Table 2.5.

Table 2.5. Composition of SnO, thin films prepared by varying spray rate

Sample Atomic % of Sn Atomic % of O Sn/O ratio
S-3 32.37 67.63 0.478
S-5 33.95 66.05 0.514
S-7 34.27 65.73 0.521
S-9 36.58 63.42 0.577
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Figure 2.11. Core level peaks of Sn 3d and O 1s of SnO, thin films

prepared at 3ml/min
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Figure 2.12. Core level peaks of Sn 3d and O 1s of SnO, thin films
prepared at 5ml/min
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Figure 2.13. Core level peaks of Sn 3d and O 1s of SnO, thin films

prepared at 7ml/min
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Figure 2.14. Core level peaks of Sn 3d and O 1s of SnO, thin films
prepared at 9ml/min
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Figure 2.15. Comparison of core level peaks of Sn 3d and O 1s of SnO,
thin films prepared by varying spray rate

Chemical states of Sn and O in the films were analyzed and it is
observed that there is no change in the shape or position for Sn 3d core level
peaks. Sn 3d core level peaks are at 486.4 +0.2eV and 494.8 £0.2eV, separated
by 8.4eV, which is corresponding to the chemical state of Sn in SnO,?°. The
chemical states of Sn in all the films remain the same irrespective of the spray
rate. XPS core level peaks corresponding to Sn and O for the films prepared
at 3ml/min, 5ml/min, 7ml/min and 9ml/min are shown in Figures 2.11.to 2.14.
Figure 2.15 shows the comparison of core level peaks of Sn 3d and O 1s of
SnO; films prepared at different spray rates.
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Figure 2.16. Deconvoluted components of O 1s peaks of SnO; thin films
prepared at 3ml/min, 5ml/min, 7ml/min and 9ml/min

From the XPS analysis, it is observed that the O 1s core level peak in
the films become narrower with increase in spray rate and the deconvoluted
spectrum shows three component peaks. The deconvoluted components of O
1s peak of SnO, thin films prepared at different spray rates are shown in
Figure 2.16. The three components of O 1s level are at 530.3eV, 531.8eV, and
533.5eV and are represented as O-1, O-2 and O-3 respectively. The peak O-
1corresponds to O? state of oxygen in SnO, lattice. Peaks O-2 and O-3
correspond to the O in non-stoichiometric oxides and hydroxyl groups or
weakly adsorbed oxygen respectively?®. The relative concentration of each
oxygen component is given in Table 2.6. It is clear that the amount of
unwanted O species is reduced in the films prepared at 9ml/min.
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Table 2.6. Relative concentration of oxygen components in SnO; thin films

Oxygen iLnef:’Ln)? Relative concentration (%)
components (£0.2eV) Sample S-3 Sample S-5 Sample S-7  Sample S-9
0-1 530.3 48 63.7 75.4 80.2
0-2 531.8 36.7 27.8 21.1 17.3
0-3 533.5 15.3 8.5 3.6 2.5

Hence metal-excess films with reduced quantity of detrimental oxygen
components (such as interstitial and chemisorbed oxygen species) were
obtained at higher spray rate. This result supports the observed changes in

electrical and optical properties of SnO, thin film with spray rate.
Conclusion

In this chapter, the effects of some important spray parameters, such as
substrate temperature, precursor concentration and spray rate on the formation
and properties of tin oxide thin films were studied in detail. From the
temperature variation studies, it is established that 425°C is the optimum
temperature for the films with good crystallinity, lower sheet resistance, and
higher optical transmittance. Similarly, precursor concentration and spray rate
were optimized as 0.2M and 9ml/min respectively. The best SnO; thin films
deposited at optimized spray parameters showed a sheet resistance of 50€2/sq
(resistivity 3.39x10Q.cm) and average transmittance greater than 75% in the

visible region.
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DEPOSITION OF FLUORINE DOPED TIN OXIDE
THIN FILMS AND ITS APPLICATIONS
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low emissivity smart window
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3.1. Introduction

The previous chapter of this thesis discusses effect of different spray
parameters on the formation and properties of undoped tin oxide thin films.
Tin oxide thin films prepared under optimized deposition conditions were
showing sheet resistance of 50€2/sq and average transmittance greater than
75% in the visible region. Even though the sheet resistance is low, for the
fabrication of efficient photo voltaic devices, this has to be further reduced to
make it comparable with the costly ITO (sheet resistance ~10-15€/sq) to find
a space in TCO business. It can then possibly substitute ITO, at least in energy
sector, for applications such as photovoltaics, low emissivity, heat reflecting/

retaining smart windows etc.
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Doping with suitable dopant is one of the possibilities to further reduce
the sheet resistance of tin oxide thin films. There are many reports suggesting
the effective role of different dopants, among which the role players are
fluorine (F)'"'* and antimony (Sb)*"*"'". In CSP technique, doping is easy
compared to the other vacuum based deposition techniques. In CSP, doping
can be achieved by just adding the corresponding salt containing dopant atom
(dopant source) into the precursor solution. Doping concentration can be easily
varied by varying the concentration of dopant source’. Dopant sources also
can be varied in CSP. Only limitation in doping in CSP is the solubility of the
dopant source in the precursor solution without precipitation. This can easily
achieved by varying the dopant source, solvent for precursors or by adjusting
the pH of the solution etc. Among fluorine and antimony, both are well studied
dopants for the fabrication of doped tin oxide. Fluorine is selected as the
dopant for the present study, because on comparing the cost of pure dopant

sources, the compounds of fluorine are cheaper than that of antimony.
3.2. Selection of dopant source

This chapter discusses the effect of different dopant sources as well as
doping concentrations on the properties of SnO, thin films. Ammonium
fluoride (NH4F) and hydrogen fluoride (HF) were selected as dopant sources
and dissolved in suitable solvents. For doping SnO; thin films by CSP,
different quantities of dopant sources were added to the precursor solution and
ultrasonically agitated for 10 minutes to get uniform distribution of the
dopants in the precursor. In order to deposit fluorine doped tin oxide (FTO)
thin films, concentration of NH4F or HF was varied in increasing order. The

samples were named as pristine a, b, ¢ etc. with increase in fluorine
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concentration (patent protected data). In order to fix best dopant source for
the deposition of device quality FTO films, the deposited films were

characterized as follows.
3.2.1 Structural characterization

XRD spectra of fluorine doped tin oxide thin films using NH4F and HF
as the dopant sources is shown in the Figure 3.1.(a) and Figure 3.1.(b). Pristine
and fluorine doped tin oxide samples shows a preferential orientation along
(200) plane of rutile SnO, structure. However, there is a shift in diffraction
peak corresponding to (200) plane with doping which is due to the variation in
the ionic radii of oxygen and fluorine. Well defined peaks corresponding to
(110), (101), (211), (310) and (301) planes are also observed. It is observed
that the intensity of the diffraction peak corresponding to (200) plane
decreases with increase in HF concentration and the intensity of peaks
corresponding to (110), (101) and (211) planes increases. On NH4F doping,
the grain size of the films is found to be better than the pristine films. But with
doping with HF as the dopant source, grain size is observed to be reduced
(Figure 3.2). Choices of the dopant sources have definite effects in
crystallinity of the deposited films. Crystallinity is improved with fluorine
doping with NH4F as dopant source as compared to that of undoped films and
is shown in Figure 3.1.(a). On the other hand, with HF as the dopant source,

crystallinity of the films is decreased.
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Figure 3.1. XRD pattern of SnO, thin films with different concentrations

of (a) NH,F and (b) HF
364 (a) / 244 o (b)
34 ./.\ = 22
32: 20
B B
c S
9 304 I 184
é 28_’ é 16
. 26 C ./ \
1 124 5
244
T T T T 10

T T T T
Pristine a b c

o

T T
Pristine a b c d

NH F concentration HF concentration

Figure 3.2. Grain size of SnO, thin films with different concentrations
of (a) NH4F and (b) HF

3.2.2 Electrical characterization

Sheet resistances of the films with different dopant concentration of NH4F
and HF are shown in Figure 3.3.(a) and Figure 3.3.(b) respectively. In both cases,

it is found that up to a particular concentration, sheet resistance of the films got
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reduced and after that, the sheet resistance of the film showed an increase in
value. The lowest sheet resistance is obtained for films doped with NH4F and is
6€Y/sq. Role of fluorine is to provide free electrons to the lattice through the
substitution of double valent oxygen’’. This results in decrease of sheet resistance
with increase in doping concentration up to an optimum level of doping. But after
a certain doping level, the excess F can create scattering centers and also can
occupy the interstitial sites to act as “charge killers” which result in charge
compensation as well as decrease in carrier mobility*”'®"”. Thus the sheet

resistance increases after an optimum level of doping concentration.
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Figure 3.3. Sheet resistance variation of SnO, thin films with different
concentrations of (a) NH4F and (b) HF

3.2.3 Optical characterization

Figure 3.4 shows the transmission spectra of films with different
dopant sources and dopant concentrations. For the films doped with NH4F as
the dopant source, transmittance is found to be better than that of pristine films
(Figure 3.4.(a)). Transmittance and film quality are found to be deteriorating

with concentration of HF and it is evident from Figure 3.4.(b).
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Figure 3.4. Transmission spectra of SnO, thin films with different
concentrations of (a) NH4F and (b) HF

Table 3.1. Grain size, sheet resistance and transmittance of SnO, thin films
prepared with different concentrations of NH,F

NH4F Avg. Grain Sheet resistance Transmittance in
Size (nm) (Q/sq) 400nm — 800nm (%)

Pristine 23.8 56 65— 86

a 335 31.5 76 — 94

b 34.6 9.9 73 -97

c 33.4 6.9 77-95

d 33.9 17.4 76 - 92

e 35.8 17.8 81 —94

Table 3.2. Grain size, sheet resistance and transmittance of SnQO, thin
films prepared with different concentrations of HF

HF Avg. Grain Sheet resistance Transmittance in 400 nm
Size (nm) (Q/sq) — 800 nm (%)
Pristine 23.8 56 65— 86
a 13.6 19.6 47 - 60
b 15.2 18.3 40 - 45
Cc 12.6 20.4 28 — 31

From the structural, electrical and optical analysis of F doped SnO, thin
films (Table 3.1 and 3.2), it is clear that best quality films are obtained by
incorporating NH4F in the precursor solution as the dopant source.
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3.2.4 Morphological characterization

Surface morphology of the best film was analyzed using AFM and found
that the films are uniform in nature and the surface roughness is observed to be
17nm, which is nearly half of as that of undoped films. Field emission scanning
electron microscope (FE SEM) image of the surface also proves the uniformity of
the films. Cross sectional SEM image of the samples were utilized to find the

exact thickness of the films and is found to be 540nm (Figure 3.5).

Figure 3.5. Surface morphology and cross section-view of fluorine doped
SnO, thin film

Table 3.3 shows the comparison of electrical and optical properties of
the undoped and fluorine doped tin oxide (FTO) thin films. It is clear that at
an optimum level of fluorine doping using NH4F, electrical and optical

properties of tin oxide thin films can be improved significantly.
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Table 3.3. Comparison of electrical and optical properties of the undoped
and fluorine doped tin oxide thin films.

Resistivity  Mobility Carrier Tty e
Sample (Q.cm) (cm¥/V.) concentration o in 400nm —
: . (cm®) P 800nm (%)
Pristine  3.39x 10~ 16.8 1.1x 10 n 66 — 88
Couup  2.48x 10 28.7 8.77 x 10% n 77 -95

3.2.5 Compositional characterization

In order to identify the composition of the deposited FTO thin films,
XPS depth profile analysis was carried out. From the XPS analysis, it is
observed that the elements are uniformly distributed throughout the film. The
binding energy peaks of the elements present in the film are shown in Figure
3.6 and the concentration of elements in the film is calculated as Sn-34.8%, O-

64.3% and F- 0.9%.

" Intensity (a.u)
Intensity (a.u)

498 495 492 489 486 483 480 534 531 528 525
Binding energy (eV) Binding energy (eV)

u)

Intensity (a.

630 687 684 681 678
Binding energy (eV)

Figure 3.6. Binding energy peaks corresponding to (a) Sn, (b) O and (¢) F
in FTO thin film
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3.3 Quality analysis of the deposited FTO substrates

Major aim of the present work is to develop a TCO as a substitute for
ITO to be employed in spray deposited thin film solar cells. For that purpose,
in addition to high transmittance and low resistivity, the deposited TCO films
should essentially have good thermal stability and uniform spatial distribution
of sheet resistance over the film. In solar cell fabrication through CSP,
different solar cell layers are deposited over TCO coated glass substrate at
elevated temperatures (300°C to 375°C) in open atmospheric conditions**'*.
The variation in resistivity/sheet resistance with heating cycles should also be
minimal. The prepared FTO films should possess good thermal stability in

order to substitute ITO electrodes in the solar cells.
3.3.1 Thermal stability and electrical uniformity

Thermal stability of the prepared FTO films were analyzed by
measuring the sheet resistance after heating the films at 400°C for 20 minutes
and subsequently cooling in open atmosphere. The process was repeated a
number of times. For comparison, thermal stability of commercially available
sputter deposited ITO films was also measured by following the same
procedure. The variation in sheet resistance of FTO and ITO films with
heating and cooling cycles is shown in Table 3.4.

Table 3.4. Sheet resistance variation of ITO and FTO substrates with
heating and cooling cycles at 400°C

Heating and cooling cycles Sheet resistance of ITO Sheet resistance of FTO

at 400°C QO/sq QO/sq
0 13 10.8
1 17 14.6
2 30.6 22.9
3 36.9 29
4 42.9 33
5 43.4 333
6 43.7 33.7
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From Table 3.4, it is clear that sheet resistance increases on repeated
heating and cooling cycles and reaches a constant value after a few cycles.
Both the films follow the same trend and it is observed that the spray
deposited FTO films perform better than ITO films (Figure 3.7). The
distribution of sheet resistance of the deposited FTO film is depicted in the
Figure 3.8 as sheet resistant mapping and it is clear that the film show uniform

sheet resistance over the substrate.
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Figure 3.7. Variation of sheet resistance with heating and cooling cycles at 400°C
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Figure 3.8. Sheet resistance mapping of FTO thin films

m Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Deposition of fluorine doped tin oxide thin films and its applications

3.3.2 Selection of suitable electrode

For the fabrication of any device on the deposited FTO coated glass
substrate, electrodes are required and it is important to choose the material
which possesses lowest contact resistance. To identify the material, which
make the least ohmic contact with FTO films, different electrode materials
with same dimension were deposited over FTO substrate and the
corresponding sheet resistance was measured. It is observed that the least

resistive contacts are obtained for gold electrodes (Figure 3.9).

18
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Figure 3.9. Sheet resistance with different electrodes over FTO thin
film

3.4 Fabrication of “all layer sprayed solar cells” using FTO as TCO

Deposition conditions for obtaining uniform FTO films with
conductivity 2.48 x10*Q.cm and transparency greater than 80% were
identified and good quality films were prepared using chemical spray
pyrolysis. To prove its applicability in energy sector, especially in
photovoltaics, different solar cells were fabricated over the deposited FTO
substrates using different absorber layers. CIS (CulnS;), CZTS (CuyZnSnSy),
and CZS (CuZnS) were the absorber materials and InS (In,S3) was the buffer
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layer material selected for cell fabrication. Here all the solar cell layers were
deposited by chemical spray pyrolysis and hence the name “all layer sprayed
solar cells”. All the solar cells were deposited in superstrate configuration, in
which the TCO coated glass substrate functions as both as a supporting
structure and as a window for light to enter the junction. The deposited solar
cells were characterized by using NI-PXI-4130 SMU (National Instruments)

and a class AAA solar simulator (Photo Emission Tech.).
3.4.1 FTO/TiO,/InS/CIS solar cell

In order to demonstrate the applicability of as deposited FTO thin film
as TCO layer in solar «cells, solar cells with device structure
FTO/Ti0,/InS/CIS was fabricated and compared with ITO/Ti0,/InS/CIS solar
cell in which commercially available sputter deposited ITO is used as TCO
layer. The ITO/TiO,/InS/CIS cell fabrication procedure is as follows.
Microporous TiO;, films was deposited over ITO substrates by spraying a
solution of commercially available TiO, powder (Degussa P25, Evonik
industries, Japan) dissolved in hydrogen peroxide and ammonium hydroxide
in the ratio 8:2. Spray rate and substrate temperature were maintained at 6
ml/min and 350°C respectively. Copper chloride, indium chloride and thiourea
were the precursors for CIS. Cu:In:S ratio in solution was maintained at
1.4:1:5 for depositing CIS and for InS, the In:S ratio is 1.2:12. InS and CIS
films were deposited subsequently on TiO, deposited ITO substrates at 350°C
at a spray rate of 4 ml/min. More details about deposition condition for InS and
CIS layers is available elsewhere®. The photovoltaic response of the fabricated
device was carried out under an illumination of 100mW/cm®. The device shows
an open circuit voltage of 428mV, short circuit current of 7.97mA/cm?”. The fill
factor is calculated to be 34%and the efficiency is 1.17%.
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Solar cells were fabricated by replacing ITO with FTO and the
performance of the cells is compared. Here the optimized deposition
conditions of TiO,, CIS and InS layers were the same as that used for
depositing over ITO. CIS/InS/TiO; heterojunction over FTO shows open circuit
voltage of 409mV, short circuit current of 3.9mA/cm®. The fill factor and
efficiency of the device is found to be 38% and 0.61% respectively. Device
structure and J-V characteristics of the FTO based device are shown in Figure
3.10. The efficiency of the device is lower than the device fabricated on ITO due
to low voltage and current values. Nevertheless better fill factor could be obtained

for FTO based solar cell than ITO based cell.
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Figure 3.10. Device structure and J-V characteristics of FTO/TiO,/
InS/CIS solar cell

3.4.2 FTO/CIS/InS Solar cell

Solar cells with device structure FTO/CIS/InS was also fabricated without
microporous TiO, and compared with ITO/CIS/InS solar cell in which
commercially available sputter deposited ITO was used as TCO layer. CIS and
InS layers were deposited over ITO substrate by following the same deposition
conditions used for fabricating the previous device. More details about deposition

is reported by Santhosh ef al.*' Under an illumination of 100mW/cm’, the device
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shows open circuit voltage of 478mV, short circuit current of 12.13mA/cm” with

a fill factor of 45%. The efficiency of the device is found to be 2.59%.

Solar cells with the same structure were fabricated by replacing ITO
with FTO and the performance of the cells was compared. Device structure and
J-V characteristics of FTO/CIS/InS device are shown in Figure 3.11. CIS/InS
junction over FTO substrate shows an open circuit voltage of 457mV, short
circuit current of 5.45mA/cm” and fill factor of 38%. The efficiency of the device
is 0.94%. In this case also, the efficiency is lower than the device fabricated on
ITO. Reduction in efficiency of CIS/InS based “all layer sprayed” solar cells is
mainly due to reduction in short circuit current. Short circuit current in these

devices are almost half of that of the cells fabricated over ITO.
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Figure 3.11. Device structure and J-V characteristics of FTO/CIS/InS solar cell

CIS is wused as absorber material in both FTO/CIS/InS and
FTO/Ti0,/CIS/InS solar cells. Avoiding In from the solar cell layers is the
ultimate aim of researchers working for economical devices as In is a rare
metal and it is very expensive. Replacing In based compounds from solar cell
layers should be done step by step. Developing FTO coated substrates is the
first step to achieve this goal. Next, the absorber material CIS is also replaced

by CZTS and CZS, whose constituents are relatively abundant than In.
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3.4.3 FTO/CZTS/InS solar cell

Solar cells with device structure CZTS/InS was fabricated over
commercially available sputter deposited ITO and also on FTO coated glass
substrate using CSP for comparison. The precursor solution for CZTS films
was prepared by dissolving cupric chloride, zinc acetate, stannic chloride and
thiourea. Cu:Zn:Sn:S atomic ratio in the precursor solution was adjusted to be
2.5:1:0.7:12 as optimized by Rajeshmon et al.>> The solution was sprayed on to
the substrates maintained at temperature of 300°C and during the course of spray,
temperature was increased to 350°C. Approximately 550nm thick CZTS layer
was deposited in single spray followed by InS layer. Indium chloride and thiourea
were the precursors used. Deposition conditions of InS layer was retained as such

from the previous devices.

Under an illumination of 100mW/cm’, the device fabricated on sputtered
ITO substrates shows an open circuit voltage of 430mV, a short circuit current of
8.3mA/cm’ with a fill factor of 52%. The efficiency of the device is 1.85%. The
output characteristics and device structure of the cell fabricated on FTO substrate
is shown in Figure 3.12. The device had open circuit voltage of 406mV, short
circuit current of 6mA/cm’ and fill factor of 51%, with efficiency 1.25%.
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Figure 3.12. Device structure and J-V characteristics of FTO/CZTS/InS
solar cell
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3.4.4 FTO/CZS/InS solar cell

CZS is a relatively new absorber layer material which has been recently
explored to replace CIS and even CZTS (with less number of elements). Solar
cells with device structure FTO/CZS/InS was fabricated and compared with
ITO/CZS/InS solar cell in which commercially available sputter deposited ITO
is used as TCO layer. The precursor solution for CZS films was prepared by
dissolving cupric chloride, zinc chloride and thiourea. Cu:Zn:S atomic ratio in
the precursor solution is fixed at 0.4:1:6 as reported by Sreejith et al.”* The
prepared solution was sprayed on to ITO coated glass substrate maintained at
temperature of 350° C, at spray rate of 4ml/min. Approximately 400nm thick CZS
layer was deposited followed by depositing InS layer of thickness 200nm.

Deposition conditions of InS layer was retained as such.

With the same device structure, solar cells were fabricated by replacing
ITO with FTO and the performance of the cells is compared. Under
illumination of 100mW/cm®, CZS/InS junction on ITO substrate exhibited open
circuit voltage 451mV, short circuit current of 5.5mA/cm” with a fill factor of
42%. The efficiency of the device is 1.04%. Solar cell characteristics and device
structure of “all sprayed solar cell” fabricated by replacing ITO by sprayed FTO
substrate is shown in Figure 3.13. The device shows open circuit voltage of
380mV, short circuit current of 5.6mA/cm’ and fill factor of 41%. Cell efficiency
is 0.9%. The efficiency and short circuit current for the “all sprayed” devices
fabricated using indium free absorber layers are comparable to that of the devices

fabricated on ITO. In both cases, the fill factor attained was almost same.
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Figure 3.13. Device structure and J-V characteristics of FTO/ CZS/InS solar cell

The attempt to fabricate “all sprayed solar cell” using different absorber
layers over the developed FTO substrate is a success. But the performance is
low compared to the devices fabricated on commercially available sputtered
ITO substrates. Still, the result is promising in the view point of reducing the
usage of In in fabricating cost-effective solar cells. The performance of the
devices can be improved further by optimizing the deposition conditions of

individual solar cell layers separately for FTO substrates.
3.5 FTO as transparent thin film heater

Other than transparent electrode applications, TCO materials can be
used as transparent, thin film electro-thermal heaters. Transparent thin film

242
7,smart

heaters have applications ranging from window defrosters
windows™, device for thermal treatments in the conservation of paintings™,
heating elements for activating metal oxide gas sensors’ to integrated
transparent heater in micro channel chip for continuous flow-polymerase chain
reaction’’. Basic principle behind operation of thin film heater is “Joule
heating”. Hence materials which are efficient in converting electrical energy

into heat and at the same time transparent in visible range are highly desirable

for making transparent thin film heaters. Though conducting polymers®,
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carbon nanotubes™", graphene’™°, metal grids and metallic nanowires
have been suggested as transparent thin film heaters, transparent conducting

oxide are widely used for these applications.

A transparent thin film heater was fabricated using the spray deposited
FTO film in a ‘two terminal’ side contact configuration. DC voltages are
applied using SMU (PXI-4130, National Instruments) to the device through
silver contacts at the film edges. Temperature over the film surface was
measured in real-time using k-type thermocouple connected to digital

multimeter (PXI-4072, National Instruments).

Figure 3.14. shows the time-dependent temperature profiles of FTO
based transparent thin film heater. Figure 3.14. also compares the temperature
profiles of the transparent thin film heater which is plotted with respect to the
input voltages (modulated from 6V to 20V).When the input voltage increases
from 6V to 20V, the heater reaches steady temperature of 340°C from 83°C,
which confirms its capacity to work with different low input voltages. A high
steady temperature, at a low input voltage implies the efficient transduction of
electrical energy into Joule heating. It can be observed that response time, i.e.
the time required to reach the highest temperature, ranges from 2 - 4 minutes
which is a key factor for evaluating the performance of film heaters. This
lower value of response time demonstrates the fast response of the device. The
maximum temperature attained by the device and the power consumption at

different input voltages are shown in the Table 3.5.
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Table 3.5. Maximum temperature attained by the device and the power
consumption at different input voltages

Voltage (V) Temperature (°C) Power (W)
6 88 7
9 170 15
12 258 26
15 284 41
20 340 72

350

300 +

250 4

200

150 -

Temperature ( 0C)

100 +

Time (s)

Figure 3.14. Temperature - time profile of the transparent thin film
heater at different input voltages

3.6 Possible application of FTO coated glass as heat reflecting

and retaining low emissivity smart window

Energy audit reveals that in air-conditioned buildings; at least 10 to 25%

of the energy loss is through its windows as IR radiation®® *

. In winter, a part of
the energy utilized to warm the building will escape through the normal glass
windows as IR radiation, and similarly in summer, the external heat will enter
the building through the windows. This type of energy loss can be reduced
significantly by using IR reflecting materials as windows. Certainly metals are

good IR reflectors and windows with metal coatings can reduce the heat loss in
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the buildings with a compromise in light transmission. But metal coatings can
be affected by weather conditions and protective coatings are required to
maintain it, more over it will result in considerable increase in cost. If TCO
coated glass can reflect IR wavelengths greater than 3pum, then it can be used as
heat reflecting/retaining windows. But unlike metal coated windows, TCO
coated windows has an added advantage of higher transmittance in the visible
region. Again, materials like FTO are not prone to damages like wear under
environmental conditions due to its high mechanical, thermal and chemical

stability.

Figure 3.15 shows the comparison of transmission spectra of undoped
and fluorine doped tin oxide thin films deposited over soda-lime glass
substrates by chemical spray pyrolysis. It is clear that the FTO films exhibits
high reflectance in IR region. For wavelengths higher than 2 micrometers, the
film reflects more than 95% of the IR radiation. And this property of the
deposited FTO coated glass can be utilized to make IR reflecting, heat

reflecting/retaining low emissivity smart windows.
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Figure 3.15. Comparison of transmission spectra of undoped and fluorine
doped tin oxide thin films
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Conclusion

This chapter discusses the effect of dopant sources and dopant
concentration on the properties of fluorine doped tin oxide thin films. Among
fluorine sources, NH4F is found to be the best dopant source. For an optimized
concentration of F, resistivity is decreased to 2.48 x10”"Q.cm and
transmittance is greater than 80% in the visible spectra. XPS depth profile of
the films proved the uniform distribution of elements in the films. It is seen

that the FTO thin films are thermally stable.

“All sprayed solar cells” using different absorber materials were
successfully fabricated over FTO substrates. Initial trials of the devices exhibit
promising solar cell performance. A transparent thin film heater was also
fabricated using FTO thin films and is able to reach a temperature of 340°C
under an input voltage of 20V with a lower power consumption of 72W. High
reflectance in the IR region is exhibited by the deposited FTO films and this
property could be utilized to make IR reflecting, heat reflecting/retaining low

emissivity smart windows.
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EFFECT OF IN-SITU Ag DOPING ON SPRAY
PYROLYSED Zn0 THIN FILMS
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4.1 Introduction

Zinc oxide always remained in the limelight, as it is an ‘all-round
performer’ in optoelectronics, photovoltaic, piezoelectric, spintronic and
sensor applications' . But the potential of this material is largely stuck by the
difficulty in achieving stable p-type conductivity. By birth, ZnO films are n-
type due to non-stoichiometric defects like metal interstitials or oxygen
vacancies™. It is reported that the p-type ZnO can be obtained either by
substituting Zn by group I elements or by substituting O by group V
elements®’. The small ionic radii of group I elements will result in the
occupation of interstitial sites rather than Zn sites and will act as donors®. On
the other hand, p-type conversion by substitution of O using group V elements
is also limited due to the creation of deep acceptor levels and self-

compensating effects’. There are reports on doping with group Iy element (Ag)
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which says that in O-rich conditions, Zn sites are substituted by Ag, which
creates shallow acceptor level above valence band by 0.23eV to 0.3¢V.>'* "
N and Ag co-doping are also suggested for achieving p-type ZnO'*".
However, achieving p-type ZnO using single dopant Ag by spray pyrolysis

technique is not reported earlier.

The aim of the present work is to identify the difficulties in developing
p-type ZnO thin films by Ag mono doping and the methods to overcome those
obstacles. The main difficulty in achieving p-type conductivity in Ag doped
ZnO is reported to be the low solubility of the Ag ions in ZnO matrix'"'*'!7,
Also the incorporated Ag should occupy Zn site to create acceptor levels to get
p-type conductivity. Otherwise, it will act as ‘donor impurity’. This condition
can be achieved only by depositing the films in ‘oxygen rich’ atmosphere,
which favors the substitution of Zn by Ag''. In the present work, low
solubility issue of the dopant is overcome by increasing dopant concentration
in the precursor solution. The reported ‘oxygen rich’ deposition condition was
achieved by depositing the films at lower spray rates; because, from the
previous spray rate variation studies of SnO; films,(chapter 2 of this thesis), it

is identified that, oxygen rich oxide films can be fabricated by depositing at

low spray rates.
4.2 Selection of solvent

In this chapter, the effect of dopant sources of Ag and its concentration
in precursor solution in order to develop p-type ZnO films is discussed.
Several groups have reported the fabrication of p-type ZnO thin films through
CSP technique™'>'®. In this work, the optimized conditions reported by

Vimalkumar et al. was followed to prepare the precursor solution'’, in which
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zinc acetate dihydrate was used as the precursor for zinc. A mixture of
demineralized water and isopropyl alcohol in 1:1 ratio was used as the solvent.
1.25% of acetic acid was added to the translucent precursor solution to obtain
clear solution. Above 2at.% Ag doping was difficult because of the sudden
precipitation of the precursor solution. Hence to avoid the precipitation of the
precursor solution, the solvent was changed from water and propanol mixture
to propanol only. But the precipitation of the precursor occurred for propanol
also. Hence it was concluded that the presence of propanol in precursor
solution causes the precipitation. In order to avoid the precipitation, presence
of any alcohol in the precursor should be avoided and only demineralized
water was used as solvent. Normal soda lime glass of thickness 1 — 1.2mm
was used as substrate. The substrates were ultrasonically cleaned using
isopropyl alcohol followed by rinsing with demineralized water and dried in a
hot air current. Films were prepared by spraying 50ml of the precursor
solution of molarity 0.3M, onto preheated substrates kept at 450°C. Reports
suggest that chances for the formation of p-type ZnO are in ‘oxygen rich’
deposition conditions. In order to achieve that, low spray rate of Sml/min was
selected for the deposition. In low spray rates, it was observed that thorough
mixing and fine atomization of the precursor solution ultimately lead to O-rich
deposition atmospheres. Substrate to nozzle distance was fixed at 20cm.
Compressed dry air was used as the carrier gas and the spray head covered an
area of 200mm x 200mm by raster scan. The variation in substrate temperature

was maintained within +10°C.
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4.3 Selection of dopant source

Silver nitrate [AgNOs] and silver acetate [CH;CO,Ag] were selected as
the sources for Ag and were dissolved in demineralized water. To overcome
the lower solubility of silver acetate in water, a few microliters of concentrated
HNOs was added. Different quantities of these two dopant sources were added
to the Zn precursor solution to get desirable dopant concentrations. Samples
were deposited by varying the concentration of the dopants in the precursor
solution from lat.% to 9at.%. Precursors (after adding the dopant sources)
were ultrasonically agitated for 10 minutes for obtaining a solution with
uniform distribution of dopants. All other deposition conditions were the
same. Samples prepared using silver acetate [Ag(AC)] as dopant source are
named as A-1, A-3, A-5, A-7 and A-9 and samples prepared with silver nitrate
[AgNOs] as dopant source are named as N-1, N-3, N-5, N-7, and N-9.
Undoped samples are named as P. In order to know the best dopant source and
doping concentration that yields p-type ZnO film with good crystallinity and

transparency, deposited films were characterized and analyzed as follows.
4.3.1 Structural characterization

Figure 4.1.(a) and 4.1.(b) shows the XRD pattern of ZnO films
prepared by varying the Ag doping concentrations using silver acetate and
silver nitrate respectively. It is observed that choice of the dopant source has
little impact on XRD pattern of the films. Films prepared with both dopants
are poly crystalline in nature and having preferential growth along (002) plane
of wurtzite ZnO (ICDD card number 79-0208). XRD does not reveal any
phases pertaining to Ag or its oxides. But it is observed that grain size of Ag

doped films is better than pristine films (Figure 4.2).

m Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Effect of in-situ_Ag doping on spray pyrolysed ZnO thin films

i n (a) . i ' (b) -

A-5
N-5

o alie :
P 45 | "
el o ; L N

(002) L (002)

Intensity (a.u)
Intensity (a.u)

A

(101) I (101) P

2 Theta (degree) 2 Theta (degree)

Figure 4.1. XRD pattern of ZnO thin films doped with Ag using (a)
Ag(AC) and (b) AgNO;
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Figure 4.2. Variation in grain size of ZnO thin films doped with Ag using
(a) Ag(AC) and (b) AgNO;

4.3.2 Optical characterization

Figure 4.3.(a) and 4.3.(b) give the transmission spectra of films with
varying dopant concentration of the two dopant sources. It is observed that for
low doping percentages of Ag (1at.% and 3at.%), the transmittance is better
than that of the pristine films. But at higher doping concentrations using

Ag(AC), the transmittance of the films remain almost same as that of pristine
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films. For higher doping concentrations of AgNOs, transmittance decreases

slightly compared to that of the pristine films.
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Figure 4.3. Transmission spectra of ZnO thin films with different
concentrations of (a) AgNO; and (b) Ag(AC)

Average thickness of the films is found to be 420 +40nm and it is
observed that thickness of the films is nearly constant irrespective of whether

the films are pristine or Ag doped.
4.3.3 Electrical characterization

Incorporation of Ag has a direct impact on electrical properties of the
films. A reduction in conductivity, mobility and carrier concentration is clearly
visible irrespective of the dopant sources. Results of electrical analysis of the
films using Hall measurement system are depicted in Table 4.1 and Table 4.2.
Change in electrical properties are not well correlated with change in doping
concentration for Ag(AC) doped films. Resistivity is increased by two orders,
from 107 to 10" and carrier concentration is decreased by one order using
silver acetate as dopant source and remained in the same order for doping
concentration from lat.% to S5at.%. But on further increase in doping
concentration, a sudden surge in resistivity and decrease in carrier

concentration is observed. Samples that are prepared with 9 at.% silver acetate
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in the precursor are highly resistive and hence its electrical property studies
are not possible using Hall measurement. All the films are identified to be n-

type in nature.

Table 4.1. Electrical properties of pristine and Ag(AC) doped ZnO thin films

. - Carrier .. Avg. Transmittance

Sample Resistivity Mo?lllty concentration Conductivity  grain in 400nm —

(Q.cm) (cm“/V.s) (em?) Type size 800nm (%)
(nm)

Pristine  3.82x 10™ 8.3 1.9x 10" n 26.5 53-92
A-1 41x10"  23x 10" 6.7 x 10" n 32.8 72 -91
A-3 0.85 x 10" 1.6 4.6x 107 n 34.8 67 — 89
A-5 1.8 x 10! 1.4 2.4x 107 n 34.8 57-92
A-7 6x10° 1.8 5.5x 10" n 34.4 55-93
A-9 2.1x10* - - - 33.2 58 —90

Table 4.2. Electrical properties of pristine and AgNO; doped ZnO thin films

s Resistivity ~ Mobility Carrier oo duetivity  AYEr  Transmittance
ample (Q.cm) (cmz IV.s) concentration Type grain size  in 400nm —
: : (em™) P (nm)  800nm (%)
Pristine 3.82x 10" 8.3 1.9x 10" n 26.5 53-92
N-1 1.02x10"  7.3x 10" 8.4 x 10" n 33.5 82-95
N-3 277x100  1.1x 10" 2.1x10" n 33.6 73-92
N-5 8.57x10°  3.7x10" 1.9x10" p/n 32.8 55-92
N-7 57x10"  38x10"  29x10” p 33.4 60 — 89
N-9 3.54x10°  1.3x10" 1.3x10" n 34.1 55— 86

For the films doped with Ag using AgNOs, variation in resistivity with
dopant concentration has a positive correlation whereas carrier concentration
exhibit a negative correlation with Ag concentration up to an optimum
percentage of doping and is tabulated in Table 4.2. Sample N-5 is highly
resistive and hence Hall measurements are repeated. The sample N-5 exhibited
a fluctuating nature of conductivity. i.e. both n and p nature. It is assumed that
the 5at.% doped films are intrinsic in nature. Interestingly sample N-7 showed

stable p-type conductivity and sample N-9 is again n-type in nature.
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Further doping with 6at.%, 7at.% and 8at.% AgNO; were performed to
identify the doping concentration at which the resistivity of the p-type ZnO
thin film is a minimum. The samples are named as N-6¢, N-7c, and N-8c.
Electrical properties of these films are measured using Hall measurement and
are shown in Table 4.3. Even though the films N-6¢, N-7¢, and N-8c are p-
type in nature, the lowest resistivity is obtained for N-7c sample, i.e. for 7at.%

doping concentration.

Table 4.3. Electrical properties p-type ZnO thin films with different Ag doping

Resistivity Mobility Carrier concentration Conductivity

e (Q.cm) (cm’.V.s) (em™) type
N-6¢ 436x10°  6x 10" 2.4x10"° p
N-7¢ 8.8x10"  3.7x 10" 1.8 x 10" P
N-8¢ 1.7x10*  3.7x 10" 9.6 x 10" P

Change in conductivity type of the films can be attributed to the

511
o In

formation of shallow acceptor level by substitution of Ag in Zn sites
ZnO lattice, Ag can either substitute Zn or it can occupy in the interstitial site.
Substitutional Ag will create shallow acceptor levels and it can act as ‘charge
compensator’ in ZnO. This may be the reason for the initial increase in
resistivity and decrease in carrier concentration as well as the switching of the
conductivity type of the films from n to p. On the other hand, Ag in the
interstitial site is responsible for the creation of donor levels. This can be the
reason for the n-type conductivity of ZnO thin films with 9at.% Ag doping.
Even though n-type, these films are highly resistive due to the co-existence of

substitutional and interstitial Ag, resulting in acceptor as well as donor levels

respectively.
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4.3.4 Morphological characterization

Surface morphology of the 7at.% Ag doped ZnO thin film with p-type
conductivity was analyzed using SEM micrograph and is shown in Figure 4.4.
It is observed that Ag doped ZnO films are grown to form petals and rods like
nanostructures and are uniformly covered over the substrate. The size of

nanorods is calculated to be less than 50nm.

Figure 4.4. SEM micrograph of sample N-7 at 20K and 60K magnifications

4.3.5 Compositional characterization

Compositional analysis of 7at.% AgNO; doped p-type ZnO films was
carried out using XPS measurement. The C 1s line (284.6eV) of the
adventitious hydrocarbon is present in the film and any shift in XPS spectra
(due to charging effect) could be corrected. XPS core level spectra of ZnO
film prepared with 7at.% Ag in precursor solution shows Zn 2p;, peak at
1045.4 £0.2¢V and Zn 2p;,; peak at 1022.3 +0.2¢V separated by 23.1eV. This
suggests that Zn is in 2+ oxidation state in the film*’. The core level peak of O
Is can be deconvoluted in to two component peaks at 530.4 £0.2eV and 531.9
+0.2eV. The first peak represents the O> oxidation state of oxygen in oxides
and the peak at higher BE represents oxygen in interstitial sites’. Binding

energy peaks for Ag 3ds;, and Ag 3ds, are observed at 374.2+0.2eV and
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368.3+0.2¢V separated by 5.9¢V and is corresponding to Ag’ state’. Atomic
percentage of the constituents in the films is calculated from the binding
energy peaks and atomic sensitivity factor. It is found that the atomic
concentration of Zn and O are 50.5% and 49.2% respectively in the films
which means that the ZnO film is nearly stoichiometric. Such stoichiometric
oxide films are formed because of the deposition at a low spray rate of

Sml/min, where as in other cases the films are found to be oxygen deficient.

To know whether the reduction in spray rate has really helped to
achieve ‘oxygen rich’ deposition conditions, ZnO samples were prepared at a
higher spray rate of 8ml/min and these films were analyzed using XPS.
Chemical states and atomic concentrations of Zn and O in both the samples
were compared. Unlike the near stoichiometric ZnO film prepared at Sml/min,
the films prepared at 8§ ml/minute are found to be Zn rich. Atomic

concentration of Zn and O for this film is 59.8% and 40.2% respectively.

XPS core level peaks of Zn and O of Ag doped ZnO film prepared at
Sml/min and ZnO film prepared at 8ml/min are shown in Figure 4.5 and
Figure 4.6 respectively. Figure 4.7 gives the comparison of core level peaks of
Zn and O in both the samples. It is observed that there is no change in shape or
position for Zn 2p core level peaks with spray rate variation. Chemical state of
Zn remains the same in the films irrespective of spray rate. It is observed that
the O Is core level peak is narrower for the film prepared at a spray rate of
8ml/min the deconvoluted components of O 1s peak of ZnO prepared at
Sml/min and 8ml/min are shown in Figure 4.8. The two components of O 1s
levels are at 530.4eV and 531.9e¢V and are represented as O-1 and O-2
respectively. The peak O-1 corresponds to O state of oxygen in metal oxides

23,24

and the O-2 correspond to the O in interstitial sites”*". From Figure 4.7 and

Figure 4.8, it is clear that in the case of ZnO films prepared at low spray rate,
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the increase in the concentration of O is due to the increase in oxygen present
in interstitial sites. Oxygen in interstitial sites can act as acceptor impurities™.
Presence of high concentration of interstitial oxygen may promote the
formation of p-type ZnO films on Ag doping. Table 4.4 shows the relative

concentrations of oxygen components in ZnO films.
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Figure 4.5. XPS core level spectra of Zn and O of Ag doped ZnO thin film
prepared at Sml/min
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Figure 4.6. XPS core level spectra of Zn and O of ZnO thin film prepared
at 8ml/min
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Figure 4.8. Deconvoluted components of O 1s peaks of ZnO thin films

prepared at Sml/min and 8ml/min

Table 4.4. Relative concentration of oxygen components in ZnO thin films

Oxygen Binding energy Relative concentration (%)
components (£0.2¢V) Sml/min 8ml/min
O-1 530.4 594 82.7
0-2 531.9 40.6 17.3

m Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Effect of in-situ_Ag doping on spray pyrolysed ZnO thin films

Ag 3d 3d

3d3,§

512

0000600
06000 0000TTD

Intensity (a.u)

I T T T
380 375 370 365 360
Binding Energy(eV)

Figure 4.9. XPS core level spectra of Ag in 7at.% Ag doped p-type ZnO
thin film

Figure 4.9 depicts the XPS core level spectra of Ag in Ag doped ZnO
film. Even though the dopant concentration in the precursor solution is 7at.%,
ZnO films contain only 0.3at.% Ag. This may be due to the less solubility of
Ag ions in ZnO lattice’. Even if the dopant used and the carrier gas contains a
considerable quantity of Nitrogen, there is no trace of N in the films as per
XPS analysis. Hence, it is evident that only Ag is present as the dopant and the

claim of Ag mono dopant is confirmed.

4.4 Fabrication of “All sprayed” ZnO based transparent thin

film homojunction

To further verify p-type nature of the deposited Ag doped ZnO films,
homojunctions are fabricated in the device structure TCO/ZnO:Al/ZnO/
Zn0:Ag/Ag (Figure 4.10). ZnO:Al layer was deposited over TCO coated glass
substrate using the deposition conditions reported elsewhere®®. The thickness
of Ag and Al doped ZnO films were fixed around 400nm and that of pristine
ZnO interlayer was varied by increasing the number of spray cycles. The

number of cycles was varied from 1 to 3 and devices are named C-1, C-2, and
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C-3. Exact measurements of the thickness of the intrinsic interlayers in
samples C-1 and C-2 are difficult using stylus profiler due to their low
thickness. But for the sample C-3, thickness was around 80nm. I-V
characteristics of the junctions were measured using PXI-4130 SMU (National
Instruments). From Figure 4.11, it is clear that good junction is obtained for
the device with pristine ZnO layer thickness corresponding to three deposition
cycles. The rectifying quality of a diode can be determined by calculating the
ratio of forward to reverse current at a voltage above “knee voltage”. The knee
voltage and forward to reverse current ratio for the devices at 2V is shown in
Table 4.5. The highest ratio is observed for the device with pristine ZnO layer

thickness corresponding to three spray cycles.

Table 4.5. Knee voltage and forward to reverse current ratio for the
devices at 2V

Device Knee voltage (V) Forward to reverse current ratio at 2V
C-1 0.64 1.83
C-2 1.1 2.32
C-3 1.1 400
0
@ Q’O
e/ 2

Ag o

ZnO
ZnO:Al

Figure 4.10. Device structure and photographic image of ZnO p-i-n
homojunction
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Figure 4.11. I-V characteristics of ZnO homojunctions with various
ZnO interlayer thickness

4.5 Fabrication of CIS/CdS solar cells using ZnO:Ag window

layer

In thin film solar cells, using an intrinsic ZnO (i-ZnO) window layer

can reduce the leakage current by reducing the shunting paths®” >’

. Resistive
intrinsic ZnO layer is widely utilized in thin film solar cells to improve the
performance parameters. It is noticed that ZnO films deposited for a doping
concentration of 5at.% using AgNOs are intrinsic in nature. The developed

intrinsic ZnO thin film is tried as a window layer in CIS/CdS solar cell.
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Intrinsic ZnO thin films of thickness ~ 80nm were deposited by
spraying the precursor solution doped with 5at.% of AgNOs at a spray rate of
5ml/min over ITO coated glass substrates kept at 450°C. Later a thin layer of
CdS layer was deposited over this i-ZnO layer using chemical bath deposition.
Cadmium sulphate (0.0125M), ammonia solution (35%), sodium hydroxide
(0.025M) and thiourea (0.1M) were used as precursors for the deposition of
CdS layer. The bath temperature was kept at 80°C. CIS absorber layer was
deposited over CdS layer using CSP and electrodes of diameter 2mm were
deposited by vacuum evaporation of Ag. More details about the cell
fabrication are described elsewhere®’. Figure 4.12 shows the structure and J-V
characteristics of the devices. For comparison, a CIS/CdS solar cell without
intrinsic ZnO layer was also fabricated by using the same deposition
conditions. Cell parameters are shown in Table 4.6. The positive effect of the
i-ZnO layer is well proved from the cell measurements. All the cell parameters
showed clear improvement with the addition of i-ZnO window layer. The open
circuit voltage has shown an improvement of 5.65%, short circuit current
density - 166%, fill factor - 65% and efficiency (n) showed an improvement of
27.1% with i-ZnO window layer.

Table 4.6. Solar cell performance parameters for CIS/CdS solar cells with
and without i-ZnO window layer

CdS/CIS solar cell V.. (mV) J. (mA/cm’)  FF (%)  1n.(%)
Without i-ZnO 387 1.23 26.7 0.14
With i-ZnO 409 2.89 443 0.52
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Figure 4.12. J-V characteristics of CIS/CdS solar cell with and without i-
ZnO window layer and device structure

Conclusion

Transparent Ag doped ZnO thin films with p-type conductivity were
prepared on soda lime glass substrates using chemical spray pyrolysis method.
Structural, optical and electrical properties were analyzed as a function of Ag
concentration in the precursor solution. Improvement in crystallinity of the
films on Ag doping is observed in XRD analysis. Hall measurement revealed
that ZnO thin film with good p-type conductivity is achieved for 7at.% Ag
using AgNOs as the dopant source. Compositional analysis of the p-type film
using XPS revealed that the film is nearly stoichiometric with traceable
percentage of Ag. The p-type behavior of the film is further confirmed by the
rectifying nature of the fabricated homojunction. I-V characteristics of the
homo p-i-n junction clearly indicate that higher intrinsic layer thickness results
in the formation of a good junction with significantly lower reverse leakage
current. By using the 5at.% Ag doped intrinsic ZnO film as window layer in

CdS/CIS solar cell, definite enhancements in cell parameters are observed.
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CREATING SUB BAND LEVELS IN SPRAY
PYROLYSED Zn0 THIN FILMS THROUGH
EX-SITU METAL DOPING
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5.2. Film preparation and characterization

Conclusion
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5.1 Introduction

Previous chapter of this thesis discussed the deposition of p-type and
intrinsic ZnO thin films by CSP. ZnO based homojunction was successfully
fabricated and the related studies were also performed. In previous studies, all
the doping was achieved by “in-situ doping procedure” i.e., the dopant is
included in the precursor solution itself. In this chapter, effects of “ex-situ
doping” on spray pyrolysed ZnO thin films are discussed. In “ex-situ doping”,
the dopant is introduced in to the material (i.e., into the film) by external

means such as evaporation and subsequent thermal assisted diffusion'.

ZnO is a wide band gap material having band gap ~ 3.3eV. Optical and
electrical properties of this material can be modified either by changing the
deposition conditions or by doping with suitable dopants' . Doped ZnO films
with high electrical conductivity are extensively used in thin film solar cells as

TCO layer’ 2. Intrinsic ZnO films of thickness <100nm are also used in solar
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13-16

cells as window layers ° . Nano structured ZnO layers are used as electron

selective layer/buffer layer in organic solar cells and dye sensitized solar

17-24
cells!’

. But in thin film chalcogenide solar cells, common buffer layers are
based on CdS or InS while common absorber materials are Cu based sulfides
and/or selenides. Use of different materials as buffer and absorber layers in
thin film solar cells will adversely affect the performance of the device mainly
due to lattice mismatch and/or inter diffusion between the layers. If the band
gap of ZnO is engineered properly, then it possibly could result in the
development of an “all ZnO layer” solar cell. The major aim of this work is to
fabricate ZnO films which absorb photons in the visible region. It is quite
known that wide band gap of normal ZnO prevents absorption of photons in
the visible region. Idea behind this work is to incorporate metals to reduce the

band gap of ZnO and to create sub band defect levels by incorporating their

low band gap oxides resulting in absorption in the visible region.
5.2 Film preparation and characterization

Pristine ZnO films were deposited on soda lime glass substrates using
CSP technique. The substrates were cleaned in isopropyl alcohol in an
ultrasonic bath followed by rinsing in demineralized water and dried in a hot
air current. Precursor solution was prepared by dissolving zinc acetate
dihydrate (Zn(AC),.2H,0) in a mixture of demineralized water and isopropyl
alcohol in 1:1 ratio with 1.25% of acetic acid to the total volume®. 50ml of the
precursor solution (0.3M) was sprayed on to the preheated substrate kept at
450°C at spray rate of Sml/min. Compressed dry air was used as the carrier
gas. After deposition, the films were immediately removed from the substrate
surface and film surface was kept isolated from atmosphere by placing them

inverted on a flat new wood surface. This procedure helps to prevent further
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adsorption of any oxygen species to the film surface. Additional information

on this regard is reported elsewhere”.

Silver (Ag) and tin (Sn) were selected as the dopants for ex-situ
doping studies. Different thicknesses of these two metals were vacuum
evaporated over the pristine ZnO thin films and this resulted in the formation
of thin layer of corresponding metal over ZnO films. The deposited metals
were diffused in to the ZnO films by vacuum annealing at 450°C for two
hours. Chamber pressure was maintained around 1.5 x10”mbar. The metal
film thickness was varied from 8nm to 20nm. Samples were named as Ag-8,
Ag-12, Ag-16 and Ag-20 for silver doped ZnO and Sn-8, Sn -12, Sn -16 and

Sn-20 for tin doped samples. Undoped samples were denoted as P.
5.2.1 Structural characterization

Figure 5.1.(a) and 5.1.(b) show XRD patterns of ZnO thin films with
different doping concentrations of Ag and Sn respectively. Well defined peaks
corresponding to (002) and (101) planes of wurtzite ZnO are observed (ICDD
card number 79-0208). And all the films are preferentially oriented along
(002) plane of wurtzite ZnO. No peaks other than that of ZnO are observed in
XRD spectra which indicate the absence of any impurity phase formation in
the films. Grain size of the films is calculated from Scherrer formula and is
given in Table 5.1. It is observed that the crystallinity of the films is improved
with ex-situ doping irrespective of the dopant. The reason for improvement in
crystallinity could not be attributed to metal incorporation, because the
vacuum annealing process done can also improve the crystallinity. To know
the real reason behind the improvement in crystallinity (whether it is due to
ex-situ metal doping or due to the vacuum annealing process) pristine ZnO

samples were vacuum annealed at the same conditions used for Ag/Sn
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diffusion. From Table 5.1, it is clear that vacuum annealing process is the
major reason for enhancement in crystallinity of the films. Thus it is evident
that incorporation of Ag/Sn into the film through ex-situ doping does not

produce any improvement in the crystallinity of the films.
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Figure 5.1. XRD pattern of ZnO thin films with (a) Ag and (b) Sn doping
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Figure 5.2. Grain size of ZnO thin films doped with (a) Ag and (b) Sn
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Table 5.1. Grain size of ZnO thin films doped with Ag and Sn

Sample name Grain size (nm) Sample name Grain size (nm)
P 26.5 P 26.5
P - annealed 38.6 P-annealed 38.6
Ag-8 39.1 Sn—8 42.1
Ag—12 39 Sn—12 40
Ag-16 39.1 Sn—16 40.7
Ag-20 39.4 Sn-20 41.1

5.2.2 Electrical characterization

Electrical properties of the films were analyzed by Hall effect
measurement. Thickness of the films is found to be about 400 +30nm and
show a negligible variation in thickness with Ag/Sn incorporation. Electrical
properties of pristine and Ag doped ZnO films are given in Table 5.2.a and
that of Sn doped ZnO films are shown in Table 5.2.b. There is no change in
the order of resistivity values (10" everywhere), carrier concentration and
mobility of the films. It is also observed that ex-situ doping with Ag and Sn
does not change the electrical properties of the films and all the films are

n-type conducting.

Table 5.2.a. Electrical properties of Ag doped ZnO thin films

Sample Carrier Resistivity Mobility Conductivity
name Conc.(cm™) (Q.cm) (cm?/V.s) type

P 1.9x10™ 3.8x 10" 8.3 n
Ag—8 24x10" 59x10" 4.3 n
Ag—12 4.1x10" 9.8x 10" 1.5 n
Ag—16 3.0x10" 32x10" 6.3 n
Ag—20 33x10" 6.9x 10" 2.7 n
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Table 5.2.b. Electrical properties of Sn doped ZnO thin films

Doping Carrier Resistivity Mobility Conductivity
Concentration  Conc.(cm™) (Q.cm) (cm*/V.s) type

Sn -8 3.9x 10" 2.7x 107" 5.9 n

Sn- 12 3.8x 10" 3.4x10" 4.9 n

Sn- 16 4.6x 10" 2.1x10" 6.6 n

Sn - 20 5.1x 10" 1.8x 10" 6.9 n

5.2.3 Optical characterization

Optical transmission and absorption spectra of the films were recorded
using UV-Vis-NIR spectrometer. Transmission spectra of ZnO films with Ag
and Sn doping in the visible region are shown in Figure 5.3.(a) and 5.3.(b)
respectively. A clear reduction in transmission with increase in doping
concentrations of Ag and Sn is evident from transmission spectra.
Transmission of the films is most affected in the wavelength region below
700nm. Figure 5.5.(a) and 5.5.(b) show the variation in band gap of the films
with Ag and Sn doping respectively. Band gap reduction with Ag and Sn
incorporation is evident from Tauc plot. Sub band levels are observed at
1.55eV and 1.05eV for Ag doped ZnO films and for ZnO thin film doped with
Sn, sub band levels are observed at 1.6eV and 1.1eV. The absorption
corresponding to sub band level in samples Ag-20 and Sn-20 are given as inset

of the Figure 5.5.(a) and 5.5.(b) respectively.

Films turned brownish with Ag/Sn doping and are shown in Figure
5.4.(a) and 5.4.(b) respectively. Appearance of brownish color along with the
reduction in transmittance with Ag/Sn doping can be attributed to the

formation of sub band absorbing levels in the films on ex-situ doping.
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Figure 5.3. Transmission spectra of ZnO thin films doped with (a) Ag and (b) Sn
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5.2.4 Morphological characterization

Surface morphology of pristine, Ag (Ag-20) and Sn (Sn-20) doped ZnO
thin film were analyzed using Zeiss sigma FESEM. It is observed that pristine
ZnO thin film surface is covered with ‘granules like’ nanostructures having a
wide range of particle size distribution. However, ex-situ doped ZnO thin

films had granules with homogeneous size distribution.
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Figure 5.6. SEM micrographs of (a) P, (b) Ag-20 and (c) Sn-20
5.2.5 Compositional characterization

Compositional analysis of samples Ag-20 and Sn-20 were done by XPS
depth profile measurement. This will help to understand the distribution of the

dopants in the films. Any shift in peak position of the elements could be
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corrected by using the C 1s peak of adventitious carbon present in the films.
Figure 5.7 shows the comparison of core level peaks of Zn and O in both
samples. It is observed that there is no change in binding energy for Zn and O
peaks and the change in peak shape is negligible. The chemical states of Zn
and O in the films remain the same irrespective of the ex-situ metal
incorporation. From Zn 2ps; core level peak (BE = 1022.2 £0.2eV), it is

identified that Zn exists in Zn>" state in the films?’.
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Figure 5.7. Comparison of XPS core level peaks of (a) Zn and (b) O in Ag-
20 and Sn-20
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Figure 5.8. Deconvoluted components of O 1s peak in(a) Ag-20 and (b) Sn-20

The core level peak of O 1s can be deconvoluted in to two component

peaks at 530.4 +0.2eV and 531.9 £0.2eV. The deconvoluted components of

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications 111



Chapter 5

O 1s peak are shown in Figure 5.8. The peak at lower binding energy (BE),
(O-1) represents the O* oxidation state of oxygen in metal oxides and the peak
at higher binding energy (O-2) represents oxygen in interstitial sites”>°. The
relative concentration of O-1 and O-2 components is nearly 63% and 27%
respectively. Oxygen in interstitial sites in oxide semiconductors can adversely
affect the electrical properties of the material by acting as “killer sites”. No
enhancement on electrical properties even in the presence of excess metal

content in the films can be attributed to the interstitial oxygen.
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Figure 5.9. Variation in percentage of elements in (a) Ag-20 and (b) Sn-20

Figure 5.9 shows the variation in percentage of elements from the XPS
depth profile of the samples Ag-20 and Sn-20. It is clear that the deposited
metals got diffused into the films on vacuum annealing. The maximum
concentration of incorporated metal is at the surface layer and it decreases in
an exponential manner towards the bulk of the film. After a number of etching
cycles by Ar ion sputtering, concentration of the dopants diminishes
considerably. From Figure 5.9, it is also clear that the incorporated metals
affect the concentration of Zn in the film. The higher the dopant concentration,
lower the Zn concentration. Ag and Sn may be occupying the Zn position
which may reduce the concentration of Zn in the sample. The concentration of
O remains unchanged by metal incorporation and it remains more or less same

throughout the samples.
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Figure 5.10. Depth profile of (a) Ag 3d and (b) Sn 3d core level peaks in
Ag-20 and Sn-20
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Figure 5.12. Variation of metal and metal oxide concentration of Sn in
sample Sn-20
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The variation in intensities of the core level peaks corresponding to the
incorporated Ag and Sn are shown in Figure 5.10. The maximum intensity of
the peaks is at the surface and it decreases towards the bulk of the samples.
Figure 5.11 shows the core level peaks corresponding to Ag and Sn in the films.
It is observed that Sn 3d peaks can be deconvoluted in to two components. The
deconvoluted peaks of Sn 3ds); positioned at 484.2 £0.2eV and 486.2 £0.2eV, in
which, the peak at lower BE represents the oxidation state of metallic Sn and the

0%, 1t is observed

peak at higher BE represents oxidation state of Sn in Sn
that the incorporated Sn exists in a metal-metal oxide mixed state in ZnO. At the
surface layers, the peak corresponding to metallic Sn component is dominating.
Intensity of the metallic component peak decreases and the peak corresponding
to SnO state dominates along the depth of the sample (Figure 5.10.b). The

variation of metal and metal oxide concentration of Sn is calculated with ion

gun etching cycles and is shown in Figure 5.12.

But unlike the dopant Sn, there is no splitting for the binding energy
peak corresponding Ag 3d core level peaks. However, it is difficult to find out
the exact chemical state of Ag in the film as the binding energy separation
between the states of Ag in metallic Ag and its oxides are less than 0.2eV and
it could not be identified from the obtained spectra as the resolution is 0.2eV.
Analyzing the samples using a high resolution XPS may give detailed
information about the exact states of Ag present in the sample. It is observed
that full width at half maximum for Ag 3d core level peaks from the sample
are greater than that of metallic Ag and this can be attributed to the presence of
oxides of Ag in the sample. In both cases it is found that the ex-situ doping
with Ag or Sn forms their oxides in the host ZnO thin film. Formation of these
low band gap oxides is the reason for the creation of sub band levels and it

results in the observed color change in the films.
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Conclusion

Silver and tin ex-situ doping was performed on spray deposited ZnO
thin films by thermal evaporation and by subsequent annealing of the
corresponding metal films. Structural, optical, electrical and compositional
analysis of the films were carried out as function of thickness of deposited
metal films. Electrical properties of the films show negligible variation with
metal incorporation into the film. But the transmittance and band gap of the
samples decrease with increase in doping and the transparent ZnO films turned
to brown in color. The sub band absorption is identified from the lower energy
region of the Tauc plot. Compositional analysis of the metal incorporated thin
films revealed that the diffused elements exist in a metal-metal oxide mixed

state in the films.
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SPRAYED Zn0 AS A CONDUCTING METAL
ION DIFFUSION BARRIER LAYER OVER
FLEXIBLE STEEL SUBSTRATES
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6.2 Deposition of ZnO layers over flexible steel substrates

Conclusion
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6.1 Introduction

Thin film photovoltaics is one of the future alternative energy sources
since it is clean, economic and environmental friendly. In conventional thin film
solar cells, the substrate used is glass which increases the weight and thickness of
the cell'”. Glass are heavy, fragile, and hence requires extra care and support for
fabrication and installation, which will eventually lead to the increase in overall
expense of solar cell. Solar cell fabrication process may involve high temperature
deposition steps and hence the poor thermal conductivity and expansivity of glass
will result in thermal gradients and non-uniform device properties® . The above
problems with solar cells can be minimized by using thin metallic foils or
polymers having high temperature tolerance as substrates. Usage of flexible
substrates has several advantages, such as they are not fragile and requires only
minimum supporting structures. Importantly foil/flexible substrates can be used in

‘roll to roll’ production process’.
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Mo, Ti and stainless steel (SS) are most widely used metal substrates,
among which thin foils of SS are the most attractive substrates for the
production of flexible photovoltaic devices’’ as it can withstand high
temperature processing conditions and have high radiation hardness'®. High
radiation hardness and high specific power/Kg makes them potential substrates

for outer space solar cell applications also™'"

But the maximum efficiency of solar cells on steel substrates are lower
than the efficiencies reported on rigid substrates®'®. Main reason for the
limiting efficiency is the diffusion of detrimental substrate elements such as Fe
into the absorber layer during the high temperature fabrication conditions'>'*.
To counteract the negative influence of Fe from steel substrates, barrier layers
such as Cr'", Ti or TiN'® are mostly used. Insulating barriers like SiO,'""
ALO;* and ZnO" and enamel'” were also used to suppress diffusion. All
these barrier layers were deposited by employing techniques like vacuum

evaporation, sputtering, and sol-gel method. However, there are no reports on

the deposition of barrier layers on steel substrates through CSP.

ZnO barrier layer fabricated by C.Y. Shi et al. through DC sputtering
was an insulating layer, and they have deposited a layer of molybdenum over
the insulating ZnO layer as the back contact to use in CIGS solar cell"”. If the
barrier layer (ZnO layer) itself is conducting, then the need for Mo back
contact layer could have been avoided. Reduction of a layer will result in large

saving in time as well as money in solar cell production.

This chapter discusses the deposition conditions for the fabrication of an
electrically conducting ZnO barrier layer to prevent Fe diffusion from steel
substrates using CSP. A two-step deposition procedure is adopted. The first ZnO

layer on steel substrate is deposited at a low temperature to prevent the Fe ion
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diffusion followed by a higher temperature deposition of second ZnO layer to
enhance the conductivity. To further reduce the sheet resistance, a second ZnO

layer is doped with Al followed by “quick quenching” of the layer.

The main objective of this work is to demonstrate deposition of a
conducting ZnO barrier layer instead of an insulating layer over steel substrates
by an economic and scalable spray pyrolysis technique, which can be utilized
for ‘roll to roll’ processing also. Here a CIS/InS based solar cell fabrication is

also demonstrated over the steel substrate with conducting ZnO barrier layer.
6.2 Deposition of ZnO layers over flexible steel substrates

Steel sheets of thickness 0.25mm and size 50mm x 50mm were
selected as substrate and were ultrasonically cleaned using acetone, and
isopropyl alcohol followed by demineralized water. Then the substrates were
dried in hot air current. Since substrates are flexible, a heavy mask is designed
so that it will hold the substrate to the heater surface by pressing. Precursor
solution (0.3M) was prepared by dissolving zinc acetate dihydrate
[Zn(CH3CO0),2H,0] in a mixture of demineralized water and isopropyl
alcohol in 1:1 ratio. Later 1.25 % of acetic acid was added to this translucent

solution to get a clear solution'”.

ZnO thin films were deposited on steel substrates in two steps. To
prevent the diffusion of Fe from the substrate, initial layer was deposited at a
relatively lower temperature of 300 +£10°C. At this temperature, 20ml of the
precursor was sprayed on to the substrate. This layer of ZnO should act as a
diffusion barrier while the next layer should be a conducting layer for using in
a solar cell. Hence, the second ZnO layer was deposited at an elevated
temperature of 450 +£10°C. 30ml of the precursor solution doped with 2.56% of

aluminium'® was sprayed on to the substrate. After deposition, a quick cooling
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procedure was applied by dipping it in a liquid at room temperature or below

(patent protected data).

To further verify the effect of ZnO barrier layer, solar cells were fabricated
on steel substrate using CIS and InS as absorber and buffer layers, with and
without ZnO layer. The fabrication procedure for CIS/InS solar cells is reported

elsewhere'’.
6.2.1 Structural characterization

X- ray diffraction data of the flexible steel substrate and ZnO layers
deposited on steel substrates using CSP is shown in Figure 6.1. In addition to
the peaks corresponding to the steel substrate, peaks corresponding to wurtzite
hexagonal phase of ZnO (ICDD card number 79-0208) are clearly visible. The
ZnO layer showed a preferential orientation along (002) plane of wurtzite

hexagonal phase of ZnO.
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Figure 6.1. XRD pattern of steel substrate with and without ZnO layer
6.2.2 Electrical characterization

Since the substrates are flexible and magnetic in nature, thickness

measurement and electrical characterization by Hall effect measurement of the
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films are difficult. The sheet resistance of the substrate before any ZnO layer
deposition is around 7.5 x102Q/sq. After coating with ZnO double layer, the
sheet resistance is found to be around 2k€)/sq. Adsorption of oxygen species
increases the sheet resistance of the films. To prevent this, surface of ZnO
layer has to be isolated from atmosphere immediately after deposition. Hence
the deposited ZnO film was quickly removed from the heater surface and kept
isolated from the atmosphere by a method discussed elsewhere®. The sheet
resistance of this film was found to be further reduced to 500€2/sq. For a
device point of view, the sheet resistance should be well below 20€/sq. To
achieve this, a quick quenching procedure is applied to the films by dipping it
to a suitable liquid medium (patent protected data). The liquid temperature
and sheet resistance are shown in Table 6.1 and the impact on sheet resistance
is evident from the tabulated data. Spatial variation of sheet resistance of the
prepared ZnO film is shown in Figure 6.2 and it is found that ZnO layer is

uniform in nature with even sheet resistance over the substrate.

Table 6.1. Sheet resistance of ZnO double layer after quenching at
different temperatures in different liquids

Temperature ("C) liquid 1 liquid 2
30 150Q/sq 240Q/sq
0 14Q/sq 50Q/sq

(bs/v) @aueysisal 39ays

X (cm)

Figure 6.2. Spatial variation of resistance of ZnO double layer on steel
substrate after quenching procedure
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6.2.3 Morphological characterization

Surface morphology of bare steel substrates and ZnO coated substrates
were analyzed using Zeiss sigma FESEM. Figure 6.3 show that the bare
substrate has a non-uniform surface with large cracks and flakes, but ZnO

deposited steel substrates have a uniform surface covered with nanostructures.

Signal A= Inl
Mag= 20.00KX

EHT = 3.00kV Signal A= InLens EHT = 200V Signal A = InLens
- ZEISS| ZEISS|
W= 44 mm Mag = 200.00K X 42 . — WD= 46mm Mog = 200.00K X .

Figure 6.3. SEM micrograph of steel substrate with and without ZnO
layer (A-1 and B-1 at 20K magnification and A-2 and B-2 at
200K magnification)

6.2.4 Compositional characterization

Compositional analysis of the deposited ZnO film over steel substrate was
carried out by XPS depth profiling. The sample was mounted on stainless steel
holders using conducting carbon tape. Argon ion sputtering is used to remove thin

layers of the material after each data acquisition. The chamber was kept at a pressure

124 Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Sprayed ZnO as a conducting metal ion diffusion barrier layer over flexible steel substrates

less than 3x10°Pa and the spectrometer was calibrated by measuring the 3ds; core
level peak of silver (368.2eV). Resolution of the analyzer is set at 150meV. Figure
6.4 shows the depth profile of ZnO layer coated over steel substrate by CSP.

Zn0O Steel

100

=]
o
1

60

40 4

Atomic concentration (%)

N
o
1

Etching cycles

Figure 6.4. Variation in percentage of elements in ZnO coated steel
substrate from XPS depth profile

10°

Intensity(cps)

Figure 6.5. Distribution of core level peaks of elements in ZnO coated
steel substrate from XPS depth profile
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From the Figure 6.4, it is clear that metal ion is not diffused into ZnO
layer. From the wide XPS depth profile, (spectra are shown in Figure 6.5) it is
clear that peaks corresponding to zinc and oxygen are only observed at the
surface. Carbon species adsorbed to the layer are removed by the first cycle of
Ar ion etching. The peaks corresponding to Fe appear only after a few number
of etching cycles, during which ZnO layer is completely etched out. The XPS
results prove successful deposition of spray deposited ZnO layer over steel

substrate to prevent Fe diffusion.

To know the extent of Fe ion diffusion in CIS absorber layer, CIS film is
deposited on bare steel substrates and XPS depth profile analysis was carried out
and is shown in Figure 6.6. From Figure 6.6, it is clear that the Fe ions from the
substrate are well diffused into the CIS absorber layer and the atomic

concentration of Fe in CIS layer varies from 1 to 3%.

CIS Steel

70

Atomic concentration (%)

Etching cycles

Figure 6.6. XPS depth profile of CIS absorber layer over steel substrate
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Figure 6.7. XPS depth profile of CIS layer over ZnO coated steel substrate

To see the effectiveness of the ZnO barrier layer, CIS absorber layer
was deposited on the steel substrates with ZnO barrier layer and XPS depth
analysis is carried out again (Figure 6.7). From Figure 6.7, it is clear that not
even a trace amount of Fe is present in the absorber layer and this again proves
the effectiveness of the ZnO layer as a metal ion diffusion barrier layer over

steel substrate.
6.2.5. Solar cell fabrication

To show the effect of ZnO barrier layer on flexible solar cells over steel
substrates, CIS/InS layers were deposited over steel substrates with and without
ZnO layer. J-V characteristics of the devices deposited on steel substrates with
and without ZnO barrier layer is measured and given in Figure 6.8.(a) and
6.8.(b) respectively. The device without ZnO layer shows an open circuit
voltage of 375mV and a short circuit current density of 0.385mA/cm’. The
efficiency and fill factor are 0.05% and 41% respectively. On the other hand, the

device deposited on ZnO coated substrates shows an improvement in efficiency.
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The solar cell parameters for this solar cell are Vo = 320mV, J. = 1.85mA/cn?,
n = 0.24% and FF = 40.4%. Improvement in cell parameters is due to the

successful prevention of the diffusion of Fe ions into solar cell layers.
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Figure 6.8. Illuminated J-V characteristics of CIS/InS solar cells over
steel substrate (a) with ZnO layer and (b) without ZnO layer

Conclusion

Spray pyrolysis technique is utilized to deposit resistive as well as
conducting ZnO thin films over flexible steel substrates. A double layer
deposition procedure is proposed to prevent Fe ion diffusion from the substrate
at high temperature deposition conditions. Films with low sheet resistance (<
14Q/sq) are obtained for ZnO film by employing a quick quenching
procedure. Successful prevention of Fe ion diffusion from the steel substrate is
proved from the XPS depth analysis. Efficiency and current density of “all
sprayed” CIS/InS solar cells fabricated on steel substrates with conducting
ZnO barrier layer is found to be better than that of solar cells fabricated on

bare steel substrates.
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——SUMMARY AND FUTURE PROSPECTS

7.1 Summary

7.2 Future prospects

7.1 Summary

Thin film solar cells are the future of green and clean energy
generation. But the major concern in achieving large scale production of thin
film solar cells depends on the availability and cost of indium. The major
reason for higher cost of thin film solar cells is the use of ITO coated glass
substrate which is very costly due to its applications in transparent electronics.
Touch sensitive smart devices consumes mainly the commercially produced
ITO. Hence the demand and cost of ITO is high. Moreover, it will lead to
scarcity of indium. Hence developing thin film solar cells using alternative
TCOs like Zinc oxide and tin oxide through low-cost deposition methods are
of much interest. Thin Metal foils are also suitable and attractive substrates for
thin film solar cell fabrication. Vigilant energy management methods such as
use of solid state lighting, smart windows etc. along with green energy

production are the key to a sustainable life.

This thesis concentrates on the development of SnO; based n-type TCO
mainly for solar cell applications and for possible energy conservation

applications like low emissivity windows. Development of intrinsic ZnO and
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ZnO based p-type TCO is also discussed here. Possibility of creating sub-band
absorbing levels in wide band gap ZnO by ex-situ metal doping and the
fabrication of ZnO based Fe diffusion barrier layer on steel substrates is also

explored.

In the first part of this study, undoped tin oxide thin films were
prepared by optimizing the deposition parameters like substrate temperature,
precursor concentration and spray rate. Effects of each of these parameters on
the optical and electrical properties of the films were thoroughly analyzed. Tin
oxide thin films with 75% transparency and 50€)/sq sheet resistance were
obtained by spray depositing the precursor (SnCly.5H,0) solution of molarity
0.2M at a spray rate of 9ml/min over the substrate kept at 425°C. XPS analysis
of the samples prepared at different spray rates was very informative. For
oxide compounds, the electrical properties are directly related to the
stoichiometry of the films. It was identified that stoichiometry of oxide films
can be easily controlled by varying spray rate. The films prepared at low spray
rates were oxygen rich and they contain a high percentage of interstitial and
chemisorbed oxygen species which will detrimentally affect the electrical
properties of the films. High conductivity films were achieved by reducing this

type of oxygen species by depositing the films at high spray rate.

Next aim was to improve the optical and electrical properties of tin
oxide thin films by fluorine doping. Effect of two dopant sources, NH4+F and
HF were studied and it was identified that NH4F was suitable for improving
the electrical and optical properties. Even though low sheet resistance of
18Q/sq was achieved with HF dopant source, structural and optical properties
of the films degraded with HF doping. At optimum doping concentration of
NH4F, sheet resistance could be brought down to less than 7Q/sq with

transmittance ranging from 77 to 95% in the visible region. Resistivity of the
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film was 2.48 x10*Q.cm. The films were found to have uniform surface
morphology from AFM and SEM analysis. Thickness of the film was found to
be 540nm from cross sectional SEM analysis. For solar cell applications,
thermal stability analysis and resistance variation mapping of the deposited
FTO films were done and found that the films were uniform and thermally
stable than the commercially available sputter deposited ITO. By depositing
different electrodes and measuring the sheet resistance, Gold was found to be
the best electrode material. These films also exhibited high reflectance in the
IR region. About 95% of the incident IR waves with wavelength above
2000nm were reflected. These films can be utilized for making low emissivity

windows to prevent the heat from entering or leaving the buildings.

The major aim behind the development of FTO was to fabricate all
layer spray deposited solar cells. Different solar cells using the following
configurations were deposited on trial basis: (1) FTO/TiO,/InS/CIS Solar cell
(efficiency 0.61%), (2) FTO/CIS/InS Solar cell (efficiency 0.94%), (3)
FTO/CZTS/InS Solar cell (efficiency 1.25%) and (4) FTO/CZS/InS solar cell
(efficiency 0.9%).

Other than solar cell application, the deposited FTO film was used to
fabricate a low power-high temperature transparent thin film heater and the

device was able to reach a high temperature of 340°C on applying 20V.

The next step was to deposit p-type ZnO films by Ag doping. AgNOs
and Ag(AC) were the dopant sources used. With Ag(AC) doping, all the films
were n-type, but with AgNOj; doping, the material changed its conductivity to p-
type. 5% doped samples were found out as intrinsic in nature. The required
oxygen rich condition for depositing p-type ZnO was achieved by reducing the
spray rate. XPS analysis showed that the films are nearly stoichiometric in

nature. ZnO based transparent p-i-n homojunctions were fabricated by varying
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the inter layer thickness and good diode characteristics were obtained for the
devices with higher inter layer thickness. Intrinsic ZnO film doped with 5% Ag
was used in a CIS/CdS solar cell as window layer. Enhancement in cell

parameters was observed with this intrinsic ZnO window layer.

Ex-situ doping of ZnO thin films with silver and tin was also tried.
Electrical properties of the films didn’t show any type of enhancement with
doping. The important observation was the color change and appearance of
sub-band absorbing levels with metal doping. Compositional analysis using
XPS proved that the doped metals in ZnO exist in a metal-metal oxide mixed

state and the appearance of sub-band energy levels are attributed to this.

Finally spray deposited ZnO layers were deposited on thin flexible steel
substrates to prevent Fe ion diffusion. A two-step deposition procedure was
applied. To block Fe diffusion, ZnO layer was deposited at a low temperature
and for obtaining a conducting ZnO layer, Al:ZnO was deposited at a high
temperature and it was followed by a quick quenching procedure. The
resultant films were analyzed for uniformity by mapping the spatial variation
of sheet resistance and by analyzing the surface with FE SEM. It is clear that
ZnO layer was uniformly deposited over the substrate with sheet resistance
less than 14€Q/sq. XPS depth profile of the steel substrates deposited with ZnO
layer and CIS layer on ZnO proved that Fe diffusion can be successfully
prevented by the deposited ZnO barrier layer. Trial deposition of solar cells

with ZnO barrier layer showed improvement in efficiency.
7.2 Future prospects

In the present study, the efficiencies of all layer spray deposited solar
cells, deposited on FTO, were comparatively lower than the devices fabricated

over ITO. To improve the efficiencies of the devices, deposition parameters
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for each solar cell layer has to be separately optimized. Effect of pH and
ultrasonic spray on morphology and properties are to be studied for further
reducing the surface roughness from 17 nm to less than 5 nm so as to reach the
roughness values comparable to that of commercially available sputtered ITO.
Again, deposition conditions of absorber and window layers over the FTO

surface have to be modified.

Resistivity of the developed p-type ZnO was in the order of 10' Q.cm.
For the effective use in device applications, still lower resistivity is required.
Co-doping with nitrogen can be utilized for achieving this aim. Stable p-type
ZnO with enhanced conductivity can lead to the development of ZnO based

optoelectronics devices.

Even though sub-band absorbing levels in ZnO films were created by
ex-situ doping with Ag or Sn, fabrication of an “all layer ZnO based solar cell”
is not done and this needs some more optimization work on suitable absorber

layer.
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Effect of Molarity on Properties of Spray Pyrolysed
SnO,:F Thin Films
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Abstract. Fluorine doped tin oxide (FTO) thin films were prepared by using automated Chemical Spray Pyrolysis (CSP)
machine and the effect of concentration of the precursors on the conductivity and transmittance of the films were studied.
The resistivity (p) and mobility (1) are in the range of 10°-10"* Q-cm and 8.2-13.5 em?V"'s'respectively. The electron
density lies between 3.4 x 10% and 6.6x10% ecm™. The film transmittance varies between 70 to 80% and the films shows very
good reflectivity in the IR-NIR region. Prepared films can be used as transparent electrodes in photo voltaic and

optoelectronic devices.

Keywords: FTO, CSP, resistivity, mobility, transmittance
PACS: 73.61.Ga, 78.20.Ci, 78.70.Ck, 61.05.C

INTRODUCTION

The scarcity and higher cost of ITO as transparent
electrodes lead the scientists to probe new low cost
TCOs whose properties are comparable to that of 1TO.
The best alternatives were found to be ZnO:Al and
SnO,:F(FTO), in which the latter shows better thermal
and chemical stability [1]. In this work we report the
effect of concentration of the precursors on the
properties of FTO thinfilms using automated spray
Pyrolysis machine [2].

EXPERIMENTAL DETAILS

Fluorine doped Tin oxide (FTO) thin films were
prepared on soda lime glass substrate by automated
chemical spray Pyrolysis machine. The starting solutions
were prepared from stannic chloride hydrated
(SnCl,.5H,0), and ammonium fluoride (NH4F) in
methanol (CH;0H).0.2 M and 0.25 M solutions were
prepared by dissolving SnCl;.5H,O in 100 ml methanol
and NH4F (5%) is added to this as dopant [3]. The
substrates were properly cleaned and dried. The substrate
temperature was set at 475°C. Air was used as the career
gas. The spray rate was set at 9ml/min. total area
scanned by the spray head was 225¢cm*

Crystallinity of the films was analyzed using Rigaku
(D. Max.C) X-ray diffractometer (CuKa line; A= 1.5405
A). Surface morphology of the samples was studied
employing scanning electron microscope (JEOL JSM-
7800F). Optical transmittance of the sample at normal
incidence was analyzed with the help of UV-Vis-NIR
spectrophotometer (Jasco-V-570). Electrical resistivity,
career concentration, and career mobility were analyzed
by using Ecopia hall measurement unit (HMS-5300).

RESULTS AND DISCUSSION

0.25M

§

8

(200) 0.2m

Intensity (arb.units)
g g

(110)

8

(310)
A3on

) 60 8
Angle 20 (degrees)

FIGURE 1. XRD patterns of FTO films
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X-ray diffraction patterns of FTO thin films with
change in concentrations recorded in 20 angle in the
range of 20-80¢ are depicted in Fig.1. Results from the
XRD studies show that both samples exhibit

polycrystalline nature with (200) as the preferred
orientation. The surface and cross section SEM image of
the FTO film is shown in the fig.2(a) and fig.2(b).

FIGURE 2. SEM micrograph for FTO film (a) Surface, (b)
Cross section.

Optical transmission spectra of the films were
recorded in the wavelength range 300-2500 nm. The
transmittance in the visible range is above 70% for
0.25M and above 80% for 0.2M.reflection in the IR-NIR
region increases with increase in molarity. The
transmission spectra is depicted in fig.3
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FIGURE 3. Transmission spectra of FTO thin films

Hall measurements were done after cutting the film
in to a square of side 1 cm and coating silver amalgam
on the four corners. The thicknesses of the samples were
540 nm for 0.25M and 390 nm for 0.2M. The electrical
properties of the films are depicted in table 1.

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications

TABLE 1. Electrical properties of FTO films

Molarity Electron Resistivity Mobility
M) density (Qcm) (cmZV"S")
(cm-3)
0.25 6.6x10%° 6.9x10* 13.5
0.2 3.4x10* 2.2x10% 8.2
CONCLUSION

Highly conducting device quality FTO thin films in
submicron thickness can be deposited on large area for
photo voltaic and optoelectronic applications. It is
observed that increase in molarity reduces the resistivity
considerably.
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Modification of Opto-electronic Properties of ZnO by
Incorporating Metallic Tin for Buffer Layer in Thin Film
Solar Cells

D.R. Deepu,I J. Jubimol," C. Sudha Kartha,' Godfre*y Louis,' K. Rajeev Kumar,’
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Abstract. In this report. the effect of incorporation of metallic tin (Sn) on opto-electronic properties of ZnO thin films is
presented. ZnO thin films were deposited through ‘automated chemical spray pyrolysis® (CSP) technique; later different
quantities of *Sn” were evaporated on it and subsequently annealed. Vacuum annealing showed a positive effect on
crystallinity of films. Creation of sub band gap levels due to *Sn” diffusion was evident from the absorption and PL
spectra. The tin incorporated films showed good photo response in visible region. Tin incorporated ZnO thin films seem
to satisfy the desirable criteria for buffer layer in thin film solar cells.

Keywords: ZnO. Spray pyrolysis. Resistivity, Photoluminescence. photo response.

PACS: 61.05.cp, 73.61.Ga, 78.40.Fy. 78.55.Et,

INTRODUCTION

Most of the thin film photo voltaic devices use CdS
or In,S; as their buffer layer [1-3]. Research is going
on to find a substitute for these two compounds as Cd
is toxic and In is rare and costly [4-5]. The buffer layer
material should have wider band gap with low
resistivity, so as to admit maximum amount of light to
the junction and absorber region in solar cells [2].
Another criterion for selecting buffer layer is the
lattice match between the different layers in solar cell.
One promising material is ZnO [2], because of its
wider band gap, and lattice match with the commonly
used Al:ZnO window layer. In this report, preparation
of Sn incorporated ZnO thin films for the possible
application as buffer layer is discussed.

EXPERIMENTAL

Pristine ZnO films were deposited on soda lime
glass using automated CSP technique. The precursor
solution was prepared by dissolving Zinc acetate di
hydrate (Zn(CH;COO),.2H,0) in a mixture of water
and propanol in the ratio 1:1 [6]. The substrates were
cleaned in iso-propyl alcohol in an ultrasonic bath for

10 minutes and dried properly. The substrates were
preheated to 450°C and 50 ml of the precursor solution
was sprayed on to it at a rate of 7ml/minute.

Different quantities of metallic tin were evaporated
over the films so as to vary the Sn concentration in the
film from 0.5 to 2.5 % of number of Zn atoms in steps
of 0.5 % and the films were vacuum annealed at 200°C
for 2 hours (< 1.5x10° mbar). The quantity of Tin
metal to be evaporated is determined from the density
and volume of the films by calculating the
approximate number of Zn atoms in it.

Structural studies were done using Rigaku (Model
No: D. Max.C) X-ray diffractometer (CuKa line; A=
1.5405 A). Optical analysis of the samples were
carried out by taking the absorption spectra employing
UV-Vis-NIR spectrophotometer (Model No: Jasco-V-
570) and room temperature Photoluminescence (PL)
measurements were done using 325 nm line of
Kimmon He-Cd laser [o/p power of 20 mW] with
Ocean Optics USB 2000 spectrophotometer. Electrical
measurements were carried out using National
Instruments PXI-4130 SMU and Ecopia HMS 5300
Hall measurement system.

Solid State Physics
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RESULTS AND DISCUSSION

Structural Studies

X-Ray diffraction spectra of the films are depicted
in figure 1. Prominent Peak corresponding to (002)
plane of wurtzite ZnO is observed. There was no peak
corresponding to the metallic tin or other oxides.

Grain size of the films was calculated from
Scherrer formula (figure 2). It is observed that
crystallinity and grain size of the films improves with
vacuum annealing. But the incorporation of metallic
tin does not show any significant influence in grain
size.
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FIGURE 1. XRD pattern of pristine and Sn incorporated
ZnO thin films.
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FIGURE 2. Grain size of pristine and Sn incorporated ZnO
thin films.

Optical Studies

Tauc plot of pristine and Sn incorporated films is
shown in the figure 3. It can be observed that with
increase in Sn content, band gap of the films gradually
decreases. The inset in the figure 3 shows the
magnified plot in the lower energy region for 2% Sn
and sub band gap absorption is evident from the
spectrum. This may be the reason for the observed
color variation of the films with Sn concentration.
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FIGURE 3. Tauc plot of ZnO films for varied Sn
concentration. (The magnified plot in the lower energy
region for 2% Sn is shown in the inset of this figure)

Absorption spectrum of tin doped zinc oxide
reveals the presence of sub band gap absorption.
Photoluminescence (PL) studies were carried out on
the samples to confirm the same.
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FIGURE 4. PL spectra of pristine and Sn incorporated ZnO
thin films.

Figure 4. shows the PL spectra obtained for the
samples. Three peaks centered at ~ 380 nm, 500 nm
and 535 nm were observed. PL emission centered at~
380 nm, i.e. the Near Band Edge emission (NBE) and
the blue - green emission (BGE) ~ 500 nm are

120019-2
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characteristic PL. peaks of ZnO thin films [6]. The
additional peak at ~ 535 nm may possibly be a
consequence of ‘Sn” doping in these thin films. There
are reports on emission at ~ 535 nm which attribute
this emission to be due to recombination of the holes
with electron occupying singly ionized oxygen
vacancies [7]. It is evident from the PL spectra that the
intensity of green emission at ~535 nm increases with
increase in concentration of ‘Sn” and predominates the
blue green emission for 2% Sn.

Electrical Studies

Resistivity and mobility of the films are shown in
table 1. The lowest resistivity was observed for the
films with 1% Sn concentration.

TABLE 1. Electrical properties of pristine and Sn

incorporated ZnO thin films.

Sample Resistivity Mobility
Name (Q.cm) Cm’/V.s

Pristine 0.18 9.8

0.5 0.12 13.6

1 0.07 11.1

1.5 0.10 10.9

2 0.26 5.8

25 0.15 5.4

It is important for a material to show photo
response to be used in a solar cell. Photo response of
ZnO film with 2% Sn was studied using two
wavelengths in the visible region (532 nm and 632
nm). The film shows good photo response (Figure 5)
for these wavelengths which have energies much
lower than the band gap energy and this must be due to
absorption through sub band gap levels.
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FIGURE 5. Photo response curves for ZnO with 2% of Sn.

CONCLUSION

Effect of metallic Sn content in the opto-electronic
properties of spray deposited ZnO thin films was
studied. Crystalline films were formed and on vacuum
annealing, the crystallinity was improved. Decrease in
band gap is observed with the increase in Sn
concentration in the film and there were sub band gap
levels were present, which was further confirmed
through PL. The films showed good photo response in
visible wavelengths due to the sub band gap
absorption. The results thus obtained favor the role of
Sn incorporated ZnO thin films as buffer layer in thin
film solar cells.
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Solar Cell
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Abstract. Thin film solar cells were fabricated using CulnS, as absorber layer and CdS as buffer layer. CulnS, and CdS
layers are deposited using chemical spray pyrolysis and chemical bath deposition respectively. Proper movement and
collection of generated carriers really affect the performance of the cell. Introduction of a very thin layer of silver doped
Zn0O (ZnO:Ag) window layer between the buffer layer and ITO improves performance of the cell. with open circuit
voltage of 409mV, short circuit current density of 2.89 mA/cm?, fill factor of 44.3% and conversion efficiency of 0.52%.

Keywords: Semiconductors, Spray coating techniques, Solar cell

PACS: 81.05.Hd, 81.15.Rs, 88.40.hj, 88.40.jn

INTRODUCTION

Chemical spray pyrolysis and chemical bath
deposition are the most cost efficient methods for thin
film deposition. In the present work cells were
fabricated successfully ~with these techniques.
Materials selected for cell fabrication are CdS and
CulnSy(CIS). CIS was the absorber layer having
absorption coefficient of 10* cm™ and band gap of
1.5eV. CulnS, was deposited using Chemical spray
pyrolysis(CSP) and buffer layer CdS was prepared
using CBD method. Ito and Nakabayashi has reported
cell, fabricated using sulphurisation method with cell
structure CdS/CIS [1]. Ogawa, Ito and Yoshitaka also
reported cells with the same cell structure and
depositing technique [2]. A. Mere and M. Krunks have
reported cell with cell structure ZnO/CdS/CIS,
deposited using spray pyrolysis and chemical bath
deposition [3].

Our aim was to fabricate a cell with these
economically viable deposition techniques. The
material chosen were CdS and CulnS,. In the present
paper we report the improvement of CdS/CulnS, cell
deposited using chemical methods on introducing
Silver doped ZnO film as window layer.

EXPERIMENTAL

We used automated CSP machine for depositing
the absorber layer and CBD method for depositing the
buffer layer. Glass plates coated with ITO were used

142

as the substrate. Aqueous solution containing cuprous
chloride (0.012M), indium chloride (0.012M) and
thiourea (0.012M) was sprayed at a rate of 3ml/min
onto the substrate kept at 573K using compressed air
(pressure~1.5bar) as the carrier gas. Concentration of
thiourea was 5 times the stoichiometric requirement
(0.05 M) to compensate for the loss of sulphur during
pyrolysis [4]. Cadmium sulphate (0.0125M), ammonia
solution (35%), sodium hydroxide (0.025M) and
thiourea (0.1M) are used for depositing CdS buffer
layer, through CBD technique. Bath was set at 353K.
Window layer of ZnO:Ag was deposited by spraying
aqueous solution of ZnO(0.05M) with small
percentage of Ag, at 5 ml/min spray rate and 750K
temperature. Silver electrodes having an area of 0.01
cm’ were given over CdS layer using vacuum
evaporation.

RESULTS AND DISCUSSION

At first, we prepared CdS/CIS bilayer on ITO
coated glass substrate. Silver was deposited over this
using physical vapour deposition to act as the top
electrode. ITO was the bottom electrode. The cell
parameters obtained were Voc=0.387V,
Jo=123mA/cm’, FF =26.7%, n= 0.138%. Series
resistance (R,) and shunt resistance (Ry,) were found to
be 232Qcm’ and 395Qcm’ respectively. These
parasitic resistances of the devices were calculated
from the slope of the illuminated J-V characteristics at
V=0 (for Rs) and J=0 (for Rsh) [5]. The J value is very

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications
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small because most of the light generated carriers are
not collected properly at ITO. There may be some
mismatch between the energy bands of CdS (Eg =
2.4eV) and ITO (Eg = 3.8eV) which results in the low
current value of the fabricated device. Here we are
able to improve the performance by introducing a very
thin window layer of ZnO:Ag between ITO and CdS
buffer layer. The conduction band of ZnO (Eg =3.3eV)
lies within the conduction band energies of CdS and
ITO which enables the device for the efficient
collection of electrons.

The J-V curves under illumination, for the cells
with and without ZnO window layer are shown in
Figure 1. The device parameters obtained for modified
cell were V,=0.409V, J=2.89mA/cm’, FF=44.3%,
n=0.52%, R=35Qcm’ and Ry;=469Qcm’.

Current density (mA /cm®)

U T
04 02 00 02 04 08

voltage (V)

Figure 1. J-V curves under illumination, for the cell without
and with ZnO window layers.

CONCLUSION

We have successfully fabricated
ITO/ZnO/CdS/CulnS; solar cells by combining the
cost efficient techniques like automated spray
pyrolysis and chemical bath setup. It is observed that
on introducing a thin ZnO:Ag window layer between
ITO and CdS buffer layer cell performance was
enhanced considerably. The best device under this
study has the following cell parameters V= 0.408V,
J.=2.89mA/cm?, FF = 44.3%, 1= 0.52%, R;= 35Qcm’
and Ry= 469 Qem’.
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Abstract

Titanium dioxide thin films were deposited on glass substrate at temperatures ranging from
300 °C to 500 °C by a simple, cost effective spray pyrolysis method using commercially
available TiO, powder (Degussa P25). Analyses using scanning electron microscopy (SEM) and
atomic force microscopy (AFM) reveal the microporous nature of the films at 350 °C. X-ray
diffraction (XRD) and Raman studies reveal that these films are amorphous in nature. The films
were subsequently annealed at 500 °C for 2 h, resulting in crystallisation (the tetragonal anatase
phase). XPS analysis was effectively used to study the chemical composition of the samples.
Finally, optimized microporous TiO, thin films were used for the fabrication of an ‘all-sprayed’
solar cell utilizing well-established CulnS, as the absorber layer. The best device under this

2

study has an open-circuit voltage of 409 mV and a short-circuit current density of 3.90 mA cm™.
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The efficiency and fill factor were 0.61% and 38%, respectively.

Keywords: chemical spray pyrolysis (CSP), thin films, atomic force microscopy (AFM),
scanning electron microscopy (SEM), x ray photon spectroscopy (XPS), microporous

(Some figures may appear in colour only in the online journal)

1. Introduction

TiO, thin films have attracted attention because of their ease
of preparation using simple, cost-effective chemical methods
such as chemical spray pyrolysis (CSP) [1, 2]. These films
have widespread applications in the fields of antireflection
coatings [3], solar cells [4], optical fibres [5], gas sensors [6],
ceramic membranes [7], waveguides [8], photocatalysts [9],
etc. These applications arise because of their n-type con-
ductivity and micro- or nanostructures in thin film forms. A
variety of physical and chemical approaches for thin film
fabrication, such as magnetron sputtering [10], electron beam
evaporation [11, 12], chemical vapour deposition [13, 14], the
sol-gel process [15], spray pyrolysis [16] and ink-jet printing
[17], have been used to prepare TiO, thin films. In this work,
CSP was used for the preparation of TiO, thin films. For
spray pyrolysis, most works deal with organometallic Ti

0268-1242/14/115026+07$33.00

compound precursors such as Ti tetra—ethoxide, Ti iso-prop-
oxide, Ti acetyl acetonate and Ti isobutoxide [18]. In addition
to organometallic Ti compound precursors, peroxo-poly-
titanic acid prepared from Ti-metal powder was also used as a
precursor for spray deposition [19, 1]. In our case, commer-
cially available TiO, powder (Degussa P25-DP25) with high
chemical purity was used for the TiO, film deposition. DP25
is a mixture of anatase and rutile crystallites and was gen-
erally used as a photocatalyst [20, 21].

In the present work, microporous anatase phase TiO, was
isolated from DP25 by selective dissolution with a hydrogen
peroxide-ammonia mixture. Micro- or nanostructured anatase
TiO films are generally used as the electron conducting layer
for solar cell applications [22]. It was observed that substrate
temperature plays a crucial role in the morphology of the
deposited films. The initial work in this paper deals with the
optimisation of substrate temperature for microstructured

© 2014 IOP Publishing Ltd  Printed in the UK

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications



Publications

Semicond. Sci. Technol. 29 (2014) 115026

MV Santhosh et al

anatase phase films. Our major aim is to realise an ‘all-
sprayed” solar cell using these microstructured TiO, films
with a minimum absorber layer thickness. The thickness of
the absorber layer was kept low (~200 nm) in order to pro-
mote the effective charge carrier separation by reducing the
transport path for the excited charge carriers within the
absorber layer [23]. Also, the infiltration of the absorber layer
into the porous TiO, layer by the CSP method enhances the
effective path length of light in the absorbing material, which
leads to high light absorption. For the realisation of the ‘all-
sprayed’ solar cells using the microstructured TiO,, an FTO/
TiO,/In,S3/CulnS,/Ag structure was followed. Many workers
reported the fabrication of solar cells using this structure;
however, in most cases, the back contact materials [fluorine-
doped tin oxide (FTO) or tin-doped indium oxide (ITO)] were
prepared through either sputtering or evaporation [22, 24]. In
our work, spray-pyrolysed FTO films serves as the back
contact. CulnS, was used as the absorber layer because of its
band gap of 1.5eV, which is optimum for the photovoltaic
application. A thin layer of In,S3 (~50 nm) sprayed between
the TiO, and CulnS, layers serves as a buffer layer, which
suppresses the back recombination of injected carriers [22].

2. Experimental details

An automated CSP unit was employed for the film fabrication
[25]. Here, an air blast type of atomization was made possible
using a stainless steel surgical needle. Compressed and fil-
tered air were used as the carrier gas. The substrates for the
film deposition were placed on a hot plate in air, which can
provide a uniform surface temperature. The distance between
the atomizer and hot plate was optimised for pinhole-free,
uniform films that have good adhesion to the substrate. The
TiO, thin films were prepared using commercial TiO, powder
(Degussa P25, supplied by Evonik industries, Japan, with
TiO, weight percentage 99.5) on ultrasonically cleaned soda
lime glass substrate. Initially, a precursor solution of 0.125 M
peroxo-titanic acid was prepared by dissolving the powder in
a solution of hydrogen peroxide (H,O,) and ammonium
hydroxide (NH,OH) taken in the ratio 8:2. The precursor
solution was made to 0.025 M using distilled water. The spray
rate was maintained at 6mlmin~', and the substrate tem-
perature was varied from 300 °C to 500 °C in steps of 50 °C.
The samples prepared at 300 °C, 350 °C, 400 °C, 450 °C and
500 °C were named Ti-300, Ti-350, Ti-400, Ti-450 and Ti-
500, respectively, with thicknesses around 510 nm, 500 nm,
480nm, 450nm and 380nm. For the device fabrication,
fluorine-doped tin oxide (FTO) thin films (with a sheet
resistance of 20 £2/[]) were deposited on glass substrates kept
at 425 °C by the CSP method. Stannic chloride (SnCly) was
used as the precursor solution. Fluorine doping was made
possible using an ammonium fluoride (NH4F) solution. The
TiO, films after the optimisation of the substrate temperature
was sprayed over the FTO layer. Optimized In,S; and CulnS,
thin films were sprayed over the FTO layer in a sequence, as
mentioned in our previous work [26]. Indium chloride (InClj,
0.03 M) and thiourea [CS(NH,),, 0.3 M] were the precursors

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications

for the In,S5 films. For the CulnS, deposition, the precursor
solutions were copper chloride (CuCl,.2H,O, 0.0175M),
indium chloride (InClz, 0.0125 M) and thiourea [CS(NH,),,
0.0625 M] [27]. The substrate temperature and spray rate
were maintained at 350°C and 4mlmin~" for both the
CulnS, and In,S; layers. The front contact was through
vacuum evaporated silver over the cell structure
(area=0.03 cm?).

An SU6600 variable pressure field emission scanning
electron microscope (FESEM) (Hitachi, Japan) was used for
structural analysis. The Nanosurf EasyScan 2 AFM System
was used for the morphological analysis of the films. The
prepared TiO, samples were also characterized using a
Rigaku (model D/Max-C) x- ray diffractometer employing a
CuKa line and a Ni filter operated at 30kV and 20 mA.
Raman analysis of the prepared samples was done using the
Horiba Jobin Yvon LabRAM HR system at a spatial resolu-
tion of 2 mm in a backscattering configuration. The 514.5 nm
line of an Argon ion laser was used for excitation. The che-
mical compositions of the films were evaluated using the XPS
technique (Shimadzu XPS unit, model: AMICUS). The
photovoltaic response of the fabricated solar cell was studied
using a class AAA solar simulator (PET, model SSS50AAA).

3. Results and discussion

The evolution of the films’ surfaces with the deposition
temperature was studied using the SEM. At a lower tem-
perature, it was observed that the adhesion of TiO, over the
substrate was very poor, making the films nonuniform. From
300°C and above, the films had adhesion and were con-
tinuous. The samples deposited at 300 °C were composed of
nonuniformly arranged aggregates (figure 1(a)). As the tem-
perature increased to 350 °C, the aggregates arranged them-
selves into open, porous structures [with a size in the range of
2-6 microns], as shown in the figure 1(b). The SEM analysis
of the samples prepared at higher substrate temperatures of
400 °C, 450 °C and 500 °C (figures 1(c)—(e)) show that they
are not microporous in nature, but possess good adhesion and
homogeneity over the substrate. The AFM analysis (not
shown) indicates that the RMS roughness of the samples
decreases with an increase in the substrate temperature. For
the Ti-350 samples, the RMS roughness was 180 nm, which
decreases to 30nm for Ti-500 samples. The highly inter-
connected porous structure is unique to the samples prepared
at a substrate temperature of 350 °C; hence, the study reveals
that the porosity of the films strongly depends on the substrate
temperature.

As the substrate temperature increases, the evaporation
rate of the constituents in the precursor solution also increa-
ses. Hence, the composition of the deposited films has a
strong dependence on the substrate temperature [2]. The
EDAX measurements prove that the atomic concentration of
Ti decreases as the substrate temperature increases. As a
result, the thickness of the films decreases drastically. Above
500 °C, the film’s surface seems to be discontinuous. The
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atomic concentrations of Ti and O with the substrate tem-
perature are depicted in figure 2.

The SEM analysis clearly indicates the microporous
nature of the TiO, films at 350 °C, and an EDAX analysis
shows that the films are nearly stoichiometric. The results of
the SEM and EDAX analyses show that the Ti-350 samples
can be good candidates for solar cell applications. Moreover,

(e

Figure 1. SEM pictures of TiO, samples (a) Ti-300, (b) Ti-350, (c) Ti-400, (d) Ti-450, (e) Ti-500.

the In,S; buffer layer and CulnS, absorber layer were also
prepared at 350 °C. This is very important as far as device
fabrication at an industrial level is concerned since there is no
need to change the substrate temperature for each layer fab-
rication. Thus, the cell fabrication in this study was just a one
stretch process. Only the Ti-350 samples were selected for the
remaining studies in this paper.

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications
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Figure 2. Atomic concentration of titanium and oxygen in TiO, films
versus the substrate temperature (obtained from the EDAX analysis).

The AFM analysis was also done on the Ti-350 samples.
Both the 3D view and colour map view of the sample surfaces
are shown in figure 3. The two-dimensional AFM images are
in good correlation with the SEM micrographs. From the 3D
AFM analysis, the average surface roughness was observed to
be 180 nm. For the FTO coated glass substrate, the average
surface roughness value is 20 nm.

Both the AFM and SEM analyses reveal the porous
nature of the films prepared at 350 °C. However, they were
almost amorphous in nature, as revealed by the XRD analysis.
In order to improve the crystallinity of the samples for device
applications, air annealing was carried out for 2 h at 500 °C.
Even after annealing, the films were microporous in nature
with no significant changes in pore size. After annealing, the
sample showed different strong XRD peaks, which confirmed
the polycrystalline nature of the film, as depicted in figure 4.
All of the diffraction peaks of the films are indexed to (101),
(112), (200) and (105), with preferential orientation along the
(101) plane, which is characteristic of the tetragonal anatase
phase [28]. The crystallite size (deduced from the well-known
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Figure 4. XRD spectrum of the Ti-350 samples (a) before air
ling, (b) after air ling at 500 °C.

Scherrer formula [29]) is estimated to be 40 nm. The full
width at half maximum (#) of the XRD peak is related to
microstrain (&) and crystallite size (t), according to the Wil-
liamson—Hall equation as:

/icos(i:%+4€sin€ [€)]

where 6 is the Bragg angle, k is the shape factor (0.9) and 4 is
the wavelength of the x-rays [30]. Equation (1) represents a
straight line with the y intercept as k4/t and the slope as ¢. The
calculated values of the microstrain and grain size were
2.5% 107 and 46 nm, respectively (figure 5). The grain size
obtained using the Scherrer formula correlate well with that
obtained from the Williamson—Hall plot.

Figure 6 shows the Raman scattering spectrum of the ‘as-
prepared’ and ‘annealed’ samples. Before annealing, only the
peak at 144 cm™" existed, and this low frequency ‘Eg mode’
is the peculiarity of the ‘anatase phase.” Upon annealing, the
sample exhibited Raman peaks at 144, 398, 518 and

1.75 pm

0.00 pm

(a)

0.00 pm

(b)

Figures 3. (a) 2D and (b) 3D AFM image of the Ti-350 samples.
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Figure 5. Williamson-Hall plot of the Ti-350 samples.
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Figure 6. Raman spectrum of the Ti-350 films before and after air
annealing.

638 cm™', which are also assigned to the characteristic Raman
modes of ‘anatase phase’ TiO, films [4]. The full width at half
maximum (FWHM) of the peaks decreases upon annealing,
indicating structural improvement; this is in good agreement
with the XRD results [31]. Thus, the Raman analysis also
confirmed the crystalline anatase phase of the Ti-350 samples.

To analyse the chemical state in the films, *XPS depth
profile’ measurements were performed. Ten cycles of Argon
ion etching were carried out in these films. The XPS mea-
surements show the oxygen to titanium ratio as 63:37. This
was comparable to the value, 65:35, obtained from the EDAX
analysis. Figure 7 represents the binding energy versus
intensity spectra for the Ti 2p and O 1s states in the samples
after etching. The presence of the Ti 2p;,, peak at 460.46 eV
indicates the presence of Ti** oxidation states. The binding
energy peak at 466.44 eV indicates the Ti 2p,, peak. The
doublet separation between the 2ps,» peak and Ti 2py, peak
was 5.92 eV, which is in good agreement with the reported

148

Binding energy (eV)

Figure 7. XPS analysis of the Ti 2p and Ols states in the Ti-
350 films.

Figure 8. Schematic diagram of the fabricate device.
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Figure 9. J-V characteristics of solar cells fabricated using structured
and flat TiO, films

value of 5.7 eV for anatase phase TiO, thin films deposited by
MOCVD [32]. The Ols binding energy is at 532.15 eV this
indicates the bonding of oxygen to the tetravalent Ti
ions [33].
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Table 1. Photovoltaic parameters of the S-400 and S-350 cells.

Cell name Voe mV)  Jiec (MA cm'z) FF (%) n(%) R (22 cmz) Ry, (2 cmz)
S-400 (Flat) 350 3.22 31 0.35 75 141
S-350 (Structured) 409 3.90 38 0.61 45 196

3.1. Fabrication of ‘all-sprayed’ FTO/TiOx/In,S3/CulnS/Ag
solar cells

In order to explore the effect of the microporous structure on
cell performance, solar cells were fabricated using both the
microporous (Ti-350) and flat structured (Ti-400) TiO, thin
films, and they were named S-350 and S-400. In both cases,
the thickness of the CulnS, absorber layer and In,S; buffer
layer were kept constant. The thicknesses of the FTO, TiO,,
CulnS,, In,S; and Ag layers were around 300 nm, 350 nm,
200 nm, 50 nm and 50 nm, respectively. A schematic diagram
of the fabricated device is shown in figure 8.

Figure 9 shows illuminated J-V characteristics of S-350
and S-400 solar cells. The S-400 cells show an open circuit
voltage (Vi) of 350mV and a short circuit current density
Ji) of 3.22mA cm™. The efficiency () and fill factor (FF)
were 0.35% and 31%. On the other hand, the S-350 cells
show an improvement in the device parameters. It has
Voe=409mV, J.=3.90mA cm™>, n=0.61% and FF=38%.
In this case, the thin absorber layer was sprayed over the
microporous structured TiO, thin films that have an enhanced
surface area compared to the flat structured samples. Hence,
the thickness of the absorber layer may be comparable with
the depletion layer extension, and it may be the reason for the
improvement of the device parameters [34].

The performance parameters of the devices can also be
explained on the basis of its parasitic resistances [series (R,)
and shunt (Rg,)]. R, and Ry, were calculated from the slope of
the illuminated J-V characteristics at V=0 (for R,) and /=0
(for Ry,) [35]. When comparing the performance parameters
(shown in table 1) of two cells on the basis of R, and Ry, the
better one should have a low value for R and a high value for
Ry,. For the $-400 cells, Ry, was 141 £ cm?, and it increased
to 196 L2 cm? for the S-350 cells. This increase in Ry, may be
responsible for the effective charge carrier separation there by
reducing the alternate path for the light-generated carriers
[36]. As a consequence of this process, the V,,. for the S-350
cells was 409 mV, which is a better value compared to that of
350 mV for the S-400 cells. The series resistance value for the
S-350 cells was 45 2cm?, and that of the S-400 cells was
72 2 cm?. The increase in the value of Jy. for the $-350 cells
may be attributed to the decrease in the series resistance.
Since V. and J,. are enhanced for the S-350 cells, the effi-
ciency and fill factor of these cells also improve.

4. Conclusion

A simple and cost-effective CSP method was successfully
used to prepare microporous TiO, thin films using the com-
mercially available TiO, powder, DP25. It was observed that

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications

the microporous structure of the sprayed TiO, thin films have
a strong dependence on the substrate temperature, and the
optimised temperature was 350 °C. The microporous nature
of the film was confirmed using both SEM and AFM analysis,
and they show a reasonably good correlation. The as-prepared
films were amorphous in nature. Air annealing of these
samples for 2 h at 500 °C results in a crystalline anatase phase
for the TiO, thin films. We demonstrated the modified
structural properties of the films upon post-deposition
annealing by XRD and Raman analyses. Also, the solar cells
fabricated using microstructured TiO, thin films show better
device parameters compared to flat structures. The perfor-
mance parameters of the best cell fabricated is quite low.
However, for the present work, only the CSP method was
employed for all of the layers of the cell. CSP already proved
to be a simple, cost-effective candidate for large area
deposition. In this aspect, the result is quite promising. Also,
the electrical properties of TiO, and FTO layers can be further
improved for better device parameters. Moreover, the appli-
cation of a suitable carrier transport layer (metal/TCO) over
the present cell structure will ensure better electrical con-

duction and may enhance the device’s parameters
appreciably.
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Abstract

CulnS,, In,S; and fluorine doped tin oxide (FTO) thin films were prepared by simple, cost effective Chemical Spray Pyrolysis (CSP)
method and effect of [Cu)/[In] ratio on the structural, optical, electrical and morphological properties of CulnS; thin films were inves-
tigated. X-ray diffraction analysis shows that grain size of CulnS, samples increases with increase in [Cu)/[In] ratio in the spray solution.
It could be figured out that Cu,S binary phases are absent in the films. Optical studies reveals that the band gap of the films decreases on
increasing the [Cu)/[In] ratio. Type of conductivity and resistivity of CulnS, films were estimated from Hall measurement system. On
increasing [Cu)/(In] ratio resistivity decreases. Surface morphology of the films deposited at different spray rates were analyzed using
Atomic Force Microscopy (AFM) and results shows that there should be an optimum spray rate for device fabrication and was fixed
at 4 ml/min. Surface structure and uniformity were confirmed by employing Scanning Electron Microscopy (SEM). Composition and
p-type conductivity of CulnS, samples were analyzed through Energy Dispersive X-ray analysis (EDX). Finally the optimized CulnS,
films were used for device fabrication. The best device in this study has open circuit voltage of 457 mV and short circuit current density of
5.45 mA/cm?. Efficiency and fill factor were 0.94% and 38% respectively.
© 2014 Elsevier Ltd. All rights reserved.

Keywords: Chemical Spray Pyrolysis: Solar cells: CulnSy; In,S;

1. Introduction

Copper indium sulphide (CulnS,) is one of the I-11I-VI,
compound semiconductors which have theoretically the
highest conversion efficiency among the chalcopyrite based
solar cells (Parameshwari et al., 2012; Klaer et al., 1998).
Direct band gap of 1.55¢V, high absorption coefficient
(~10° ecm™') and non-toxicity of the constituents are the
important attributes of CulnS, films to be used as an
absorber layer in thin film solar cells (Qiu et al., 2006).
Indium sulphide (In,S;) has been observed to be an efficient
alternative to toxic CdS buffer layer for CulnS, based solar

* Corresponding author. Tel.: +91 9562019287, +91 9847322577.
E-mail address: kpv@cusat.ac.in (K.P. Vijayakumar).

http://dx.doi.org/10.1016/j.solener.2014.07.001
0038-092X/© 2014 Elsevier Ltd. All rights reserved.
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cells (Trigo et al., 2008; Kilani et al., 2011). Fluorine doped
tin oxide (FTO) films are promising candidate as transpar-
ent conducting oxides (TCO) for thin film solar cells due
the high transparency and conductivity among easily avail-
able TCOs (Elangovan and Ramamurthi, 2005). For the
simplicity and versatile implementation of thin film solar
cells, the entire layers essential for their fabrication i.c.,
absorber layer, buffer layer and transparent conducting
oxides must be prepared by the same deposition technique.
More over the deposition technique should also be cost
effective to ensure low economic payback time affordable
to common people. In the present work, we fabricated
CulnS, absorber layer, In,S; buffer layer and fluorine
doped tin oxide TCO layers essential for the fabrication
of FTO/CulnS,/In,S; solar cell by simple, cost effective
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Chemical Spray Pyrolysis (CSP) method. Solar cells having
efficiencies up to 9.5% has been reported using sprayed
CulnS,/In,S; heterojunction (John et al., 2005), but in
most cases the back contact materials used was either tin
doped indium oxide (ITO) or molybdenum (Mo) prepared
by sputtering or vacuum evaporation (Klenk et al., 2005;
Braunger et al., 1996). This work used sprayed FTO sam-
ples for device fabrication. Prior to the fabrication of the
device we optimized sprayed CulnS, thin films structurally,
electrically and morphologically to implement as an absor-
ber layer in FTO/CulnS,/In,S; solar cells. Finally the opti-
mized CulnS, absorber layer was used for the fabrication
of all sprayed solar cells.

2. Experimental details

FTO thin films (sheet resistance of 25 Q per square) were
deposited on ultrasonically cleaned soda lime glass sub-
strates kept at 425 °C by automated Chemical Spray Pyro-
lysis machine. The precursor solution used was stannic
chloride (SnCly). Ammonium fluoride (NH4F) was added
in the spray solution for doping with fluorine (Elangovan
and Ramamurthi, 2005; Shewale et al., 2010). CulnS, thin
films were deposited on FTO coated glass substrate also by
CSP machine (John et al., 2005). Aqueous solutions of
CuCl,, InCl; and thiourea were used as the precursors
for Cu, In and S (Cherian et al.. 2012). It was observed that
the deposition rates of CulnS, over FTO films are very low.
Therefore it will take a long time to deposit the necessary
thickness of CulnS, absorber layer over FTO films. For a
particular volume, thickness of spray deposited CulnS,
layer can be increased by increasing the [Cu)/[In] ratio in
the precursor solution (Hussain et al., 2012). For that
[Cu)/[In] ratio in the precursor solution was varied as 0.8,
1, 1.2 and 1.4. Above [Cu)/[In] ratio 1.4 the solution gets
precipitated. [S)/[In] ratios in all these films were main-
tained as 5. Deposition temperature and spray volume
for CulnS, thin films were fixed at 350 °C and 80 ml
(Sebastian et al., 2009). Spray rate was optimized at 4 ml/
min as explained in Section 3.5. Trials shows that as
[Cu)/[In] ratio increases, the deposition rate over the
FTO layer increases. In order to characterize these films
structurally, optically and electrically, ultrasonically
cleaned soda lime glass plates were also placed along with
FTO in each spray and the deposited films were named as
Cu-0.8, Cu-1, Cu-1.2 and Cu-1.4. Finally In,S; buffer layer
was deposited by spraying 35 ml of aqueous solution con-
taining indium and sulfur precursors in the ratio 1.2:12
(Santhosh et al., 2011; Mathew et al., 2010). For electrical
contact at the top, silver electrode (thickness ~50 nm) was
vacuum evaporated at a pressure of 2 x 107> mBar.

CulnS,, In,S; and FTO samples were structurally char-
acterized using Rigaku (D. Max. C) X-ray diffractometer
employing Cu Ko line and Ni filter operated at 30 kV
and 20 mA. Thicknesses of the films were measured using
the Stylus profilometer (Dektak-6 M). Optical absorbance
of the samples at normal incidence was studied employing
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UV-VIS-NIR spectrophotometer (JASCO V-570 model).
Using Van der pauw four probe technique, Hall effect mea-
surement system (HMS 5300, Ecopia) was employed to
characterize the electrical transport properties of the CulnS,
thin films at room temperature. ‘Nanosurf easyScan 2’
AFM System was used for the morphological analysis of
the films. Surface features of CulnS, thin films were
explored using Scanning Electron Microscopy (SEM)
(JEOL, JSM-840, operated at 20 kV). Composition analysis
of the deposited films was done using Energy Dispersive
X-ray (EDAX) analysis which is attached with SEM.
Photovoltaic response of the heterojunction was studied
using class AAA solar simulator (PET, model SSS0AAA).

3. Results and discussion
3.1. Structural characterization

XRD profiles of each layer of the fabricated device are
shown in Fig. 1.

From Fig. 1(a) it is clear that FTO films were crystal-
line in nature with preferential orientation along (200)
plane. XRD analysis of samples Cu-0.8, Cu-1, Cu-1.2,
Cu-1.4 prove the tetragonal structure of CulnS, (JCPDS
data card 270159) with preferential orientation along
(112) plane (Fig. 1(b)). One of the main challenges
regarding CulnS, based solar cells is the formation of
binary phases such as Cu,S, which affects the perfor-
mance of the device. From XRD analysis, the films
deposited during CSP do not show any peak correspond-
ing to binary phases even though [Cu)/[In] ratio was var-
ied from 0.8 to 1.4 (John et al.. 2005). Hence KCN
etching (which is a difficult process due to toxicity of
KCN) and optimized 3-stage growth process usually
employed to remove these secondary phases can be
avoided (Ogawa et al., 1996; Calderon et al., 2010).
Grain sizes of the deposited films were calculated using
Scherer’s formula. As [Cu)/[In] ratio increases grain size
also improves and for [Cu)/[In] ratio 1.4 the films possess
a grain size of 32 nm. Thickness and grain size for sam-
ples Cu-0.8, Cu-1, Cu-1.2 and Cu-1.4 are tabulated in
Table 1. It is very important to mention that this
increase in grain size is appreciable for a good quality
absorber layer as it improves electrical transport proper-
ties in thin film solar cells (Bergmann, 1999). Variation
of grain size with [Cu)/[In] ratio is shown in Fig. 2.
In,S; film showed (Fig. 1(c)) preferential orientation of
(220) plane which is the characteristics of B-In,S; thin
films.

3.2. Optical properties

Optical absorption spectra of the CulnS, samples with
different [Cu)/[In] ratios are depicted in Fig. 3(a). Absorp-
tion coeflicient () is related to the energy gap (E,) accord-
ing to the equation
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Fig. 1. XRD analysis of (a) FTO (b) CulnS, samples deposited by varying [Cu}/(In] ratio as 0.8, 1, 1.2, 1.4 and (c) In,S; samples.

Table 1
Thickness and grain size for CulnS, samples with different [Cu}/[In] ratio.
[Cu)/[In] ratio

Thickness (nm) Grain size (nm)

0.8 415 19
1 450 22
12 495 24
1.4 525 32

ahv = A(hv — E,)"

where 4 is a constant, & the plank’s constant, v the fre-
quency of incident beam and n is equal to 'z for direct
allowed band gap. E, can be obtained from the graph of
(ahv)® versus hv which is illustrated in Fig. 3(b). It is
observed that the band gap decreases from 1.45 to
1.35¢V as [Cu)/[In] ratio in the film increases from 0.8 to
1.4. Defects in CulnS, films are responsible for carrier
degeneracy and may produce gap-states near the band edge
(Zhang et al., 1997). This may be a possible reason for the
decrease in band gap.
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Fig. 2. Grain size of the deposited films Vs [Cu}/[In] ratio in the precursor

solution.
3.3. Electrical characterization
Electrical characterization of the films (performed using

Hall Effect measurement at room temperature) are tabu-
lated in Table 2.
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Fig. 3. (a) UV visible absorption spectra and (b) (athv)? versus hv graph of films prepared with different [Cu)/[In] ratio in precursor solution.

Table 3
Non-stoichiometry parameters and conductivity type from EDAX mea-
surement for Culn$, films with different [Cu}/[In] ratios.

Samples Cu-0.8 are having excess indium and possess
poor crystallinity compared to other samples; as a result
the resistivity is high (Shi et al., 2006). As [Cu]/[In] ratio

increases, the resistivity decreases. This result correlates S‘ample name s Soduidlione
with the increase in grain size of the deposited films. Bulk E‘:(I)B g'gz 2
concentration of carriers enhanced by four orders when 5 013 P
[Cu)/[In] ratio was varied from 0.8 to 1.4. Thus films depos-  Cu-1.4 0.20 P

ited at [Cu)/[In] ratio 1.4 was superior to others in terms of
structural and electrical properties. Hence we chose Culn$S,
films having [Cu)/[In] ratio 1.4 as the absorber layer for the ~ percentage of copper (Cu), indium (In) and sulfur (S),
device fabrication. was 24%, 22% and 54% respectively.

SEM analysis of the CulnS, films prepared on glass
plates using optimized spaying conditions (i.e. [Cu]/[In]
ratio 1.4 and spray rate 4 ml/min) are shown in Fig. 4.

Using EDAX measurements attached with SEM the Films were free from pinhole and crack. Moreover growths
non-stoichiometry parameter (Ay = [28/(Cu + 3In)] — 1) of the films were observed to be uniform, densely packed
was evaluated for films Cu-0.8, Cu-1, Cu-1.2, and Cu-1.4 and well covered to the glass substrate.

(Table 3). For all films Ay > 0, indicates p-type conductiv-

ity of the films (Xu ct al., 2011). The Ay values calculated  3.5. Morphological characterization

from EDAX analysis and results from Hall measurements

are in good agreement. As [Cu]/[In] ratio increases proba- For device fabrication, CulnS, films having very low
bility of existence of defect states such as copper in indium  surface roughness is preferred. Otherwise the deposition
sites (Cuyy,) and indium vacancies (Vy,) increases (Goossens of In,S; buffer layer over the highly rough surface of
and Hofhuis, 2008). Probability of existence of indium
vacancy is very low since Cu,S binary phase is absent in
the film. Hence copper in indium sites (Cuy,) defect states
act as shallow acceptor levels. As a result, the samples
become more p-type on increasing [Cu)/[In] ratio in the
precursor solution. From EDAX analysis the atomic

3.4. Compositional analysis

Table 2
Electrical characterization of Cu-0.8, Cu-1, Cu-1.2 and Cu-1.4 samples.
[Cu)/[(In] Bulk Resistivity ~ Mobility Conductivity
ratio concentration (Qcm) (cm?/VS) type
(em™?)
0.8 1.29 x 10" 100.93 48 p-type
1 5.92 x 10" 10.55 10 p-type
1.2 4.56 x 10" 9.86 1.39 p-type
1.4 3.45 x 10" 0.27 0.066 p-type

Fig. 4. SEM analysis of optimized CulnS, samples (Cu-1.4).

Tailoring the properties of spray deposited SnO, and ZnO thin films for energy applications
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Fig. 5. AFM analysis of CulnS; samples at different spay rates (a) 2 ml/min, (b) 4 ml/min, (c) 6 ml/min, and (d) 8 ml/min.

CulnS, films increases the probability of ‘shorting’ the
device. In CSP technique, spray rate is an important
parameter that manipulates this surface roughness. In
order to optimize the spray rate, CulnS, films having
[Cu)/[In] ratio 1.4 were deposited with spray rates 2, 4, 6
and 8 ml/min over FTO films. AFM analysis of these films
are shown in Fig. 5. It was observed that for very low spray
rate ie. at 2 ml/min, temperature deviation of the heater
surface is very small since the quantity of solution hitting
the heater surface per minute is small. Hence the compar-
atively high surface temperature increases the probability
of re-evaporation and hence films have low thickness.
The deposited films have smoother surface (surface rough-
ness 11 nm); however resistivity is high due to low thick-
ness. Films having required thickness can be deposited at
2 ml/min but it will take long time to complete the spray.
As a result we have to go for higher spray rate. But at
higher spray rates (i.e., at 8 ml/min) temperature deviation
of the heater surface is high and the films have compara-
tively high thickness. The films have low resistivity but pos-
sess higher surface roughness (61 nm). Hence for device
fabrication, films prepared at intermediate spray rate are
preferred. Films sprayed at 4 ml/min have an intermediate
surface roughness of 40 nm and resistivity of 4.5 x 10" Q cm.

Hence films having [Cu)/[In] ratio 1.4 and sprayed at 4 ml/min
were used for device fabrication.

3.6. FTOICulnS/In,S; solar cell fabrication

Using the optimized CulnS, (Cu-1.4) thin films, FTO/
CulnS,/In,S;/Ag solar cells were fabricated. Area of silver
electrode deposited using vacuum evaporation is 0.03 cm>.
Silver was observed to be a suitable top electrode for
CulnS,/In,S; hetero junction as it improves the crystallin-
ity of In,S; thin films (John et al., 2005). The cell structure
is as shown in Fig. 6. In thin film solar cells the overall

——2 Agelectrode(50nm)
1n,5,(200 nm)
> CI5(500 nm)

> FTO(300nm)

Glass

LRI

Light

Fig. 6. Structure of the fabricated device.
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Fig. 7. J-V characteristics of FTO/CulnS,/In,S; solar cells.

device performance has an inevitable dependence on the
thickness of individual layers. Using automated CSP
machine, thickness of individual layers can be easily varied.
Optimized thickness of SnO,:F transparent conducting
oxide, CulnS, absorber layer and In,S; buffer layer in this
study were 300, 500 and 200 nm respectively.

Fig. 7 shows the photovoltaic response of the device
under an illumination of 100 mW/cm”. The optimized
device has open circuit voltage (V) of 457 mV, short cir-
cuit current density (Ji.) of 5.45 mA/cm”. Efficiency and fill
factor were 0.94% and 38% respectively. Parasitic resis-
tances [series (R;) and shunt (Rg;,)] of the devices were cal-
culated from the slope of the illuminated J-V
characteristics at V=0 (for R) and J=0 (for Ry,)
(Moritake et al, 2009) as 40Qcm’ and 250 Qcm?®
respectively.

4. Conclusions

Versatile and cost effective Chemical Spray Pyrolysis
technique was successfully employed for the fabrication
of all sprayed FTO/CulnS,/In,S:/Ag solar cells. Structural
and electrical properties of CulnS, absorber layer was opti-
mized for a good quality absorber layer by adjusting the
[Cu)/[In] ratio in the precursor solution. Moreover it was
observed that even though we varied [Cu)/[In] ratio from
0.8 to 1.4, Cu,S binary phases were absent and hence we
could avoid usual KCN etching. Due to the existence of
shallow acceptor levels (Cuy, defect states), CulnS, samples
become more p-type on increasing [Cu)/[In] ratio in the
precursor solution. This is confirmed by both Hall effect
measurements and EDAX analysis. The device fabricated
in this work shows an efficiency of 0.94% which is the best
value reported so far for all sprayed FTO/CulnS,/In,S:/Ag
solar cells without the application of a TCO layer and anti-
reflection coating. Even though the efficiency at the initial
stage is rather low, the “all sprayed” solar cells fulfill the
demands like low toxicity, easy adaptability for large scale
production and cost effectiveness prevailing in photovoltaic
industry.
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