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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 

either 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 SnO2 and ZnO. Tailored SnO2 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 

ZnO 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 SnO2 and p type ZnO.  The motivation 

behind the work is also included in this chapter. 

Chapter 2 explains the preparation and characterization of undoped SnO2 

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. SnO2 

films were prepared by varying substrate temperature from 3750C to 5000C and 

4250C 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 SnO2 films by CSP. Exact doping concentrations are not 

included to protect patent data. Fluorine (F) doped SnO2 films were prepared by 

incorporating different concentrations of NH4F and HF as F source in the 

precursor solution and found that NH4F is the best dopant source. FTO films 

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

2.48x10
-4
Ω.cm were successfully deposited.  



To prove the applicability of  the deposited FTO films, different all layer 

spray deposited solar cells were fabricated on FTO substrates with reasonable 

efficiencies. A transparent thin film heater (TTFH) was also fabricated, which can 

reach high temperatures at relatively lower voltages with low power consumption. 

The TTFH could attain 3400C 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 

4500C 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 barrier 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
1
. 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 (LEDs), digital displays, and touch 

sensors etc.
2,3

 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
2,3
. 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” 
4
. 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
5
. Beyond a certain limit, continuous 

miniaturization of devices leads to collapse of Moore‟s law due to the heat 

dissipation and current leakage issues
6,7

. 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%
8
. 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 



Chapter 1 

4 

explores the possibility of developing SnO2 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
9
, 

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
10

. 

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 IO) are reported by T.G. Bauer in 1937 and G. Ruppercht in 

1954 respectively
11

. The practical development of TCOs showed only a little 

progress until chemical routes for depositing TO and IO were developed in 

1940s
12

. 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
0
C 

to 500
0
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% 
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transmittance and 3 x10
-4
Ω.cm resistivity

13
. These values for TCOs were 

considered as “Gold Standard” for a long time
11

.  

Ternary compounds like Cd2SnO4 (CTO) with good electro-optic 

properties were investigated in the late 1970s
14,15

. But its use was limited due 

to Cd toxicity and high temperature post deposition treatments (> 600
0
C). 

Interest in ZnO as TCO begins in 1970s and 1980s
16–19

, but the low thermal 

stability of ZnO hindered its further use. Ternary compounds like ZnSnO, 

GaInO, ZnInO etc. and multi component oxides of binary compounds (ZnO, 

SnO2, In2O3, Ga2O3, MgO etc.) were studied in 1990s
20

. Development of 

CuAlO2 , 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
21–23

.  

In 2001, Y. Meng et al. discovered high mobility TCO (100 – 

130cm
2
/V.s) by doping IO with molybdenum (IMO). Resistivity of the film 

was 1.7 x 10
-4
Ω.cm

24
. This result invoked interest in high mobility TCOs and a 

number of works were reported on IO doped with Zr and Ti, but none had 

reached high mobility reported by Y. Meng on IMO
25

. 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
9,26–29

. But the formation of 

intrinsic defects like oxygen vacancies or the presence of extrinsic dopants gives 

rise to considerable charge carrier concentrations
11,30–40

. Electrical conductivity 
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() of TCO thin films depends on the charge carrier density (n), effective mass 

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

 
  

   

  
 (1.1) 

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

    
  

  
 (1.2) 

Therefore the conductivity in terms of mobility and charge carrier 

density can be expressed as 

          (1.3) 

The electrical conductivity of TCO materials is limited due to the 

dependency between carrier concentration (n) and mobility (µ). 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
41

. 

 

   
 

 
*{  (

 


)}

 
 
  + (1.4) 
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and  

    
 

 
*{  (

 


)}

 
 
  + (1.5) 

where n is the refractive index, k is extinction coefficient,   is dielectric 

constant and  is the conductivity of the medium.  is the frequency of the 

incident radiation.  

For an insulator, conductivity () will be zero. Therefore refractive 

index, n =  1/2
 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
0
 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
42,43

. 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 

   [
 

  
 
 


]   ( ) (1.6) 

Where, m is the mass of electron, V(t)  is the velocity of electron at any instant 

of time t and  is the relaxation time.  

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

can be written as 
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             (1.7) 

Assuming a solution,  V(t) =  V.e
-i  t

,for equation (1.6), then  

 [    
 


]        

(1.8) 

Or  

    
 
 ⁄

    
 

(1.9) 

Current density in the material can be obtained as  

       
   

 (    )
  

(1.10) 

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

( )  
   

 (    )
  [

    

  ( ) 
] (1.11) 

where, 0 corresponds to dc electrical conductivity and  is given by 0 = ne
2
/m  

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

modified as 

( )   [
 

( ) 
 
 

 
]  

   

   
  
   

  
 (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,     (    ⁄ ) (1.13) 
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 ⁄

     ⁄
  

 

  (1.14) 

Hence the dielectric constant of free electron can be expressed in terms 

of n,   and   as 

 ( )    

     
 ⁄

     ⁄
 

 

(1.15) 

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

the dielectric constant will be positive only if  2 24 /ne 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 ( p). The 

material is transparent to those waves with frequencies higher than  p. The 

relation connecting the plasma frequency of material to its carrier 

concentration is given by equation (1.16). 

   (
     

 ⁄ )

 
 

 (1.16) 

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

to higher frequencies by increasing its carrier concentration
44,45

.  

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
9
. 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
28

. High doping concentration 

can also cause clustering of dopant ions which could significantly increase the 

scattering rate
36,46

.  

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. 

 

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
0
C) < SnO2 (500

0
C) < and 

Cd2SnO4 (700
0
C)

47
. 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
48

. ZnO and SnO2 

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
40,48

. 
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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
41

.  

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 SnO2 for 

the fast emerging photovoltaic and low emissivity, smart window industries. 

1.5.1 Tin oxide (SnO2) 

Tin oxide crystallizes in tetragonal rutile structure and belongs to 

P42/mnm space group
9,49

. 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 = 4.737Ǻ,    

c = 3.186Ǻ and c/a ratio is 0.672Ǻ
9,50,51

. The ionic radii of Sn
4+ 

and O
2-

 are 

0.71Ǻ and 1.4Ǻ respectively
52,53

. 
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Figure 1.2. Rutile structure of SnO2
54

 

Similar to other wide band gap binary oxide TCOs, the conductivity of 

SnO2 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
55

. There are three ways of generating charge 

carriers in the material by intrinsic or extrinsic doping
9
. 

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 

- Sn 

 

- O 
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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
55

. That means for the pure tin oxide films, generation of the conduction 

electrons can be attributed to the first two mechanisms mentioned above
9
. 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
9,56,57

.  

1.5.2 Review on SnO2 based TCOs 

Even though SnO2 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 SnO2 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
58

. 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
0
C 

improves crystallinity and conductivity. But further increase in annealing 

temperature resulted in decrease in electrical conductivity
59

. Films prepared 

using RF sputtering at room temperature were crystalline in nature and the 

lowest resistivity of the films was about 1x10
-3
Ω.cm.

60
 

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
-4
Ω.cm and 95% respectively

61
. 

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
-3
Ω.cm.

62
 They have also studied 

effect of different discharge power densities without preheating the substrate. 

The lowest resistivity of the films was about 3.3x10
-3
Ω.cm.

63
 

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(II) 

trifiuoroacetate was used as the precursor for film deposition. The resistivity 

of the best deposited film with thickness 1.26 m was 5.9x10
-4
Ω.cm.

64
 

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
-4 

Ω.cm. The report suggests that Ta is an excellent dopant for enhancing the 

electrical properties of tin oxide thin films
65

. 

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 57Ω/sq.
66

 

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
67

. 
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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 

3000Ω
-1

cm
-1

.
68

 

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(O2CCF3)2 and oxygen was 

reported. The films showed 75% transparency in the visible region and 

resistivity of 8.2x10
-4 
Ω.cm.

69
 

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
70

. 

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
71

. 

Development of atmospheric pressure CVD processes for high quality 

transparent conductive oxides was presented by Ariël de Graaf et al. It was 



Introduction 

 

 17 

shown that high transmittance (80%) and low resistivity (4 x10
-4
Ω.cm) film 

can be obtained in combination with an intrinsic surface structure that 

enhances light trapping effect
72

. 

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
73

. 

Ü. 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
74

. 

Y. Wang et al. synthesized self-organized Sb, Nb, and Ta doped 

mesoporous SnO2 thin films with adjustable doping levels on organic 

substrates using evaporation induced self-assembly
75

. 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 10
-2
Ω.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
76

. 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 10Ω/sq.
77

 

E. Elangovan et al. have investigated effect of different fluorine to tin 

ratios on FTO films by chemical spray pyrolysis (CSP); here SnCl2 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 1.2 m thick and had 

85% transmittance and 94 to 98% reflectance in the IR region (above 1500 

nm), while sheet resistance was reported to be 1.75Ω/sq.
78

 They also studied 

effect of antimony doping on tin oxide films. Here the dopant source was 

SbCl3. On Sb doping, it was identified that carrier concentration increased and 

hall mobility decreased drastically. The lowest sheet resistance obtained with 

Sb doping was 2.17Ω/sq.
79

 

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
-4
Ω.cm.

80
 

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
0
C to 340

0
C and the resulted films had 92% 

transparency. The lowest resistivity of 5.8 x10
-4
Ω.cm was obtained after 

annealing the samples at 450
0
C for 60 minutes in air

81
. 

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

tin fluoride in methanol solvent with and without addition of HCl. 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
-4
Ω.cm.

82
 

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
20 

to 10
21

. But better 

transmittance and lower sheet resistance were obtained on fluorine doping. the 

lowest sheet resistance obtained on fluorine doping was 5.65Ω/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 x10
-2
Ω.cm (e-beam evaporated films) and 7.74 x10

-4
Ω.cm (spray 

deposited films)
83

. 

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 3.71Ω/sq.
84

 Best 

fluorine doped film showed resistivity of 3.8 x10
-4
Ω.cm and charge mobility 

6.59cm
2
/V.s.

85
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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
-4
Ω.cm respectively

86
. 

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
-4
Ω.cm.

87
 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 3.91x10
-4
Ω.cm and mobility of 

11cm
2
/V.s were reported

88
. 

D.R. Acosta et al. prepared FTO films by varying the F concentration 

using CSP. The substrate temperature was 300
0
C and the deposition time was 

15 minutes. Resistivity was brought down from 33 x10
-4
Ω.cm to 6 x10

-4
Ω.cm 

with fluorine doping. Increase in surface roughness with increase in dopant 

concentration was also reported
89

. 

P. Veluchami et al. synthesized large area FTO thin films using 

ultrasonic CSP to use 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 10Ω/sq. Mobility of the films was 43.8cm
2
/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%
90

. 

Even though doped conducting oxides with lower resistivity as low as  

2 x10
-4
Ω.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
91

. The real 

progress in p-type TCOs started with invention of p-type conductivity in 

CuAlO2 thin films by Kawazoe et al.  

There is an extensive review on p-type TCOs by A.N. Banerjee and 

K.K. Chattopadhyay
92

. 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
93

. 

ZnO is a wide band gap, group II-VI compound semiconductor that 

crystallizes normally in hexagonal wurtzite structure and belongs to p63mc 

space group
94

. 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 = 3.24Ǻ and c =5.2Ǻ with c/a ratio 1.66. 

 

Figure 1.3. Wurtzite structure of ZnO 
94

 

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
35,95

. ZnO 

can be easily etched at low temperatures using chemical routes and it makes 

ZnO suitable for electronic and optoelectronic application, design and 

 - Zn 

 

- O 
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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 ZnO
96–105

. 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-I elements are better dopants than 

group V elements in terms of creating shallow acceptor levels. However, due 

to the small ionic radii of group-I elements, this will result in the occupation of 

interstitial sites rather than Zn sites and will act as donors
106

. Doping with 

group V elements will create deep acceptor levels, among which only nitrogen 

is likely to result in a shallow acceptor level
35

. Since the size mismatch 

between the group-I elements and Zn prevents the formation of p-type ZnO, 

group-Ib element Ag is suggested to be a better dopant
107

. H.S. Kang et al. 

have fabricated Ag doped p-type ZnO employing pulsed laser deposition 

method in 2006
108

. 

First principle calculations of doping effect of group-Ib 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
107,109

. I.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
110,111

. 

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
112,113

. 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 3 m to 50 m). Ability of TCO 

materials to reflect electromagnetic waves whose frequencies are less than that 

of their plasma frequencies ( p) 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 techniques, 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 SnO2 and ZnO. Among these, SnO2 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. 
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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 applications1–3. ITO coated substrates are the major 

component in thin film photovoltaics, digital displays, and touch screen 

sensors1,4–8. 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 

SnO2
1,3,5. 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
3,9

, 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 SnO2, the latter possess high thermal, chemical 

and mechanical stability
10–12

. Hence for the development of n-type TCO, the 

material selected is SnO2. 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 SnO2 thin films. As stated earlier, the technique is a 

simple, economical and scalable process, as it does not require vacuum
13

. 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
14,15

.  

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 SnO2 thin films. Several groups have reported the 

deposition of SnO2 thin films by CSP using different precursors such as 

chlorides or organometallic compounds of Sn
16–24

. Use of water, alcohols, and 

a mixture of these two as the solvents has been suggested by various 

reports
25,26

. 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 (SnCl4.5H2O) is selected as the 

precursor for Sn. A low molecular weight alcohol is used as the solvent. 

(Patent protected data.) 

2.4  Deposition of SnO2 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, SnO2 films 
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were deposited by varying substrate temperature from 375
0
C to 500

0
C in steps 

of 25
0
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, (nλ = 2dsinθ, where n is the 

order of the diffraction, λ is the wavelength of X-ray, θ 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-Kα line with Ni filter (30kV and 

20mA),( λ=1.54Ǻ)] of the SnO2 thin films, deposited at different substrate 

temperatures are shown in Figure 2.1.  
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Figure 2.1.  XRD pattern of SnO2 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
0
C is very low and films with better crystallinities are 

obtained for higher substrate temperatures. The SnO2 films deposited at 400
0
C 

and 425
0
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
0
C onwards. It is reported that (200) plane is a low density 

plane that is linked to oxygen vacancies in the film
27

. 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
0
C is about 17nm and increases to 30nm for the 

films deposited at a substrate temperature of 425
0
C onwards.  
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Figure 2.2.  Grain size of SnO2 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 SnO2 thin films deposited at different temperatures were measured 

[Figure 2.3.(a) and Figure 2.3.(b)] using National Instruments PXI-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.  

 

Figure 2.3.  Variation of (a) sheet resistance and (b) transmittance of SnO2 

thin films with substrate temperature 
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Table 2.1.  Grain size, sheet resistance and transmittance of SnO2 thin 

films prepared at different substrate temperatures 

Substrate 

Temperature 

(0C) 

Avg. Grain 

size (nm) 

Sheet resistance 

(Ω/sq) 

Transmittance in         

400 nm – 800 nm 

(%) 

375 -- 257 31 – 71 

400 17.5 79 31 – 84 

425 29.6 76 58 – 86 

450 29.7 133 51 – 82 

475 29.9 584 37 – 77 

500 30.5 2935 46 – 69  

Sheet resistance is least (76Ω/sq) for films deposited at 425
0
C, while 

optical transmittance of the deposited films progressively increases with 

increase in substrate temperature from 375
0
C to 425

0
C and decreases thereafter. 

Films deposited at a substrate temperature of 425
0
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
0
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
0
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 SnO2 films with low sheet 

resistance and good transmittance is observed as 425
0
C and is used for further 

optimization of SnO2 thin film deposition. 

2.5  Deposition of SnO2 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, SnO2 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
0
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 SnO2 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 SnO2 thin films prepared using different 

precursor concentrations 
 

 

Figure 2.5.  Grain size of SnO2 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 



Chapter 2 

42 

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. 

 

Figure 2.6.  Variation of (a) sheet resistance and (b) transmittance of SnO2 

thin films with different precursor concentrations 

Table 2.2.    Average grain size, sheet resistance, and transmittance of SnO2 

thin films prepared using different precursor concentrations 

Molarity of SnCl4 

(M) 

Avg. Grain 

Size (nm) 

Sheet resistance
 

(Ω/sq) 

Transmittance in         

400nm – 800nm (%) 

0.10 47.2 1.5×10
6
 78 – 93 

0.15 28.9 2.2×10
2
 70 – 88 

0.20 28.7 8.8×10
1
 70 – 90 

0.25 14.9 7.2×10
1
 66 – 87 

0.30 15.3 5.6×10
1
 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 88Ω/sq. Hence for further optimization of SnO2 thin film 

deposition, precursor concentration of 0.2M was selected. 
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2.6 Deposition of SnO2 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
0
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 SnO2 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 SnO2 with spray rate. It is 

already confirmed that for films prepared with 0.2M concentration at 425
0
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. 

 

Figure 2.7. XRD pattern of SnO2 thin films prepared by varying spray rate 
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Table 2.3. Grain size and thickness of SnO2 thin films prepared by 

varying spray rate 

Sample 
Spray rate 

(ml/min) 

Avg. Grain  

Size (nm) 

Thickness 

(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 (VH) 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 SnO2 thin films prepared 

by varying spray rate 

Sample 
Resistivity 

(Ω.cm) 

Mobility 

(cm
2
/V.s) 

Carrier 

concentration 

(cm
-3

) 

Conductivity 

type 

Transmittance 

in 400nm – 

800nm (%) 

S – 3  

S – 5  

S – 7 

S – 9 

1.03 x 10
-1

 

1.43 x 10
-2

 

4.94 x 10
-3

 

3.39 x 10
-3

 

7.2 

10.5 

15.2 

16.8 

8.4 x 10
18

 

4.7 x 10
19

 

8.3 x 10
19

 

1.1 x 10
20

 

n 

n 

n 

n 

65 – 91 

65 – 90 

66 – 86 

66 – 88  
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Figure 2.8. Variation of (a) sheet resistance and (b) transmittance of 

SnO2 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. 

 ωp  = √
     

 
 2.1 
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Where ωp is the plasma frequency, n is the number density of electrons, e is the 

charge of an electron and m is the effective mass.  

 

Figure 2.9. Transmission spectra in IR-NIR region of SnO2 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
26,28

 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 SnO2 thin films prepared by varying spray 

rate 

Figure 2.10. shows three-dimensional AFM images of SnO2 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. 

SnO2 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 Ebinding is the binding energy (BE) of the electron, Ephoton is the energy of 

X-ray used, Ekinetic 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 Kα/Al Kα dual 

anode X-ray source and for the present study Mg Kα (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
-6

Pa.  The system is equipped with a high-speed Ar
 
ion sputtering gun 

(2KV, 100mA, 10
-3

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 3d5/2 (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 SnO2 thin films prepared by varying spray rate 

Sample  Atomic % of Sn Atomic % of O Sn/O ratio 

S-3 

S-5 

S-7 

S-9 

32.37 

33.95 

34.27 

36.58 

67.63 

66.05 

65.73 

63.42 

0.478 

0.514 

0.521 

0.577 
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Figure 2.11. Core level peaks of Sn 3d and O 1s of SnO2 thin films 

prepared at 3ml/min 

 
Figure 2.12. Core level peaks of Sn 3d and O 1s of SnO2 thin films 

prepared at 5ml/min 

 
Figure 2.13. Core level peaks of Sn 3d and O 1s of SnO2 thin films 

prepared at 7ml/min 
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Figure 2.14. Core level peaks of Sn 3d and O 1s of SnO2 thin films 

prepared at 9ml/min 

 

Figure 2.15. Comparison of core level peaks of Sn 3d and O 1s of SnO2 

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 SnO2
20

. 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 

SnO2 films prepared at different spray rates. 
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Figure 2.16. Deconvoluted components of O 1s peaks of SnO2 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 SnO2 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
2- 

state of oxygen in SnO2 lattice. Peaks O-2 and O-3 

correspond to the O in non-stoichiometric oxides and hydroxyl groups or 

weakly adsorbed oxygen respectively
29,30

. 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 SnO2 thin films 

Oxygen 

components 

Binding 

energy 

(±0.2eV) 

Relative concentration (%) 

Sample S-3 Sample S-5 Sample S-7 Sample S-9 

O-1 530.3 48 63.7 75.4 80.2 

O-2 531.8 36.7 27.8 21.1 17.3 

O-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 SnO2 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
0
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 SnO2 thin films 

deposited at optimized spray parameters showed a sheet resistance of 50Ω/sq 

(resistivity 3.39x10
-3

Ω.cm) and average transmittance greater than 75% in the 

visible region.  
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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 50Ω/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 ~10-15Ω/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)1–12 and antimony (Sb)4,13–17. 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 source7. 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 SnO2 thin films. Ammonium 

fluoride (NH4F) and hydrogen fluoride (HF) were selected as dopant sources 

and dissolved in suitable solvents. For doping SnO2 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, c 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 SnO2 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 SnO2 thin films with different concentrations 
of (a) NH4F and (b) HF  

 
Figure 3.2. Grain size of SnO2 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 

6Ω/sq. Role of fluorine is to provide free electrons to the lattice through the 

substitution of double valent oxygen7,9. 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 mobility4,7,18,19. Thus the sheet 

resistance increases after an optimum level of doping concentration. 

    
Figure 3.3. Sheet resistance variation of SnO2 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 SnO2 thin films with different 

concentrations of (a) NH4F and (b) HF 

Table 3.1.  Grain size, sheet resistance and transmittance of SnO2 thin films 
prepared with different concentrations of NH4F 

NH4F Avg. Grain 
Size (nm) 

Sheet resistance
(Ω/sq) 

Transmittance in         
400nm – 800nm (%) 

Pristine 23.8 56 65 – 86 

a 33.5 31.5 76 – 94 

b 34.6 9.9 73 – 97 

c 33.4 6.9 77 – 95 

d 

e 

33.9 

35.8 

17.4 

17.8 

76 – 92 

81 – 94  
 

Table 3.2.  Grain size, sheet resistance and transmittance of SnO2 thin 
films prepared with different concentrations of HF 

HF Avg. Grain 
Size (nm) 

Sheet resistance
(Ω/sq) 

Transmittance in 400 nm 
– 800 nm (%) 

Pristine 23.8 56 65 – 86 

a 13.6 19.6 47 – 60 

b 15.2 18.3 40 – 45 

c 12.6 20.4 28 – 31  

From the structural, electrical and optical analysis of F doped SnO2 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 

SnO2 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. 

Sample Resistivity 
(Ω.cm) 

Mobility 
(cm2/V.s) 

Carrier 
concentration 

(cm-3) 

Conductivity 
type 

Transmittance 
in 400nm – 
800nm (%) 

Pristine 

C (NH4F) 

3.39 x 10-3 

2.48 x 10-4 

16.8

28.7 

1.1 x 1020

8.77 x 1020 

n

n 

66 – 88 

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%. 

  

 
Figure 3.6.  Binding energy peaks corresponding to (a) Sn, (b) O and (c) 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 (3000C to 3750C) in open atmospheric conditions20,21,22. 
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 4000C 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 4000C 

Heating and cooling cycles 
at 4000C 

Sheet resistance of ITO
Ω/sq 

Sheet resistance of FTO 
Ω/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 33.3 
6 43.7 33.7 



Chapter 3 

68 

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. 

 
Figure 3.7. Variation of sheet resistance with heating and cooling cycles at 4000C 

 
Figure 3.8. Sheet resistance mapping of FTO thin films 
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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). 

 
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 x10-4Ω.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 (CuInS2), CZTS (Cu2ZnSnS4), 

and CZS (CuZnS) were the absorber materials and InS (In2S3) 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/TiO2/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/TiO2/InS/CIS was fabricated and compared with ITO/TiO2/InS/CIS solar 

cell in which commercially available sputter deposited ITO is used as TCO 

layer. The ITO/TiO2/InS/CIS cell fabrication procedure is as follows. 

Microporous TiO2 films was deposited over ITO substrates by spraying a 

solution of commercially available TiO2 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 3500C 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 TiO2 deposited ITO substrates at 3500C 

at a spray rate of 4 ml/min. More details about deposition condition for InS and 

CIS layers is available elsewhere20.  The photovoltaic response of the fabricated 

device was carried out under an illumination of 100mW/cm2. The device shows 

an open circuit voltage of 428mV, short circuit current of 7.97mA/cm2. The fill 

factor is calculated to be 34%and the efficiency is 1.17%. 



Deposition of fluorine doped tin oxide thin films and its applications 

  71 

Solar cells were fabricated by replacing ITO with FTO and the 

performance of the cells is compared. Here the optimized deposition 

conditions of TiO2, CIS and InS layers were the same as that used for 

depositing over ITO. CIS/InS/TiO2 heterojunction over FTO shows open circuit 

voltage of 409mV, short circuit current of 3.9mA/cm2. 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.  

 
Figure 3.10. Device structure and J-V characteristics of FTO/TiO2/ 

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 TiO2 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 et al.21 Under an illumination of 100mW/cm2, the device 
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shows open circuit voltage of 478mV, short circuit current of 12.13mA/cm2 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/cm2 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.  

 
Figure 3.11. Device structure and J-V characteristics of FTO/CIS/InS solar cell 

CIS is used as absorber material in both FTO/CIS/InS and 

FTO/TiO2/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.23 The solution was sprayed on to 

the substrates maintained at temperature of 3000C and during the course of spray, 

temperature was increased to 3500C. 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/cm2, the device fabricated on sputtered 

ITO substrates shows an open circuit voltage of 430mV, a short circuit current of 

8.3mA/cm2 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/cm2 and fill factor of 51%, with efficiency 1.25%. 

  
Figure 3.12. Device structure and J-V characteristics of FTO/CZTS/InS 

solar cell 



Chapter 3 

74 

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.22 The 

prepared solution was sprayed on to ITO coated glass substrate maintained at 

temperature of 3500 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/cm2, CZS/InS junction on ITO substrate exhibited open 

circuit voltage 451mV, short circuit current of 5.5mA/cm2 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/cm2 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 

heaters have applications ranging from window defrosters24–27,smart 

windows28, device for thermal treatments in the conservation of paintings29, 

heating elements for activating metal oxide gas sensors30 to integrated 

transparent heater in micro channel chip for continuous flow-polymerase chain 

reaction31. 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 polymers32, 
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carbon nanotubes33,34, graphene35,36, metal grids and metallic nanowires26,37 

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  3400C from 830C, 

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 (0C) Power (W) 
6 88 7 

9 170 15 

12 258 26 

15 284 41 

20 340 72 
 

 
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 radiation38–40. 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 3μm, 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.  

 
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 x10-4Ω.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 3400C 

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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4.1 Introduction  

Zinc oxide always remained in the limelight, as it is an ‘all-round 

performer’ in optoelectronics, photovoltaic, piezoelectric, spintronic and 

sensor applications1–3. 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 

vacancies4,5. 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 

elements6,7. The small ionic radii of group I elements will result in the 

occupation of interstitial sites rather than Zn sites and will act as donors8. 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 effects9. There are reports on doping with group Ib 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 0.3eV.8,10–13  

N and Ag co-doping are also suggested for achieving p-type ZnO14,15. 

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 matrix11,14,16,17. 

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 Ag11. 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 SnO2 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 technique7,9,15,18. In this work, the optimized conditions reported by 

Vimalkumar et al. was followed to prepare the precursor solution19, 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 4500C. 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 5ml/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 ±100C. 
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4.3 Selection of dopant source  

Silver nitrate [AgNO3] and silver acetate [CH3CO2Ag] 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 

HNO3 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 1at.% 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 

[AgNO3]  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). 
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Figure 4.1. XRD pattern of ZnO thin films doped with Ag using (a) 
Ag(AC) and (b) AgNO3  

 

Figure 4.2. Variation in grain size of ZnO thin films doped with Ag using 
(a) Ag(AC) and (b) AgNO3  

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 AgNO3, transmittance decreases 

slightly compared to that of the pristine films. 

 
Figure 4.3. Transmission spectra of ZnO thin films with different 

concentrations of (a) AgNO3 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 10-1 to 101 and carrier concentration is decreased by one order using 

silver acetate as dopant source and remained in the same order for doping 

concentration from 1at.% to 5at.%. 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 

Sample Resistivity 
(Ω.cm) 

Mobility 
(cm2/V.s) 

Carrier 
concentration 

(cm-3) 

Conductivity 
Type 

Avg. 
grain 
size 

(nm) 

Transmittance 
in 400nm – 
800nm (%) 

Pristine 

A-1 

A-3 

A-5 

A-7 

A-9 

3.82 x 10-1 

4.1 x 101 

0.85 x 101 

1.8 x 101 

6 x 103 

2.1 x 104 

8.3 

2.3x 10-1 

1.6 

1.4 

1.8 

-- 

1.9 x 1018

6.7 x 1017 

4.6 x 1017 

2.4 x 1017 

5.5 x 1014 

-- 

n

n 

n 

n 

n 

-- 

26.5

32.8 

34.8 

34.8 

34.4 

33.2 

53 – 92 

72 – 91 

67 – 89 

57 – 92 

55 – 93 

58 – 90  

 
Table 4.2. Electrical properties of pristine and AgNO3 doped ZnO thin films 

Sample Resistivity 
(Ω.cm) 

Mobility 
(cm2/V.s) 

Carrier 
concentration 

(cm-3) 

Conductivity
Type 

Avg. 
grain size 

(nm) 

Transmittance 
in 400nm – 
800nm (%) 

Pristine 

N-1 

N-3 

N-5 

N-7 

N-9 

3.82 x 10-1 

1.02 x 101 

2.77 x 102 

8.57 x 103 

5.7 x 101 

3.54 x 103 

8.3 

7.3x 10-1 

1.1x 10-1 

3.7 x 10-1 

3.8 x 10-1 

1.3 x 10-1 

1.9 x 1018

8.4 x 1017 

2.1 x 1017 

1.9 x 1015 

2.9 x 1017 

1.3 x 1016 

n

n 

n 

p/n 

p 

n 

26.5

33.5 

33.6 

32.8 

33.4 

34.1 

53 – 92 

82 – 95 

73 – 92 

55 – 92 

60 – 89 

55 – 86  

For the films doped with Ag using AgNO3, 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.% AgNO3 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-6c, 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-6c, N-7c, 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 

Sample Resistivity 
(Ω.cm) 

Mobility
(cm2.V.s) 

Carrier concentration
(cm-3) 

Conductivity 
type 

N-6c 4.36 x 102 6x 10-1 2.4 x 1016 p 

N-7c 8.8 x 101 3.7x 10-1 1.8 x 1017 p 

N-8c 1.7 x 102 3.7x 10-1 9.6 x 1016 p 

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

formation of shallow acceptor level by substitution of Ag in Zn sites5,11. In 

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. 

 

 



Effect of in-situ Ag doping on spray pyrolysed ZnO thin films 

  91 

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.% AgNO3 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 2p1/2 peak at 

1045.4 ±0.2eV and Zn 2p3/2 peak at 1022.3 ±0.2eV separated by 23.1eV. This 

suggests that Zn is in 2+ oxidation state in the film20. 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 first peak represents the O2- oxidation state of oxygen in oxides 

and the peak at higher BE represents oxygen in interstitial sites21. Binding 

energy peaks for Ag 3d3/2 and Ag 3d5/2 are observed at 374.2±0.2eV and 
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368.3±0.2eV separated by 5.9eV and is corresponding to Ag+ state22. 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 

5ml/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 5ml/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 

5ml/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 1s 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 

5ml/min and 8ml/min are shown in Figure 4.8. The two components of O 1s 

levels are at 530.4eV and 531.9eV and are represented as O-1 and O-2 

respectively. The peak O-1 corresponds to O2- state of oxygen in metal oxides 

and the O-2 correspond to the O in interstitial sites23,24. 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 impurities25. 

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. 

  
Figure 4.5. XPS core level spectra of Zn and O of Ag doped ZnO thin film 

prepared at 5ml/min 

  
Figure 4.6. XPS core level spectra of Zn and O of ZnO thin film prepared 

at 8ml/min 
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Figure 4.7. Comparison of XPS core level spectra of Zn in Ag doped ZnO 

thin film prepared at 5ml/min and ZnO film prepared at 
8ml/min 

 

  

Figure 4.8. Deconvoluted components of O 1s peaks of ZnO thin films 
prepared at 5ml/min and 8ml/min 

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

Oxygen 
components 

Binding energy 
(±0.2eV) 

Relative concentration (%) 
5ml/min 8ml/min 

O-1 530.4 59.4 82.7 

17.3 O-2 531.9 40.6 
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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 lattice5. 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/ 

ZnO:Ag/Ag (Figure 4.10). ZnO:Al layer was deposited over TCO coated glass 

substrate using the deposition conditions reported elsewhere26. 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

 

   

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 paths27–29. 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 AgNO3 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 AgNO3 at a spray rate of 

5ml/min over ITO coated glass substrates kept at 4500C. 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 800C. 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 elsewhere30. 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 (ɳ) 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 Voc (mV) Jsc (mA/cm2) FF (%) ɳ (%) 
Without i-ZnO 387 1.23 26.7 0.14 

With i-ZnO 409 2.89 44.3 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 AgNO3 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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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 diffusion1. 

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 dopants1–4. Doped ZnO films 

with high electrical conductivity are extensively used in thin film solar cells as 

TCO layer5–12. Intrinsic ZnO films of thickness <100nm are also used in solar 
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cells as window layers13–16. Nano structured ZnO layers are used as electron 

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

cells17–24. 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)2.2H2O) in a mixture of demineralized water and isopropyl 

alcohol in 1:1 ratio with 1.25% of acetic acid to the total volume3. 50ml of the 

precursor solution (0.3M) was sprayed on to the preheated substrate kept at 

4500C at spray rate of 5ml/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 elsewhere4. 

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 4500C for two 

hours. Chamber pressure was maintained around 1.5 x10-5mbar. 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. 

 
Figure 5.1. XRD pattern of ZnO thin films with (a) Ag and (b) Sn doping 

 
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 (10-1 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 
name 

Carrier 
Conc.(cm-3) 

Resistivity
(Ω.cm) 

Mobility 
(cm2/V.s) 

Conductivity 
type 

P 1.9 x 1018 3.8 x 10-1 8.3 n 

Ag – 8  2.4 x 1018 5.9 x 10-1 4.3 n 

Ag – 12  4.1 x 1018 9.8 x 10-1 1.5 n 

Ag – 16  3.0 x 1018 3.2 x 10-1 6.3 n 

Ag – 20  3.3 x 1018 6.9 x 10-1 2.7 n 
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Table 5.2.b. Electrical properties of Sn doped ZnO thin films 

Doping 
Concentration 

Carrier 
Conc.(cm-3) 

Resistivity
(Ω.cm) 

Mobility 
(cm2/V.s) 

Conductivity 
type 

Sn  - 8 3.9 x 1018 2.7 x 10-1 5.9 n 

Sn - 12 3.8 x 1018 3.4 x 10-1 4.9 n 

Sn - 16 4.6 x 1018 2.1 x 10-1 6.6 n 

Sn - 20 5.1 x 1018 1.8 x 10-1 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 

 
Figure 5.4. Photographic images of (a) Ag-20 and (b) Sn-20 with respect to P 

 

 

Figure 5.5.  Tauc plot of ZnO films doped with (a) Ag and (b) Sn. Sub-
band absorption in Ag-20 and Sn-20 are shown as inset of (a) 
and (b) respectively 
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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. 

    

  
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 2p3/2 core level peak (BE = 1022.2 ±0.2eV), it is 

identified that Zn exists in Zn2+ state in the films25.  

   
Figure 5.7. Comparison of XPS core level peaks of (a) Zn and (b) O in Ag-

20 and Sn-20 
 

 
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   
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O 1s peak are shown in Figure 5.8. The peak at lower binding energy (BE), 

(O-1) represents the O2- oxidation state of oxygen in metal oxides and the peak 

at higher binding energy (O-2) represents oxygen in interstitial sites25,26. 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. 

 
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 

 
Figure 5.11. XPS core level peaks of (a) Ag 3d and (b) Sn 3d in Ag-20 and Sn-20 

 
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 3d5/2 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 

peak at higher BE represents oxidation state of Sn in SnO27–29. It is observed 

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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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 cell1,2. 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 properties3–6. 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 process3.  
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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 devices7–9 as it can withstand high 

temperature processing conditions and have high radiation hardness10. High 

radiation hardness and high specific power/Kg makes them potential substrates 

for outer space solar cell applications also1,11. 

But the maximum efficiency of solar cells on steel substrates are lower 

than the efficiencies reported on rigid substrates8,12. 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 conditions13,14. 

To counteract the negative influence of Fe from steel substrates, barrier layers 

such as Cr15, Ti or TiN16 are mostly used. Insulating barriers like SiOx
9,10,14 

Al2O3
8,9 and ZnO13 and enamel12 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 cell13. 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(CH3COO)2.2H2O] 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 solution17. 

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 ±100C. 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 ±100C. 30ml of the precursor solution doped with 2.56% of 

aluminium18 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 

elsewhere19. 

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.  

 
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 x10-2Ω/sq. After coating with ZnO double layer, the 
sheet resistance is found to be around 2kΩ/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 elsewhere20. The sheet 
resistance of this film was found to be further reduced to 500Ω/sq. For a 
device point of view, the sheet resistance should be well below 20Ω/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 (0C) liquid 1 liquid  2 
30 150Ω/sq 240Ω/sq 
0 14Ω/sq 50Ω/sq 

 

 
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.  

 

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 
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less than 3x10-6Pa and the spectrometer was calibrated by measuring the 3d5/2 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.  

 
Figure 6.4. Variation in percentage of elements in ZnO coated steel 

substrate from XPS depth profile 

 

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%. 

 

 
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/cm2. 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 Voc = 320mV, Jsc = 1.85mA/cm2, 

ɳ = 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. 

 

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 (< 

14Ω/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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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 SnO2 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 50Ω/sq sheet resistance were 

obtained by spray depositing the precursor (SnCl4.5H2O) solution of molarity 

0.2M at a spray rate of 9ml/min over the substrate kept at 4250C. 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, NH4F 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 

18Ω/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 7Ω/sq with 

transmittance ranging from 77 to 95% in the visible region. Resistivity of the 
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film was 2.48 x10-4Ω.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/TiO2/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 3400C on applying 20V.  

The next step was to deposit p-type ZnO films by Ag doping. AgNO3 

and Ag(AC) were the dopant sources used. With Ag(AC) doping, all the films 

were n-type, but with AgNO3 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 14Ω/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 101 Ω.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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