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Chapter I 

Introduction 

1.1. Overview 

To the present day, the research and development of the Cu(In,Ga)Se2 or 

CIGS thin film solar cells on flexible substrates has attracted many interests for 

innovative applications such as new building, aeronautic, mobile and space 

applications [1]. The advantages of using flexible substrate are, for example, they can 

be applied on curved or uneven surfaces, high flexibility, rolled for storage, low cost, 

light weight, non-breakability and excellent radiation hardness. There are two main 

categories of flexible substrates – metallic foils (such as Ti, Mo, Al, stainless steel 

(SS), etc.) and polymer (polyimide) sheets. A polyimide sheet is one of the candidates 

for the flexible substrate due to their light weight and has smoother surface than the 

metallic foils [1]. However, the polyimide sheet is difficult to be heated up to 400
o
C 

while high-quality CIGS thin films are grown at high substrate temperature over 

500
o
C, and the coefficient of thermal expansion (CTE) is also mismatched with CIGS 

absorber layer. Table 1.1 shows the values of CTE of substrates and thin film 

materials used in the fabrication of flexible CIGS thin film solar cells. In this work, 

the SS foil is chosen as a flexible substrate due to its low cost, high mechanical 

stability at high temperature during CIGS processing and high conversion efficiency 

up to 17.5% as achieved by National Renewable Energy Laboratory (NREL), as 

shown in Table 1.2. On the other hand, the costs of Ti and Mo foils are much more 

expensive. In general, the requirements for flexible substrate are: 

- Film adhesion on substrate; coefficient of thermal expansion (CTE) should 

match with the absorber layer (CIGS ~ 7-9 x 10
-6

/K) in order to prevent 

the adhesion problem and cracking in each layer during the deposition 

process, 
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- High thermal stability; high substrate temperature (Tsub > 350
o
C) affects 

absorber quality and cell performance,  

- Vacuum compatibility; the substrate does not outgas during the deposition 

process in vacuum, especially during CIGS deposition when the substrate 

is heated, 

- Chemical resistance; the substrate does not react with Se during the CIGS 

deposition process or decompose with CdS solution during the buffer layer 

deposition process, 

- Surface smoothness; roughness surface of substrate (spikes or cavities) 

leads to shunts between the front and the back contacts and easy for 

impurity diffusion, 

- Cost effectiveness; the flexible substrate is cheap in order to reduce natural 

resources.  

The CIGS thin film solar cells on flexible SS foils typically consist of six 

different layers of thin film: Al/ ZnO(Al) & i-ZnO/ CdS/ CIGS/ Mo/ diffusion barrier 

or insulating layer. The insulating layer is additionally introduced into the structure of 

the solar cells in order to prevent the diffusion of contaminations of Fe and other 

elements from the SS substrate into the CIGS absorber layer during the CIGS 

deposition and provide electrical insulation within the cell leading to good quality of 

devices. The choices of diffusion barrier layer for the flexible solar cells are, for 

example, Al2O3, SiOx, etc. In this study, the dielectric Al2O3 is chosen as the diffusion 

barrier for the CIGS solar cells on SS foil. 

http://dict.longdo.com/search/natural%20resources
http://dict.longdo.com/search/natural%20resources
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Table 1.2: Efficiencies of small area chalcopyrite-based solar cells on flexible 

substrates from different laboratories [3] 
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Table 1.3: Typical chemical composition of the soda-lime glass substrate [4] 

Compound SiO2 Na2O CaO MgO K2O Al2O3 SO3 Fe2O3 

Content 72.2% 14.3% 6.4% 4.3% 1.2% 1.2% 0.3% 0.03% 

In addition, the performances of CIGS solar cells on a standard substrate or 

soda-lime glass (SLG) indicate that the efficiency is higher than that on the metallic 

substrates due to the influence of Na or alkali doping release from the SLG substrate 

into the p-type CIGS layer. The chemical composition of SLG is shown in Table 1.3. 

Na incorporation in the flexible solar cell can help improving the cell efficiency by 

using NaF compound as external Na source in this thesis. 

1.2. Objectives of the thesis 

1) To obtain suitable fabrication conditions of Cu(In,Ga)Se2 or CIGS thin film 

solar cells on flexible metallic foils. 

2) To study the formation of thin films on flexible substrates at low and high 

substrate temperature during the absorber processing and influence of substrate 

temperature that affects the quality of CIGS thin film and devices. 

3) To study the performances of flexible CIGS thin film solar cells at different 

Al2O3 thicknesses. 

4) To study the influence and steps of Na incorporation or alkali doping to the 

cell performances. 

1.3. Thesis Outline 

This thesis has altogether of five chapters. In the following chapters, chapter 2 

describes theoretical background and the principle of the CIGS solar cell and thin film 

deposition techniques. The experimental procedures; sample preparation, the 

fabrication details and material properties of standard CIGS thin film solar cells on 

SLG substrates and the characterization techniques are given in chapter 3. In chapter 

4, the experimental details on flexible CIGS thin film solar cells and results are 

described. Chapter 5 is the summary remarks of thesis. 



 

Chapter II 

Theoretical Background 

 This chapter briefly describes the material properties of Cu(In,Ga)Se2, the 

principle of p-n junction, electrical properties of solar cells, thin film deposition 

techniques (i.e., molecular beam deposition (MBD) and sputtering technique) and the 

coefficient of thermal expansion (CTE) that is one of the important factors to the 

selection of materials for the fabrication of flexible solar cell. 

2.1. Basic concept of CIGS thin film solar cell 

2.1.1. CIGS material properties  

 The efficiency of solar cells depends on the types of material used as a light 

absorber layer, for example, Si, GaAs, Cu(In,Ga)Se2, CdTe, etc. In this work, 

Cu(In,Ga)Se2 is chosen as absorber material due to its highest optical absorption as 

shown in Fig. 2.1 for its absorption coefficient (α) versus energy band gap compared 

with several other absorber materials used for the solar cell fabrication. 
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Figure 2.1: Absorption spectra of CuInSe2 and other absorbers [5]. 
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 CIGS is a direct band gap semiconductor with the highest absorption 

coefficient of about 10
5
 cm

-1
 when compared with the other semiconductor materials. 

Its energy band gap (Eg) is in the range of 1.04-1.68 eV when alloyed with Ga. The 

energy band gap variation for the CIGS is given by [6] 

         ),1()1()( ,,, xbxxEExxE CGSgCISgCIGSg    (2.1)  

where x is the 
][][

][

InGa

Ga


 ratio in the CIGS and b is the bowing parameter (0.15-0.24 

eV).  

  The addition of Ga atoms in the CIGS structure directly affects the open 

circuit voltage (Voc) of the CIGS solar cell by the shifting of the conduction band (Ec) 

and the built-in potential level (Vbi) up. The range of the band gap energy for the 

highest efficiency of CIGS thin film solar cells is in the range 1.1-1.5 eV as shown in 

Fig. 2.2. 

 

Figure 2.2: Theoretical cell efficiency of CIGS solar cell and other absorber 

materials as a function of energy band gap at AM 1.5 [7]. 
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I - III -  VI 

c 

a 

 

Figure 2.3: The chalcopyrite structure of CIGS (red atoms are Cu, gray atoms are In 

or Ga and black atoms are Se) [8]. 

 The crystal structure of CIGS material is the chalcopyrite structure or α phase 

(space group dI 24 ) that consists of a double-stacked zincblende structure as shown in 

Fig. 2.3. Each metal atom (Cu and In/Ga) is surrounded by four Se atoms as the 

nearest neighbors. Each Se atom is enclosed with tetrahedral bonded by two Cu atoms 

and two In/Ga atoms. The typical values of lattice constants (a and c) of CIGS is 

shown in Table 2.1. 

Table 2.1: The lattice parameters a and c of CIGS with different x values [9] 

x ratio Lattice parameters 

a (Å) c (Å) 

0.10 5.763 11.578 

0.20 5.744 11.514 

0.30 5.726 11.451 

0.40 5.707 11.387 
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Figure 2.4: Phase diagram of the Cu2Se and In2Se3 for CuInSe2 or CIS material [10]. 

 Note that, the α phase occurs when the y ratio 








 ][][

][

InGa

Cu
 is between 0.9 

and 1.0 or slightly Cu deficient that corresponds to x value of approximately 50-53 

mol.% from the CIS phase diagram shown in Fig. 2.4 for the temperature below 

600
o
C.  

2.1.2. Heterojunction in the CIGS thin film solar cell 

 The heterojunction is a junction formation between two different 

semiconductors. In this work, the p-type CIGS absorber and n-type ZnO window/CdS 

buffer have been chosen for a p-n junction of the devices. The energy band diagram 

for CIGS thin film solar cell is shown in Fig. 2.5. In the dark (no illumination), 

electrons (majority carriers) are diffused from the n region to the p region due to the 

difference of electron (n-type) and hole (p-type) concentration. The interface area of 

ZnO/CdS layers is the positive side while the CIGS is the negative side leading to the 

creation of the depletion or space charge region and the electrical built-in potential or 
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internal electric field at the junction. The main processes of the conversion in the 

CIGS solar cell can be summarized by the following steps: 

(i) Absorption of the photon energy ( ≥ Eg  of the CIGS ); When the solar 

cell is illuminated on the ZnO window side, photons with energy equal to or 

greater than the band energy gap (Eg) of the CIGS are absorbed. The photon 

absorption of the semiconductor materials can simply be described by                                                                                          

     ,)(

0

deII      (2.2)         

where I0 is the intensity of incident light, α() is the absorption coefficient 

which is the function of wavelength and d is the thickness of material. 

(ii) Generation of electron-hole pairs (or carriers); Electrons are excited to 

the conduction band (Ec) of the CIGS and leaving holes in the valence band 

(Ev). This process is known as the generation of electron-hole pairs. 

(iii) Diffusion and separation of minority carriers at the depletion region; 

Electrons (from p-type side) and holes (from n-type side) are diffused to the 

depletion region and are separated by the influence of the internal electric 

field. Electrons are transported to the n region and holes to the p region.  

(iv) Collection of carriers at the front/back contacts (Al-grid/Mo); The 

minority carriers are collected by the metallic contact and this generates the 

photocurrent when it is connected to the external circuit.  

 In addition, the electron-hole recombination can also occur due to the defect 

states within the CIGS layer or the interface defects at the heterojunction. The band 

diagram of the p-n junction between the CIGS and the CdS layers is schematically 

shown in Fig. 2.5. There is a small spike (Ec>0) in the conduction band at the CIGS 

and CdS interface. The spike helps decreasing the interface recombination and 

increase the built-in potential leading to the increase of photocurrent and open circuit 

voltage, respectively.  
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Figure 2.5: Energy band diagram of p-n heterojunction of CIGS thin film solar cell. 

2.2. J-V characteristics of the solar cells 

 The performance of the CIGS solar cell can be investigated through the 

current density-voltage (J-V) characteristic in the dark mode and under AM1.5 

illumination or light mode. The solar cell has four important key parameters; the 

short-circuit current density (Jsc), the open-circuit voltage (Voc), the fill factor (FF) 

and the energy conversion efficiency (). 

 In the dark mode, the solar cell is an ideal diode that can be described by the 

Shockley diode equation [11] 

    ),1()(
/

0 
TkqV

dark
BeJVJ                  (2.3) 

where Jdark is the dark current density, J0 is the saturation current density (constant), q 

is the electronic charge, V is the applied bias voltage, kB is the Boltzmann constant 

and T is the temperature of the solar cell in Kelvin. This mode uses the bias voltage in 

the drive of the current flow.  

E

c 

CuIn0.7Ga0.37Se2 (p-type) 
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 In the light mode, the solar cell is illuminated (V=0). The current is generated 

from the absorption of incident light known as the photocurrent (JL) or the short-

circuit current (Jsc) that has an opposite direction of flow with the dark current (Jdark). 

Therefore, the sum of current density in the solar cell is 

              ),1()()(
/

0 
TkqV

scdarksc
BeJJVJJVJ     (2.4) 

 Figure 2.6 (a) shows the equivalent circuit of a solar cell that consists of two 

resistances. The series resistance (Rs) is the resistance of films in the CIGS solar cell 

that depends on the electrical property of materials. The parallel or shunt resistance 

(Rsh) has a direct effect to the current flow at the p-n heterojunction region and 

depends on the leak path or tunneling path from internal imperfections of the films. 

The leakage current of solar cell increases with the decreasing of the shunt resistance. 

In the ideal case, Rs is zero and Rsh is infinite. When these resistances are included, the 

equation becomes 

 .)1(
/)(

0

sh

skTJRVq

sc
R

JRV
eJJJ s





   (2.5) 

 The open-circuit voltage (Voc) is obtained by setting J=0, Rs0 and Rsh in 

Eq. (2.5), and can be written as 

    ).1ln(
0


J

J

q

kT
V sc

oc       (2.6) 

It can be seen from Eq. (2.6) that Voc depends on (i) the intensity of incident light; the 

value of Jsc increases with light intensity and (ii) the properties of semiconductor 

material, especially the CIGS absorber layer, that affect to the J0 value. 

 The fill factor (FF) can be described with the rectangular area in the J-V curve 

which is defined as  

   ,
ocsc

mm

VJ

VJ
FF         (2.7) 
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where Jm and Vm are the maximum of current density and voltage leading to the 

maximum output power density (Pm=JmVm), respectively. For a good p-n 

heterojunction of high efficiency solar cell, the FF values are in the range of 0.7-0.85.  

 The solar cell efficiency () is the ratio of the maximum output power density 

to the incident light power density (Pi); 

,
i

mm

P

VJ
      (2.8) 

The relationship between  and FF from Eq. (2.7) is  

   .
i

ocsc

P

FFVJ
     (2.9)
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Figure 2.6: (a) Equivalent circuit of solar cell for the one diode model and (b) J-V 

characteristic of standard solar cell on soda-lime glass substrate. 

(b) 
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2.3. Thin film deposition techniques 

 The physical vapor deposition (PVD) is the technique used to transfer atoms 

from the solid or molten source onto the substrate and to create the film formation 

without the chemical reaction. In this work, the thermal evaporation and the 

magnetron sputtering techniques which are important methods for the thin film 

deposition of flexible CIGS solar cell are chosen. The basic details of these methods 

are briefly described as the followings. 

2.3.1. Molecular beam deposition (MBD) 

 The molecular beam deposition is the thermal co-evaporation technique 

employing the ultrahigh vacuum system (~10
-9

-10
-10

 Torr) to obtain the high quality 

films due to its very clean environment and a large mean free path. The MBD is a 

suitable technique for the CIGS growth with high reproducibility. The MBD system 

consists of the growth chamber and pumping system as schematically shown in Fig. 

2.7 (a).  

 In the growth chamber, there are several evaporation sources known as the 

Knudsen effusion cells (K-cells) used for the evaporation of Cu, In, Ga and Se. The 

range of the source temperatures used in the MBD system depends on the vapor 

pressure of the materials. The relationship between vapor pressure (P) and 

temperature (T) of each element can be calculated by the Clausius-Clapyeron equation 

     ,
)(

2RT

THP

dT

dP 
    (2.10) 

where H(T) is the changes of enthalpy by  H(T) =He , He  is the molar heat of 

evaporation (constant) and R is the gas constant. 

Integration of Eq. (2.10) yields 

     ,ln I
RT

H
P e 


    (2.11) 

   or  ,RT

He

AeP




     (2.12) 
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where I (or A = e
I
 ) is the constant from the integration. The example of relationship 

between vapor pressure vs. temperature of various materials is shown in Fig. 2.8.  

 

 

 

 Figure 2.7: (a) Schematic of the MBD system and (b) Photograph of EW100 MBE 

system at SPRL 
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Figure 2.8: Vapor pressure versus temperature of several materials. Dots correspond 

to melting points [12]. 
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 One of the important components for the MBD system is the pyrometer which 

is used to measure thermal radiation from the substrate surface (i.e. Mo/Al2O3/SS or 

Mo/SS) and to detect the evolution of the CIGS composition during the deposition 

process. The substrate is typically heated by a tantalum heater. The principle of the 

pyrometer can be described by Stefan-Boltzmann law given by 

     ,4* Tj      (2.13) 

where j* is the intensity of thermal radiation from substrate surface, ε is the emissivity 

of material, σ is the Stefan-Boltzmann constant and T is the surface temperature. For 

this work, ε value is set at 0.11 for the Mo surface. 

2.3.2. Sputtering technique 

 The magnetron sputtering system can be depicted by Fig. 2.9 (a). The vacuum 

chamber consists of a substrate holder and targets on the sputtering guns for direct 

current (DC) and radio frequency (RF) modes. The DC sputtering known as diode or 

cathodic sputtering is typically used to deposit metals or conducting thin films while 

the RF sputtering is typically used for oxide or insulating thin films. The advantage of 

the magnetron sputtering is the high deposition rate and the reduction of electron 

bombardment on the substrate due to the magnetic field lines prolong and 

confinement of the electron in the plasma that increases the probability of ion 

collisions on the target from the electron ionization process of sputtering gas (Ar) as 

shown in Fig. 2.9 (b). The reaction is  

    ,2   eAreAr    (2.14) 

where neutral Ar atom is ionized by primary electron, yielding Ar
+
 and two electrons. 

These electrons can ionize more Ar atoms and lead to the glow discharge mechanism. 

 The deposition rate and quality of films depend on the sputtering gas pressure 

in the growth chamber that affects the mean free path and power used in the 

sputtering.  
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Figure 2.9: (a) Schematics of magnetron sputtering system and (b) magnetron 

sputtering target  

2.4. Coefficient of Thermal Expansion (CTE) 

 The coefficient of linear thermal expansion or CTE ( ) is a physical property 

of material that occurs when the temperature of the body changes. Thermal expansion 

of material is linearly proportional to the temperature change (over some range of 

(a) 

(b) 
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temperature). This gives rise to internal stress affecting the film adhesion when the 

material is heated or cooled. 

 The coefficient of thermal expansion is defined as the fractional increase in 

length per unit change of temperature, which can be written as

 

           

T
l

l





0

 

                                                      

,.
1

0 dT

dl

l
                (2.15) 

where l0 is the original length. The unit of CTE is reciprocal temperature (K
–1

). 

 Values of linear thermal expansion coefficient of polycrystalline metals and 

nonmetallic materials used as thin films or substrates are given in Table 2.2 and 2.3.  

Table 2.2: Values of thermal expansion coefficient ( ) of polycrystalline metals [13]. 
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Table 2.3: Values of thermal expansion coefficient ( ) of nonmetallic materials [13]. 

 

 



 

Chapter III 

Fabrication of CIGS thin film solar cells on 

glass substrates and Characterization 

techniques 

 

In this chapter, I will describe the fabrication processes for standard CIGS thin 

film solar cells, including characterization techniques. The schematic diagram of 

experimental procedures is shown in Fig. 3.1.  

 

 

Substrate preparation

Film fabrication

Morphology : AFM

Electrical properties :

J-V measurement

Characterization

Composition : EDS

Optical refection : %R
Substrate 

and Films

Cells

 

Figure 3.1: Schematic diagrams of experimental procedures. 
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3.1. Fabrication processes of standard CIGS thin film solar 

cells 

The structure of standard CIGS thin film solar cells on a soda-lime glass 

(SLG) substrate is shown in Fig. 3.2. The Mo thin film, as a back electrode, is 

deposited on the SLG substrate by the DC magnetron sputtering with a thickness of 

0.5 µm. The p-type CIGS thin film semiconductor is deposited by molecular beam 

deposition (MBD). Typically, the thickness of the CIGS films is approximately 1.5-2 

µm. The n-type CdS buffer layer with a thickness of 100 nm is followed using 

chemical bath deposition (CBD). Then, the ZnO bilayer, as a front window, is 

deposited using the RF magnetron sputtering. The first layer is the thin intrinsic ZnO 

film with a thickness of 50 nm and the second layer is the n-type Al-doped-ZnO thin 

film semiconductor with a thickness of 0.5 µm. To complete the cell structure, the Al 

metal grid is evaporated on the topmost layer through a shadow mask with a thickness 

of 1.5-2 µm. 

Soda-lime glass (SLG)

Mo

Cu(In,Ga)Se2

CdS

i-ZnO/ZnO(Al)

AlAl

Back electrode: 0.5 μm

p-Absorber : 1.8 μm

Buffer layer: 100 nm

Window layer : 0.5 μm

Front electrode : 1.5 μm

 

Figure 3.2: Schematic diagram of standard CIGS thin film solar cell structure. 
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The details of material physical properties and thin film preparation in each 

layer of CIGS solar cells on a rigid glass substrate can be described as the followings. 

3.1.1. Mo back contact 

 Mo is generally used as the back contact or electrode material for CIGS thin 

film solar cells. The main reasons are: 

- Good electrical conductivity,  

- Good thermal conductivity and high melting point temperature,  

- Stable under the chemical environment, 

After cleaning the substrate, Mo back contact is deposited on an SLG by the 

DC magnetron sputtering using the 99.99% pure Mo target (4-inch in diameter) in 

Argon atmosphere at 6x10
-3

 mbar with the DC sputtering power of 550 Watt for 3 

minutes using a fixed substrate holder. The distance between the substrate holder and 

the target is about 6 cm. The surface morphology of Mo thin film (on SLG substrate) 

is shown in Fig. 3.7 (a). The AFM image of Mo thin film shows the small triangle 

grain. And the x-ray diffraction (XRD) result shows the (110) preferred orientation of 

Mo thin film (in Fig. 4.10.) 

3.1.2. CIGS absorber layer 

 The CIGS acts as a light absorber layer with high absorption coefficient and 

its direct energy band gap make it an efficient light absorber despite in the form of 

thin film. The CIGS absorber is deposited by a molecular beam deposition (MBD) 

technique. The temperature of the substrate is monitored through the pyrometer (at a 

wavelength of 1.55 µm) as well as the output power of the substrate temperature 

controller in order to achieve the end-point detection (EPD) of the process [14]. Both 

pyrometer and output power signals are known as the in-situ monitoring signals which 

are sensitive to the CIGS phase transformation during the growth process.  

 Before the growth of the film, the first step is to check the deposition rate of 

each source at different temperatures using quartz crystal thickness monitor (QCM). 

These data are used in the calculation of the source temperatures (Cu, In and Ga 

sources) for the CIGS growth. No rate calculation is needed for Se because it is 

always set at high enough flux. The calculation method is described as the followings. 
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3.1.2.1 Calculation of the CIGS deposition 

 The deposition rate is related to the source temperature as 

                                     ,
1

)ln( b
T

ar                                                (3.1) 

where r is the deposition rate (Å/s) of each element, i.e. Cu, In, Ga,  

           T is the source temperature in degree Celsius (
o
C), 

and     a,b are the parameters obtained by the least-square fit method. 

 The examples of the plot of the deposition rate and temperature of each source 

are shown in Fig. 3.3 
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Figure 3.3: The graphs of ln (r) vs. 1/T of Cu, In and Ga sources. 
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 After obtaining the fitting parameters (a and b) from Eq. (3.1), I calculate 

deposition rate of each element by starting to find the desired thickness of Cu (dCu) 

from Eq. (3.2) 

,
)].(.2.)1.(.[

].)1.().[.(

CuSeGaInCuCIGS

CGSCISCuCu

CIGS

Cu

MxMxMMN

xxMN

d

d








      (3.2) 

The deposition rates (r) of Cu, In and Ga can be obtained from these 

equations; 

,
Cu

Cu
Cu

t

d
r                                              (3.3) 

,.. Cu

Ga
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           (3.4) 
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           (3.5) 

where dCIGS is the thickness of CIGS layer (1.8 µm) 

           x is the ratio of Ga to group three element (
][][

][

InGa

Ga


) 

           y is the ratio of Cu to group three element (
][][

][

InGa

Cu


) 

           tCu is the deposition time of Cu flux  

           NCu,CIGS is the number of Cu atoms and CIGS molecules that is set NCu=NCIGS 

           Mi is the molecular mass of each element i  

           i is the density of each element i   

and   αi is the ratio of density to molecular mass (
i

i

M


) 

The density and molecular mass values of the materials are given in Table 3.1 
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Table 3.1: Density () and molecular mass (M) and α parameter of the CIGS 

materials  

Material  (g/cm
3
) M(g/mole) α = /M (mole/cm

3
) 

Cu 8.96 63.55 0.1410 

In 7.31 114.82 0.0637 

Ga 5.91 69.72 0.0848 

Se 4.79 78.96 0.0607 

CIS 5.89 336.29 - 

CGS 5.27 291.19 - 

 One needs to substitute the deposition rate value and the fitting parameters of 

each element into Eq. (3.1) again in order to find the working temperatures of the 

sources during the deposition process. The details for the deposition of the CIGS layer 

in the two-stage and three-stage processes are described as followed.  

3.1.2.2  Two-stage process  

In the first stage, the precursor layer is deposited with Cu-rich composition 

(y>1) and then followed by the deposition of layer with only In, Ga and Se in the 

second stage until the chalcopyrite phase or α-CIGS phase (y1) is obtained. The 

substrate temperature is set at 540
o
C. The surface morphology of CIGS films from the 

two stage process typically shows larger grain size and rougher surface compared 

with other processes due to the influence of Cu2-xSe liquid phase in the first stage. 

Cu2-xSe covers the CIGS surface and diffuses into the CIGS grain boundary leading to 

the formation of large CIGS grain [15]. Figure 3.4 shows the growth profile and the 

film composition of CIGS in the two-stage process. The relationship between the 

evolution of the film composition and the deposition time can be written as 

   ,).().( 2211 ttytty       (3.6)   

where y(t1) and y(t2) are the values of y ratio at the desired deposition time in the first 

stage (t1) and the second stage (t2), respectively. 
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Figure 3.4: Schematic of the growth profile and the film composition of the two-stage 

process. 

Table 3.2: Required data for the 2-stage process (by using the fitting parameter in 

Fig. 3.3) 

Required Data 

dCIGS 1.8 µm 

tCu,1 2700 sec 

x 0.3 

y(t1) 1.2 

Example of temperature setting for the sources in the 2-stage process is given 

in Table 3.3: 
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Table 3.3: Calculated data from Table 3.2 

Calculated data 

dcu 0.225 µm 

rcu 0.84 Å/s 

rIn 1.08 Å/s 

rGa 0.35 Å/s 

Tcu 1021
o
C 

TIn 842
o
C 

TGa  913
o
C 

3.1.2.3 Three-stage process 

The three-stage process is a method for CIGS thin film deposition that 

generally yields the highest cell efficiency when compared with the two-stage process 

and other methods. In the first stage, the precursor layer is deposited with high rate of 

In and Ga without Cu flux or y=0. The second stage, only the Cu flux is allowed on 

the precursor layer in order to obtain the Cu-rich composition. Finally, the 

composition is converted into the Cu-poor (with low rate of In and Ga) in the third 

stage by terminating the Cu flux and the growth profile is the same as in the first 

stage. The substrate temperature is set at 400
o
C in the first stage and 540

o
C in the 

second and the third stages. The surface morphology of the CIGS films from the 

three-stage process shows the smoother surface [15] than those films grown by the 

two-stage process. The surface morphology affects the junction formation with the 

CdS buffer layer. The growth profile and the evolution of film composition in the 

three-stage process are shown in Fig. 3.5. The calculation of the composition and 

deposition time during the 1
st
 and the 2

nd
 stage of the three-stage process can be 

written as 

    ,
)()(

2

2

1

1

t

ty

t

ty
     (3.7) 

Eq. (3.7) can be used to evaluate the film composition in the second stage due 

to the y ratio increases with the deposition time whereas the composition in the third 

stage decreases with the deposition time which is the same as the two-stage process in 
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Eq. (3.6). The surface morphology of the 3-stage-CIGS film (on Mo/SLG substrate) is 

shown in Fig. 3.7 (c). 

Time

Rate (a.u.) y ratio

Se

Cu
In   Ga In   Ga

1st 2nd 3rd

1

y(t2)

y(t1)

0

t1 t2 t3
 

Figure 3.5: Schematic representations of the growth profile and the film composition 

for the three stage process. 

Table 3.4: Required data for the 3-stage process 

Required Data 

dCIGS 1.8 µm 

tCu 1800 sec 

t1,3 1800, 2700 sec 

x 0.37 

y(t2) 1.3 

 Example of temperature setting for the sources in the 3-stage process is given in 

Tables 3.4 and 3.5, where t1,3 is the deposition time of group III (In and Ga) for high 

rate in the first stage and low rate in the third stage, respectively. The calculation of 

the temperature of In and Ga sources in the three-stage process is a different from the 

two-stage process that is set tCu=t1,3 in Eq. (3.3). 
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Table 3.5: Calculated data from Table 3.4 

Calculated data 

dcu 0.23 µm 

rCu 1.26 Å/s 

rIn 1.35,0.9 Å/s 

rGa 0.59, 0.4 Å/s 

Tcu 1051
o
C 

TIn 854, 833
o
C 

TGa 942, 920
o
C 

 

3.1.3. CdS buffer layer 

The p-n heterojunction of the CIGS thin film solar cell is established by the 

formation of the p-type CIGS absorber layer and the n-type ZnO(Al) window/CdS 

buffer layers. CdS has a direct band gap of 2.4 eV. Thus, the photon energy more than 

2.4 eV or the blue region of the visible spectrum is partially absorbed in this layer, but 

it cannot generate the photocurrent due to the short diffusion length of minority 

carrier or holes in the n-type CdS layer leading to the recombination or the loss of 

current. CdS buffer layer is deposited by using chemical bath deposition (CBD). This 

deposition can completely cover on the rough CIGS surface in order to prevent the 

damage of the CIGS surface and create the shunting between the ZnO and the CIGS 

layers. The CdS solution can also remove oxide layers on the CIGS surface for the 

good junction formation.  

Table 3.6 shows the parameters of the CdS solution used in this work. The 

CdS solution is a mixture of DI water, CdSO4 solution, ammonia solution (complex 

agent) and SC(NH2)2 solution in the beaker (600 ml), respectively. The beaker is 

placed in a water bath at the temperature of 65
o
C. During the deposition, the solution 

is stirred (150 rpm) in order to obtain the homogeneous of temperature and 

concentration of CdS solution. After the deposition, the sample is rinsed in DI water 

and blown dry with nitrogen gas.  
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Table 3.6: Parameters of the CdS condition 

Cd source 

CdSO4 

S source 

  SC(NH2)2 

Complex 

NH4OH 

DI 

water 

Temp 

(
o
C) 

Time 

(min) 

27 mM (0.3456 g) 

in 50 ml DI water 

37.5 mM (2.85 g) 

in 100 ml DI water 

80 ml 270 ml 65 14 

 

The deposition of CdS thin film can be described by these reactions: 

i) Release of Cd
2+

 from the ammonia solution;  

,4)( 3

22

43 NHCdNHCd       (3.8) 

ii) Release of S
2-

 from thiourea; 

 ,22)( 222

2

22 OHNCHSOHNHSC     (3.9) 

iii) Precipitation of CdS; 

),(22 sCdSSCd       (3.10) 

 The CdS thin film can be formed with three different mechanisms [16]. In the 

first stage, the film is formed with low rate or nucleation growth. Second, the reaction 

of Cd
2+

 and S
2-

 ions will occur at the CIGS surface with higher rate or ion by ion 

growth. Third, the precipitation of collides in the CdS solution or heterogeneous 

growth. 

3.1.4. ZnO window layers 

The bilayer ZnO window are the transparent conducting oxide (TCO) 

materials with high transparency (or low absorption) which allow the incident light to 

pass through and provide good electrical conductivity for the photocurrent into the 

metal grid and external circuit. The ZnO bilayer consist of the undoped intrinsic ZnO 

(i-ZnO) and Al-doped ZnO (ZnO(Al)). They are the direct band gap semiconductors. 

The energy band gaps of i-ZnO and ZnO(Al ) are about 3.3 and 3.6-3.8 eV, 

respectively.  
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After the buffer layer deposition, the i-ZnO thin film is deposited by the RF 

magnetron sputtering using the ZnO ceramic target (2-inch in diameter) in Argon 

atmosphere at 6x10
-3

 mbar with the sputtering power of 80 Watt for 11 minutes. The 

distance between a substrate holder and a target is about 6 cm and the substrate holder 

is rotated at 10 rpm in order to allow the relaxation of the film. The functions of the 

first i-ZnO layer are to prevent the shunting due to its high resistivity from the CdS 

layer and adjust the band alignment for the suitable formation of the p-n junction.  

 The deposition of ZnO(Al) is then followed as the second layer by the RF 

magnetron sputtering using the ZnO target with 2wt% Al2O3 (4-inch in diameter) in 

Argon atmosphere at 3x10
-3

 mbar with the sputtering power of 220 Watt for 80 

minutes. The distance between a substrate holder and a target is about 6 cm and the 

substrate holder is rotated at 3 rpm. This layer provides good conductivity and high 

carrier concentration. The surface morphology of ZnO(Al) film on SLG substrate is 

shown in Fig. 3.7 (b). 

3.1.5. Al metal grid 

Al grid serves as the front contact/electrode in order to facilitate current 

collection due to it has a good electrical conductivity. Metal grid is deposited by using 

the thermal evaporation through a shadow mask at the base pressure of 6x10
-6

 mbar. 

The film thickness and deposition rate are controlled by the oscillating quartz crystal 

monitor (QCM). The thickness of Al layer is approximately 1.5-2 µm.  

3.2. Thin film characterization techniques 

 In this section, I will describe about characterization techniques for thin films 

and device performance; atomic force microscopy (AFM), X-ray diffraction (XRD), 

optical refraction spectroscopy, and current-voltage (J-V) measurement.  

3.2.1. Atomic Force Microscopy (AFM) 

 The atomic force microscope or scanning force microscope is an instrument 

that is used to analyze and characterize surface morphology of both conducting and 

non-conducting materials in micro down to nano scales. The AFM consists of the 
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piezoelectric scanner, a laser source, the photodiode detector and a sharp tip that is 

attached to the end of the cantilever. 

 The AFM operates by scanning a sharp tip on the sample surface and 

generating the deviation of the cantilever from the interaction force between the tip 

and the sample surface. The deviation of the cantilever is measured by using the 

refection of a laser beam which is transferred to photodiode detector in order to access 

the data processing and generate a map of surface topography. The schematic 

representation of the operation principles is shown in Fig. 3.6. The surface 

morphologies of the films fabricated in this work; Mo, CIGS, ZnO, are given as 

examples in Fig. 3.7. 

 

Figure 3.6: Operation loop of the tapping mode AFM system [17]. 

    

 (a) 
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Figure 3.7: Examples of AFM images showing surface of a) Mo film b) ZnO(Al) film 

and c) CIGS film in 3-stage process. 

(b) 

(c) 

(a) 
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3.2.2. X-ray diffraction (XRD) 

 The X-ray diffraction technique is used to characterize the crystal structure or 

phase of the CIGS films. X-ray incidents on the sample and is scattered from crystal 

lattice of sample obeying Bragg condition. The X-ray peak from the scattering is 

fitted by using Gaussian equation and one can find the relationship between the full 

width at half maximum (FWHM) and the standard deviation (σ) of X-ray peak from 

equation 

   .2ln22 FWHM      (3.11) 

The grain size (G) of the film can be calculated by using the Scherrer 

equation: 

   ,
cos

9.0





FWHM
G       (3.12) 

where  is the X-ray wavelength (1.5406 Å for CuKα1 radiation) and θ is the Bragg 

angle in degree.  

3.2.3. Optical reflection spectroscopy 

 The optical property of thin film is characterized by Perkin-Elmer Lambda 900 

UV-VIS-NIR spectrophotometer in the wavelength from 200 nm to 2000 nm. The optical 

reflectance (R) can be explained by the ratio between the intensity of the reflected 

light (IR) that depends on the film roughness and the incident light (Io) from the light 

source by  

     .
o

R

I

I
R        (3.13) 

The thickness of the film (d) on the substrate can be determined from the 

interference fringes of reflection spectra:  

  
 21

21

2 






n

M
d ,    (3.14) 

where M is the number of cycles observed from wavelength λ1 to λ2 and n is the index 

of refraction of the film. The number of interference fringes increase with the film 

thickness. The interference fringes disappear when the wavelength of incident light is in 

the region near the energy band edge (Eg) of the film.  
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Substrate 

d

Io IR  

Figure 3.8: Schematic of multiple reflections measurement of thin film. 

3.2.4. J-V measurement 

 The solar cell performance is measured by using current–voltage (J-V) 

measurement system under AM 1.5 and 0.1 Watt/cm
2
 irradiance at 25°C that consists 

of the tungsten-halogen light source (300W-ELH lamp), the DC power supply and a 

voltage source/current measurement unit (Keithley model 237). The solar cell is 

contacted with two-point probe configuration. Data signals are transferred to a PC via 

IEEE-488 card in order to evaluate solar cell parameters, e.g. open-circuit voltage 

(Voc), short-circuit current density (Jsc), fill factor (FF), series resistance (Rs), shunt 

resistance (Rsh) and solar cell efficiency ().  The schematic diagram of the J-V 

measurement is shown in Fig. 3.9. 

 

 

Figure 3.9: Schematic diagram of the J-V measurement system. 

I-V source measurement unit 

KEITHLEY 237 

300W-ELH lamp 



 

Chapter IV 

Flexible CIGS thin film solar cells 

In this chapter, the details of the fabrication processes and discussion of the 

results of solar cell devices on the stainless steel (SS) foil including the influences of 

substrate temperature during the CIGS growth, thickness of Al2O3 films and Na 

incorporation are given, respectively. 

4.1. Substrate Preparation 

 In this of work, a 0.1 mm thick stainless steel (SS) with the area of 3x3 cm
2
 is 

used as a substrate for flexible CIGS thin film solar cells. Processes for cleaning 

metallic substrate can be described as the followings: 

1. The stainless steel substrates are scrubbed with cellulose sponge in the 

mixture of dishwashing liquid and de-ionized (DI) water and then blown 

dry with nitrogen gas in order to remove grease and dust particles on the SS 

surface from the manufacturing process. 

2. They are thoroughly cleaned in an ultrasonic bath with Trichloroethylene 

(TCE) for 30 minutes in order to remove grease or any other organic 

substances. 

3. They are then followed by the cleaning in an ultrasonic bath with acetone 

for 30 minutes to remove residual TCE and any organic substances. 

4. Next, they are cleaned in an ultrasonic bath again with methanol for 30 

minutes to remove residual acetone and any organic substances. 

5. For the last wet cleaning process, they are cleaned in an ultrasonic bath 

with de-ionized (DI) water for 30 minutes to remove residual methanol. 

After that, the substrates are blown dry with nitrogen gas  
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6. Finally, they are heated at 200
o
C for 1 hour in the furnace in order to 

remove humidity on the substrate surface. The clean substrates are kept in a 

dry cabinet before the deposition in vacuum chamber.  

4.2. Fabrication process of flexible CIGS thin film solar 

cells 

 Figure 4.1 shows the structure of flexible CIGS solar cell on SS foil substrate 

that is similar to that on the SLG substrate described in chapter III. The fabrication of 

flexible CIGS thin film solar cells on the metallic substrate especially SS or alloy steel 

requires the additional of an insulating or a diffusion barrier layer before the CIGS 

deposition in order to prevent the diffusion of undesired elements  from the substrate 

into the CIGS absorber layer. The Al2O3 thin film is chosen as a diffusion barrier 

layer in this work.  

Stainless steel (SS) 

Al2O3 diffusion barrier

Mo

Cu(In,Ga)Se2

CdS

i-ZnO/ZnO(Al)

AlAl

Back electrode: 0.5 μm

p-Absorber : 1.8 μm

Buffer layer: 100 nm

Window layer : 0.5 μm

Front electrode : 1.5 μm

 

Figure 4.1: Schematic diagram of the structure of flexible CIGS thin film solar cell on 

SS substrate. 
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 Figure 4.2 shows the fabrication process for the flexible CIGS thin film solar 

cells. The sample consists of 8 cells on a 3x3 cm
2
 substrate. The total area of each cell 

is about 0.515 cm
2
. 

 

Al2O3 layer : RF sputtering 

CdS layer :  Chemical Bath Deposition 

CIGS layer : Molecular Beam Deposition

i-ZnO layer : RF sputtering 

Mo layer : DC sputtering 

ZnO(Al) layer : RF sputtering

Al grid : thermal evaporation

 

Figure 4.2: Schematic diagram of the solar cell fabrication process on flexible 

substrate  
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Figure 4.3: Picture of the flexible CIGS thin film solar cells on a SS foil fabricated at 

Semiconductor Physics Research Laboratory (SPRL) 

4.3. Substrate type 

 SS foils; type 301, 316L and 430 are chosen as trial flexible substrates. The 

details of physical properties of each type of SS substrates are given in Table 4.1.    

The austenitic steels or SS series 300 fail during the CIGS co-evaporation process due 

to their too high CTE leading to CIGS adhesion problems. In addition, the Al2O3 layer 

can lose the ability to block impurity diffusion that is caused by cracking and 

delamination of films at high temperature. Figure 4.4 shows the delamination of thin 

films due to an unequal elongation in each side from manufacturing process.  

Table 4.1: Physical properties of the stainless steel [18] 

 Type       Density      Thermal Conductivity  Coefficient of Thermal Expansion                                                          

         (g/cm
2
)         (W/m.K) at 500

o
C  (µm/m.K) at 500

o
C 

301  7.88   21.4         18 

316L  7.99   21.4         17 

430  7.74   26.3         11 
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Figure 4.4: Photograph of adhesion problem between films and SS substrate type 301. 

 Therefore, SS foil type 430 is chosen as the flexible substrate in this work. 

Figures 4.5 and 4.6 show the SEM image and EDS spectra of the SS substrate type 

430. It can be seen that the SS has rough surface and the main composition of SS 

substrate used in this work consists of Fe (81 At%) and Cr (19 At%). Fe and Cr also 

have high diffusion rate at high temperature. Thus, they could cause the degradation 

of the CIGS quality in the deposition process and lead to the reduction of solar cell 

efficiency. 

 

Figure 4.5: SEM micrograph of surface of SS (type 430). 
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Figure 4.6: EDS spectrum of stainless steel (type 430). 

4.4. Two-stage deposition process for CIGS on flexible SS 

4.4.1.  Two-stage process or bilayer process 

 The two-stage process is started with the Cu-rich composition, i.e. 

][][

][

InGa

Cu


ratio or y  ~ 1.2 in the first stage, and then followed by the deposition of 

only In, Ga and Se in the second stage until the overall composition is slightly Cu-

deficient (y ~ 0.9) at the end point, i.e. the film becomes Cu-poor. The substrate 

temperatures are varied at about 470°C (low temperature) and 530°C (high 

temperature) without Na enhancement in order to study the effect of substrate temperature 

to the CIGS growth. The 
][][

][

InGa

Ga


ratio (x) is set at 0.3 in order to have Eg ~ 1.24 eV 

for the CIGS.  The growth process time is about 60 minutes for the Mo/SS and 

Mo/400-nm-thick Al2O3/SS substrates. Figure 4.7 shows the growth profile and the 

film composition of CIGS in this condition for the two-stage process. 
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Time

Rate (a.u.)

470, 530

Se
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Cu
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1.2

t1 t2
 

Figure 4.7: Schematic representations of the growth profile and the film composition 

for the two-stage process.  
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Figure 4.8: The in-situ monitoring signals for the two-stage process. 

 Figure 4.8 shows the pyrometer signal from CIGS surface temperature and 

output power signal of the substrate heater for the two-stage process. The low 

frequency oscillations of the pyrometer signal are the interference of the signals from 

the top and the bottom surfaces due to the increasing thickness of the film, while the 

high frequency oscillations correspond to the substrate rotation. The interference 

fringes are only observed in the Cu-rich phase and the amplitude damping during the 

first stage is, by nature, due to the increasing in the surface roughness of the growing 

film. The pyrometer signal shows a sharp drop when the Cu flux is terminated 

indicating the end of the first stage is caused by the change of irradiation from the 

surface of the CIGS film. Then the temperature starts to rise from the change in the 

emissivity of the film due to the evolution of the composition of the CIGS changing 

from Cu-rich phase to stoichiometric and eventually level off toward the Cu-poor 

phase at y ~ 0.9 or end-point-detection (EPD) that can be observed from sharp knee of 

pyrometer and output power signals. 



44 

 

 

4.4.2. Effect of substrate temperature 

 The experiment is also carried to observe the effect of the substrate 

temperature on the followings; 

Surface Morphology and Crystal Structure  

 It has been noticed that the substrate temperature is one of main factors 

affecting CIGS growth as shown by the AFM images in Fig. 4.9. The AFM images 

suggest that the substrate temperature has a direct effect on the grain size and the 

quality of the CIGS films. The smaller grain size typically results in the decrease of 

diffusion length of the photo-generated charge carriers and the increase of the carrier 

recombination rate at the grain boundaries. The CIGS film on the Mo/SS substrate 

shows the largest grain as shown in Fig. 4.9 (a) for high temperature growth when 

compared to the film on the substrate with Al2O3 blocking layer at same substrate 

temperature (530
o
C) in Fig. 4.9 (b).  

 

Figure 4.9: AFM images (over 2 µm x 2 µm) of CIGS films on (a) Mo/SS substrate at 

530°C, (b) Mo/400-nm-Al2O3/SS substrate at 530°C and (c) Mo/400-nm-Al2O3/SS 

substrate at  470°C by two-stage process 

(a) (b) 

(c) 
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The XRD patterns for the films with and without Al2O3 barrier at the substrate 

temperatures of 470°C and 530°C are compared and shown in Fig. 4.10. The intensity of 

(112) preferred-orientations of the CIGS films decrease when the Al2O3 film is used 

as a barrier layer. The important parameters extracted from the XRD are summarized 

in Table 4.2. The FWHM of the (112) peak is smallest for the film on the Mo/SS 

substrate indicating the largest grain consistent with the AFM image in Fig. 4 (a), while 

the FWHM of the (112) peak of the films on Mo/Al2O3/SS substrates increases with  

the decreasing substrate temperature resulting in the smaller grains as shown in Fig. 

4.10 (b) and (c). It is worth to note here that the slight shift of XRD spectra toward the 

higher 2θ is observed when compared to the bulk CIGS which is due to the tensile 

strain caused by the anisotropic property of the SS.  
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Figure 4.10: XRD patterns of (a) CIGS 530°C/Mo/SS,   (b) CIGS 530°C/Mo/400-nm-

Al2O3/SS and  (c) CIGS 470°C /Mo/400-nm- Al2O3/SS. 

Table 4.2: XRD results of CIGS films on different substrates and temperatures 

Substrate 
Tsub 

(°C) 
I(112) 

FWHM 

(degree) 

Mo/Al2O3/SS 470 227 0.123 

Mo/Al2O3/SS 530 286 0.112 

Mo/SS 530 406 0.109 
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 Optical Reflection 

Figure 4.11 shows the variation of the optical reflectance (%R) spectra for the 

CIGS films deposited at two different temperatures. The interference fringes disappear 

near the band edge of λ ~ 1000 nm corresponding to the optical energy gap (Eg) of 

approximately 1.24 eV. The reflectance spectra of the CIGS film on Mo without 

Al2O3 barrier shows larger interference oscillations typically seen in the films with 

high crystal quality which is consistent with the highest intensity of the (112) plane of 

the CIGS shown in Fig. 4.10 (a). For those films on the Mo with Al2O3 barrier, the 

reflection intensity is significantly lower at both high temperature (530°C) and low 

temperature (470°C). The damping of the oscillations below the gap is possibly due to 

the differences of refractive index in different layers of film and also defect states in 

the gap of lower quality CIGS films which directly affect the carriers in the films. 
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Figure 4.11: The optical reflectance spectra of CIGS films  on Mo/SS at 530°C, 

Mo/400-nm-Al2O3/SS  at 530°C and Mo/400-nm-Al2O3/SS at 470°C. 
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Cell performance  

 The performances of the CIGS solar cells on the flexible SS substrates are 

determined from the current-voltage (J-V) measurements. It can be observed that the 

Al2O3 barrier directly affects the parameters of the solar cells, e.g. the fill factor (FF), 

the open-circuit voltage (Voc) and the short circuit current density (Jsc). The CIGS on 

Mo/Al2O3/SS processed at 530°C has the highest Jsc and Voc compared to that 

processed at 470°C and that on Mo/SS processed at 530°C despite the small grain 

seen in the CIGS on Mo/Al2O3/SS. The solar cell parameters are summarized in Table 

4.3. The CIGS solar cells grown at lower temperature of 470°C have smaller 

variations than that at higher temperature. 

Table 4.3: Statistical values of the current-voltage parameters of the solar cells on SS 

substrates. 

Substrate 

Voc 

(mV) 

Jsc 

(mA/cm
2
) 

FF 

(%) 

η 

(%) 

Mo/Al2O3/SS (470
o
C) 

Max 468 26.4 46.1 5.7 

Average 413 25.9 39.7 4.4 

S.D. 44 2.2 5.3 1.2 

Mo/Al2O3/SS (530
o
C) 

Max 540 31.9 54.4 9.4 

Average 450 30.3 42.2 6.0 

S.D. 102 1.9 9.0 2.5 

Mo/SS (530
o
C) 

Max 297 8.9 33.9 0.9 

Average 203 7.7 29.8 0.5 

S.D. 102 1.1 3.2 0.3 
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Conclusion 

 High substrate temperature during the deposition resulting in the large grain of 

CIGS film and high efficiency compared to those with low substrate temperature. 

However, the two-stage growth process typically yields lower cell efficiency than the 

three-stage process which will be discussed in the next section.  

4.5. Three-stage deposition process for CIGS on flexible SS 

4.5.1. Three-stage process 

 This process is started with the deposition of In, Ga and Se or (In,Ga)2Se3 

precursor in the first stage at the low substrate temperature of 400°C and then 

followed by the deposition of only Cu and Se in the second stage at the higher 

substrate temperature of 540°C until the overall composition becomes Cu rich (y ~ 

1.3). In the third stage, the deposition of In, Ga and Se is allowed with slightly 

reduction of In and Ga flux from the first stage at high substrate temperature (540°C) 

until the overall composition is slightly Cu poor (y ~ 0.9) at the end point. 

The
][][

][

InGa

Ga


 ratio (x) is set at 0.37 in order to have Eg ~ 1.3 eV for the CIGS that 

leads to the increase of p-type doping.  The growth process time is about 80 minutes. 

The growth profile and the film composition of the CIGS in the three stage process 

are shown in Fig. 4.12. 
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 Figure 4.12: Schematic representations of the growth profile and the film 

composition for the three stage process.       

 The example of the in-situ signals of the three-stage process is shown in Fig. 

4.13. In the first stage (no Cu flux), the oscillations of the pyrometer signal by the 

increase of the film thickness appear as observed in the two-stage process. After that, 

the pyrometer shows higher signal due to the increase of substrate temperature and 
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also the Cu flux is allowed in the second stage. The composition of the film gradually 

changes to Cu-rich phase. The end of deposition time in the second stage can be 

calculated by Eq. (3.7) from stoichiometric composition (y=1) that can be observed 

from the increase of output power signal. In the final stage, the Cu flux is terminated 

and the film composition changes from the Cu-rich phase to slightly Cu-poor phase at 

EPD.   
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Figure 4.13: The in-situ monitoring signals for the three-stage process. 
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4.5.2.  Al2O3 blocking layer or diffusion barrier 

 Before the deposition of Mo layer, the insulating Al2O3 thin film is required. 

The most common form of crystalline α-Al2O3 is known as corundum which has a 

trigonal bravais lattice with a space group of R-3c as shown in Fig. 4.14. The 

corundum structure consists of hexagonal close-packed oxygen atoms with cations 

filling up two-third of the central octahedral sites. 

 The important reasons for the selection of Al2O3 thin film as a blocking layer 

are: 

- Coefficient of thermal expansion (CTE) of Al2O3 thin film (6-8 x10
-6

/K) is 

close to that of the SS substrate (10-18 x10
-6

/K depending on types of SS) 

and the CIGS absorber (7-9 x10
-6

/K); the CTE value has a direct effect to 

the film adhesion at high temperature during the CIGS deposition, 

- Strong ionic interatomic bonding and nanoparticles character; it is an 

effective blocking layer, 

- Chemical inertness; it does not react or corrode with Se atmosphere and 

CdS solution, 

- Good thermal conductivity; the substrate (Mo/Al2O3/SS) temperature  

during the CIGS deposition affects the film quality, 

- It is an electrical insulator between the metal substrate and the 

monolithically interconnected solar cell for the flexible solar module.  

 

Figure 4.14: Crystal structure of α-Al2O3 , the large circle is O atom and the smaller 

one is Al atom [19]. 

http://en.wikipedia.org/wiki/Corundum
http://en.wikipedia.org/wiki/Trigonal
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 Al2O3 thin film is deposited on the SS substrates by the RF magnetron 

sputtering technique using the 99.99% pure Al2O3 ceramic target (4-inch in diameter). 

During the sputtering, the Argon pressure is kept at 1.8x10
-3

 mbar and the RF 

sputtering power is set at 280 Watt where the substrate holder is fixed. The distance 

between the substrate holder and the Al2O3 target is about 6 cm. The deposition rate is 

about 5-6 nm/min resulting in the high packing density for the blocking of 

contaminations from the SS substrate into the CIGS absorber layer during the CIGS 

deposition. The thicknesses of the Al2O3 layer used in this study are varied from 0 to 

2000 nm. The experimental results on the fabrication of the Al2O3 blocking layer are 

as the followings; 

Surface morphology 

Figure 4.15 shows the surface morphology of the SS substrate covered with 

the Al2O3 thin film by the sputtering technique. The AFM image of the Al2O3 film 

shows the small grain size of the amorphous Al2O3 films, thus the diffraction peak of 

the Al2O3 films could not be observed by XRD in Fig. 4.10. 

 

 

 

 

 

 

 

 

 

Figure 4.15: AFM image of Al2O3 surface deposited on SS substrate. 
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Optical reflection 

 The examples of optical reflectance of Al2O3 films at different thicknesses are 

shown in Fig. 4.16. Since its energy band gap is quite large (Eg ~ 8 eV) [20], thus the 

cut-off energy in the range of measurement (200-2000 nm) could not be seen. The 

intensity of the reflection decreases with the increasing of Al2O3 thickness due to 

rough surface of films on SS and the effect of light absorption. The index of refraction 

of the Al2O3 film (n) is 1.68 [21]. The thickness of the films (d) can be determined 

from the interference fringes of reflection spectra in Eq. (3.12). 
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Figure 4.16: The optical reflection spectra of Al2O3 films grown on SS substrate at the 

thickness about 500 and 2000 nm, respectively. 

d~ 500 nm 

d~ 2000 nm 
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Figure 4.17: Solar cell parameters (a) Voc, (b) Jsc, (c) FF, (d), (e) Rsh and (f) Rs of 

the flexible CIGS solar cell on SS substrates with different thickness of Al2O3 blocking 

layer. 

The results are observed that the thickness of the Al2O3 barrier directly affects 

the key parameters of the solar cells, e.g. the open-circuit voltage (Voc), the short 

circuit current (Jsc), the fill factor (FF) and cell efficiency (). The Al2O3 layer 

effectively reduced the impurity diffusion from the substrate as the increase of the 

shunt resistances (Rsh) values of the cells with the thickness of blocking layer caused 

by the decrease of conducting paths in the CIGS absorber layer from metallic 

impurities (Fe, Cr and other elements) and internal imperfections of films.  

(
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(

b) 
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100 µm
 

Figure 4.18: Optical image of CIGS surface showing the diffusion of impurities from the 

SS substrate. 

 On the other hand, the series resistances (Rs) values decreased due to the effect 

of impurity alloying [22] in conducting layers, i.e. front/back contacts and window 

layer, vanishes as shown in Fig. 4.17 (f) The impurity on the CIGS surface diffused 

from the lower layers, suspiciously from the SS through the Al2O3 barrier layer, could 

be seen in Fig. 4.18.  

 Moreover, Al2O3 barrier increases the doping or p-type defects in the CIGS 

absorber layer and carrier mobility from the reduction of defect states in the gap of 

CIGS films leading to higher values of Voc and the Jsc, respectively. The FF and  of 

the solar cells on SS substrates with an Al2O3 barrier are higher than that of the solar 

cells without a barrier. These parameters in each condition are summarized in Table 

4.4. The higher FF indicates the higher CIGS quality for the formation of the p-n 

junction with the CdS layer when Al2O3 barrier is used. The highest efficiency 

obtained is 10.8% on the substrate with 2000 nm thick Al2O3 barrier. It is worth to 

note that the parameters of the solar cell obtained here are somewhat lower than that 

obtained from the standard cells fabricated on the soda-lime glass (SLG) substrate. 

The J-V curves of the best cells with different thickness of Al2O3 barrier are 

summarized in Fig. 4.19. 
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Table 4.4: Solar cell parameters from I-V measurement for SS substrates with 

different thickness of Al2O3 blocking layer 

Substrates 
Voc 

(mV) 

Jsc 

(mA/cm
2
) 

FF 

(%) 

η 

(%) 

Mo/SS 

Max 315 10.3 34.8 1.1 

Average 188 8.6 28.7 0.5 

Substrates 
Voc 

(mV) 

Jsc 

(mA/cm
2
) 

FF 

(%) 

η 

(%) 

Mo/500 nm-Al2O3/SS 

Max 455 29.3 55.7 7.4 

Average 443 29.3 53.8 7.0 

Mo/900 nm-Al2O3/SS 

Max 490 30.6 59.4 8.9 

Average 502 29.1 58.1 8.5 

Mo/2000 nm-Al2O3/SS 

Max 560 30.5 62.9 10.8 

Average 543 30.1 61.4 10.0 

0 100 200 300 400 500 600

0

5

10

15

20

25

30

35

40

500 nm

900 nm

no barrier

2000 nm

C
u

re
e

n
t 
d

e
n

s
it
y
, 
J
 (

m
A

/c
m

2
)

Voltage, V (mV)

 

 

 

Figure 4.19: J-V curves of the best cell on SS substrates with different thickness of 

Al2O3 blocking layer. 
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Conclusion  

 The optimum thickness of Al2O3 thin film obtained in this work for the 

blocking of impurity diffusion from SS substrate is about 2000 nm. The highest 

efficiency is at 10.8% 

 To improvement the performance of the cell efficiency for flexible substrate, 

one needs to consider the increasing of doping in the CIGS that could be achieved by 

the incorporation of Na that is not the native element in the SS substrate. 

4.6. Na incorporation in CIGS absorber in the three-stage 

process 

One important reason for lower efficiencies of flexible CIGS solar cells on 

metallic substrates is the lack of natural diffusion of Na into the CIGS absorber layer 

when compared to the standard CIGS solar cells on soda-lime glass (SLG) or Na 

containing glass substrates. Sodium (Na) source is well known to help increasing the 

CIGS solar cell performance. Therefore, an incorporation method for Na is needed for 

metallic foils or Na free substrates. The benefits of Na incorporation in the CIGS solar 

cells are:  

- Improvement of CIGS morphology and the formation of p-n 

heterojunction between CIGS and CdS layers, i.e.  smoother surface and 

higher CIGS crystal quality (Rsh and FF increase), 

- Increasing of hole carrier density and p-type conductivity of the CIGS due 

to Na substitution at the Cu site (NaCu) at the end point of CIGS growth 

process; Na can diffuse from the Cu sites to the CIGS surface by the 

thermal energy causing Cu vacancies that are main acceptor defects in 

CIGS (Voc and Jsc increase), 

- Increase solar cell efficiency (). 

 In general, the addition of Na in the CIGS layer can be achieved by various 

methods: 

(1) evaporation of a thin NaF precursor layer before the CIGS deposition, 

(2) co-evaporation of a Na compound during the CIGS deposition, and  



58 

 

 

(3) evaporation after the CIGS deposition and followed by annealing in 

vacuum, known as Na post-treatment method. 

In this work, I choose to have Na enhancement by using the NaF co-

evaporation within 7 minutes during the ramping of substrate temperature from low to 

high temperature in the second stage of three-stage process as shown in Fig. 4.20 (b). 

From the result of Na precursor on SLG substrate, I have seen that Na is driven to the 

surface of CIGS in the second stage due to the increase of thermal energy. Higher 

substrate temperature can increase the Na diffusion into the CIGS layer. 

 The results of Na enhancement are studied on the cells on the SS substrates 

without Al2O3 barrier, substrate with Al2O3 barrier, and comparison of Na 

incorporation at different steps of CIGS deposition; NaF precursor, NaF co-

evaporation in the second stage and the third stage. 

 

CIGS+Cu2-xSe

Stainless steel 

Al2O3

Mo

Na Na Na

Stainless steel 

Al2O3

Mo

Na Na Na

CIGS

Stainless steel 

Al2O3

Mo

CIGS

Cu Se

NaF precursor

Na post-treatment

 

(a)        (b)    (c) 

Figure 4.20: Na incorporation methods for the flexible solar cells: (a) NaF precursor 

layer [23] (b) NaF co-evaporation [24]and (c) Na post-treatment [25]. 
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4.6.1. Na effect on the Mo/SS substrate 

 This section describes the Na incorporation using the Mo/SS substrate with the  

NaF equivalent of 100 Å thick.  

CIGS+Cu2-xSe

Stainless steel 

Mo

Na Na NaCu Se

 

Figure 4.21: Schematic diagram of the Na incorporation during the CIGS growth on 

the SS substrate without Al2O3 blocking layer 

Table 4.5: Solar cell parameters on SS substrates without Al2O3 barrier by using NaF 

incorporation in the second stage 

NaF thickness 

Voc 

(mV) 

Jsc 

(mA/cm
2
) 

FF 

(%) 

η 

(%) 

No NaF ( Mo/SS) 

Max 315 10.3 34.8 1.1 

Average 188 8.6 28.7 0.5 

100 Å-NaF (Mo/SS) 

Max 475 5.8 40.1 1.1 

Average 444 4.6 39.3 0.8 
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Figure 4.22: Solar cell parameters on Mo/SS substrates with and without Na 

 Table 4.5 and Fig. 4.22 summarize the effect of Na to the performance of the 

flexible CIGS solar cells without Al2O3 barrier. It can be seen that the addition of Na 

results in the enhancement of Voc, FF and Rsh. However, these parameters are still 

lower than those of the cells with Al2O3 blocking layer. Na increases the p-type 

doping and uniformity of CIGS film that is observed from smoother CIGS surface 

leading to a good p-n junction formation. On the other hand, Jsc decrease with the 

increasing of Rs caused by alloying effect in the CIGS and the metal contact layers. 

However, the addition of Na does not have a significant effect to the efficiency on the 

cells without Al2O3 blocking layer due to the diffusion of impurities. 

a) b) 

c) d) 

e) f) 
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4.6.2. Na effect on Mo/Al2O3/SS substrate 

 It has been shown that the Al2O3 blocking layer is necessary to prevent or 

reduce the diffusion of impurities, in this section, the relationship between the 

thickness of NaF and the cell parameters on the Mo/2000 nm-Al2O3/SS substrate will 

be described. The equivalent thicknesses of NaF used in this work are in the range of 

30-200 Å. 

 

CIGS+Cu2-xSe

Stainless steel 

Al2O3

Mo

Na Na NaCu Se

 

Figure 4.23: Schematic diagram of the Na incorporation during the CIGS growth on 

the SS substrate with 2000 nm thick Al2O3 blocking layer 
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Table 4.6: Solar cell parameters on SS substrates with 2000 nm thick-Al2O3 barrier 

with different thicknesses of NaF 

NaF thickness 
Voc 

(mV) 

Jsc 

(mA/cm
2
) 

FF 

(%) 

η 

(%) 

No NaF (Mo/2000 nm-Al
2
O

3
/SS) 

Max 560 30.5 62.9 10.8 

Average 543 30.1 61.4 10.0 

30 Å-NaF ( Mo/2000 nm-Al
2
O

3
/SS) 

Max 640 30.7 72.1 14.2 

Average 636 29.7 71.9 13.6 

50 Å-NaF ( Mo/2000 nm-Al
2
O

3
/SS) 

Max 630 32.9 73.9 15.3 

Average 626 31.4 73.7 14.5 

80 Å-NaF ( Mo/2000 nm-Al
2
O

3
/SS) 

Max 635 31.3 71.7 14.2 

Average 629 29.9 71.9 13.5 

100 Å-NaF ( Mo/2000 nm-Al
2
O

3
/SS) 

Max 645 31.1 70.3 14.1 

Average 641 30.3 70.7 13.7 

120 Å-NaF ( Mo/2000 nm-Al
2
O

3
/SS) 

Max 640 31.2 70.6 14.1 

Average 634 30.2 69.2 13.3 

150 Å-NaF ( Mo/2000 nm-Al
2
O

3
/SS) 

Max 600 22.4 60.5 8.1 

Average 590 22.0 60.7 7.9 

200 Å-NaF (Mo/2000 nm-Al
2
O

3
/SS) 

Max 560 20.6 59.0 6.8 

Average 548 20.2 55.9 6.2 
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Figure 4.24: Solar cell parameters on Mo/2000 nm-Al2O3/SS substrates with different 

NaF thicknesses  

 The results show that the increase of Voc and FF with NaF thickness. However, 

when excessive NaF is used the Voc and FF decrease due to residual Na in the CIGS 

layer resulting in the decreasing of doping and the quality of junction formation. At 

the equivalent of 100 Å thick of NaF the maximum Voc or high doping in the CIGS 

layer is obtained, but at 50 Å thick NaF yields the maximum FF or high CIGS quality 

for the junction formation with CdS buffer layer that consistent with the highest Rsh 

values shown in Fig. 4.24 (e). The effect of Na to the Jsc of solar cell is similar when 

a) b) 

c) d) 

e) f) 
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the thickness of NaF is in the range of 30-120 Å while the current rapidly decreases, 

and also the increasing of Rs values when the thickness of NaF is higher than 120 Å. 

The latter is due to the small grain size of CIGS that could lead to high carrier 

recombination rate, as shown by the corresponding to SEM image in Fig. 4.25 (a). 

The highest efficiency obtained in this work is 15.3% from the CIGS films with 

equivalent of 50 Å thick NaF on the Mo/2000 nm thick Al2O3/SS substrate.  

 

 

 

Figure 4.25: SEM cross-section images of the CIGS films on the 2000 nm-Al2O3/SS 

substrates (a) with 200 Å-NaF and (b)with 100 Å-NaF and (c) without NaF. 

(b) 

(a) 

(c) 

without NaF 

100 Å-NaF 

200 Å-NaF 
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4.6.3. Comparison of CIGS solar cells using different step of 

Na incorporation 

 The NaF precursor and NaF co-evaporation in the third stage are also prepared 

in order to compare with the results of NaF co-evaporation in the second stage by 

using the same thickness of NaF at 50 Å. The results summarized in Table 4.6 show 

that Voc increases for the cells with NaF precursor and co-evaporation in the third 

stage methods, but the Jsc values decrease when compared with co-evaporation in the 

second stage.   

Conclusion 

 The steps of Na incorporation in the CIGS growth process result in small 

change of efficiency. The most important thing is the content of incorporated Na. The 

optimum of NaF equivalent thickness is approximately 50 Å to achieve the highest 

efficiency by co-evaporation method in the second stage. The J-V characteristics 

between the best flexible CIGS solar cell by NaF co-evaporation in the second stage 

and the standard CIGS cell on SLG substrate with the efficiency of 16% are compared 

and shown in Fig. 4.26.  

Table 4.7: Parameters of solar cells grown with different step of Na incorporation 

(NaF =50Å) 

Cell parameters  
NaF precursor 

NaF co-evaporation in 

2
nd

 stage 3
rd

 stage 

Voc (mV) 646 626 651 

     Jsc (mA/cm
2
) 28.1 31.4 27.8 

     FF (%) 74.5 73.7 73.8 

     η (%) 13.5 14.5 13.3 
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Figure 4.26: J-V curves of the best CIGS cell on SS substrate (black line) with 2000 

nm thick-Al2O3 and 50 Å thick-NaF compared with the best CIGS cell on SLG 

 



 

Chapter V 

Summary Remarks 

In this thesis, I have successfully fabricated the high efficiency flexible CIGS 

thin film solar cells on the ferritic stainless steel (SS) substrates (type 430). To 

achieve that, Al2O3 as the impurity blocking layer thickness, substrate temperature 

during the CIGS processing and the Na incorporation techniques have been 

implemented. The effects from these factors can be summarized as followed; 

 Effect of diffusion barrier and substrate temperature 

The Al2O3 barrier layer is necessary for the CIGS solar cells on flexible SS 

substrates in order to prevent or reduce the diffusion of the metallic impurities (Fe, Cr, 

etc.) from the SS substrate through the Mo back-contact into the CIGS absorber layer. 

Higher substrate temperature (T > 500
o
C) has an impact on the quality of the devices 

despite the higher rates of impurities diffused into the growing CIGS layer. However, 

at low substrate temperature, the quality of the CIGS devices is not as good as ones 

processed at higher temperature. Thus the substrate temperature is one important 

factor to the growth of CIGS in order to compete between the diffusion of impurities 

and the intrinsic properties of the CIGS absorber such as grain size, p-type doping, 

etc. The performance of the CIGS solar cells on the SS substrate increases with the 

thickness of the Al2O3 barrier. The working thickness of blocking layer for the best 

cell (10.8% without Na) is approximately 2000 nm from the CIGS films fabricated 

by the three-stage process at the highest temperature of about 540
o
C during the 

deposition.  

 Effect of Na enhancement 

The quality of the p-n junction formation and p-type doping in the CIGS layer 

is directly related with the Na content. The NaF compound is chosen as an external 

Na source in this work. The NaF is co-evaporated during the ramping up of the 
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substrate temperature such that Na can diffuse and mix with CIGS and Cu2-xSe liquid 

phase in the second stage. Appropriate amount of Na can enhance the key parameters 

of the solar cell such as Voc and FF. In contrast, too high Na content (>120 Å) results 

in the decrease of Voc, FF and Jsc due to the residual Na. The optimum equivalent 

thickness of NaF for flexible SS substrate is about 50 Å to obtain the highest 

efficiency of flexible CIGS solar cell of about 15.3% which is comparable to that of 

the CIGS solar cell on SLG substrate. In addition, Na plays the important role to 

suppress the diffusion of Ga resulting in double Ga-graded phenomena in the CIGS 

layer. This effect produces the back surface field that raises the carrier collection at 

the metal grid. 

The suggestion of this work for flexible CIGS thin film solar cells on SS 

substrates are: 

- Study the Ga-graded in the CIGS layer for Na enhancement at different steps 

of CIGS deposition in order to improve the CIGS growth process, 

- Change the Na source from unstable NaF compound to stable Na compound 

such as alkali silicate or SLG thin film that is non-toxic material. 
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APPENDIX A 

List of Symbols and Abbreviations 

AFM   Atomic force microscopy 

AM 1.5, AM 0  Air mass 1.5, air mass 0 

CBD   Chemical bath deposition 

CGS    Copper gallium diselenide  

CIGS   Copper indium gallium diselenide  

CIS   Copper indium diselenide 

DC   Direct current 

EC   Conduction band energy 

EF   Fermi energy 

Eg   Energy band gap  

EV   Valance band energy 

EDS    Energy dispersive X-ray spectroscopy 

EPD   End point detection 

FF   Fill factor 

FESEM  Field emission scanning electron microscope 

I-V   Current-Voltage 

J0   Saturation current density 
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Jsc   Short-circuit current density 

k   Boltzmann constant  

MBD   Molecular beam deposition 

NREL   National Renewable Energy Laboratory 

NIR   Near infrared 

PVD   Physical vapor deposition 

QCM   Quartz crystal thickness monitor 

%R    Optical refraction 

RF   Radio frequency 

Rs   Series resistance 

Rsh   Shunt resistance 

SEM   Scanning electron microscope 

SIMS   Secondary ion mass spectroscopy 

SLG   Soda-lime glass 

SS   Stainless steel 

TCO   Transparent conducting oxide 

Tsub   Substrate temperature 

Tpyro   Pyrometer temperature 

UV   Ultra violet 

VIS   Visible 

Voc   Open-circuit voltage 
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x   [Ga]/([In]+[Ga]) ratio 

XRD   X-ray diffraction 

y   [Cu]/([In]+[Ga]) ratio 
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APPENDIX B 

Stainless Steel Data Sheet 

 

Type 301 

 Type 301 is an austenitic chromium-nickel stainless steel that provides high 

strength and good ductility when cold worked. It is a modification of Type 302 in 

which the chromium and nickel contents are lowered to increase the cold work-

hardening range. This permits higher tensile strengths to be achieved by rolling with a 

lower loss of ductility than with Type 302. 

 The grade is essentially non-magnetic when annealed. However, when the 

grade is cold worked, it becomes slightly more magnetic than other standard 

austenitic stainless steels. 

 High strength and excellent corrosion resistance make Type 301 Stainless 

Steel useful for a wide variety of applications. Typical uses include aircraft structural 

parts, trailer bodies, diaphragms, utensils, architectural and automotive trim, 

automobile wheel covers, roof drainage products, table-wear, storm door frames and 

conveyor belts. 

COMPOSITION % 

Manganese 2.00 max. 

Sulfur 0.030 max. 

Chromium 16.00 - 18.00 

Carbon 0.15 max. 

Phosphorus 0.045 max. 

Silicon 0.75 max. 

Nickel 6.00 - 8.00 

Nitrogen 0.10 max. 

Iron Balance 
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PHYSICAL PROPERTIES 

Density 7.88 g/cm
3
 

Electrical Resistivity (20°C) 69.5 µ-cm 

Specific Heat (0-100°C) 0.50 kJ/kg.K 

Thermal Conductivity W/m.K 

at 100°C 16.2 

at 500°C 21.4 

Mean Coefficient of Thermal Expansion μm/m.K 

0 - 100°C 16.9 x 10
-6

 

0 - 315°C 17.8 x 10
-6

 

0 - 538°C 18.4 x 10
-6

 

0 - 649°C 18.7 x 10
-6

 

Modulus of Elasticity MPa 

in tension 193 x 10
3
 

in torsion 78 x 10
3
 

Melting Range 1399 - 1421°C 

 

Type 316 

 Type 316 is an austenitic chromium-nickel stainless steel containing 

molybdenum. This addition increases general corrosion resistance, improves 

resistance to pitting from chloride ion solutions, and provides increased strength at 

elevated temperatures. Properties are similar to those of Type 304 except that this 

alloy is somewhat stronger at elevated temperatures. Corrosion resistance is 

improved, particularly against sulfuric, hydrochloric, acetic, formic and tartaric acids; 

acid sulfates and alkaline chlorides. Type 316L is an extra-low carbon version of 

Type 316 that minimizes harmful carbide precipitation due to welding. Typical uses 

include exhaust manifolds, furnace parts, heat exchangers, jet engine parts, 

pharmaceutical and photographic equipment, valve and pump trim, chemical 

equipment, digesters, tanks, evaporators, pulp, paper and textile processing 

equipment, parts exposed to marine atmospheres and tubing. Type 316L is used 
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extensively for weldments where its immunity to carbide precipitation due to welding 

assures optimum corrosion resistance. 

COMPOSITION Type 316 (%) Type 316L (%) 

Phosphorus 0.045 max. 0.045 max. 

Chromium 16.00 - 18.00 16.00 - 18.00 

Carbon 0.08 max. 0.03 max. 

Sulfur 0.030 max. 0.03 max. 

Manganese 2.00 max. 2.00 max. 

Silicon 0.75 max. 0.75 max. 

Nickel 10.00-14.00 10.00-14.00 

Molybdenum 2.00 - 3.00 2.00 - 3.00 

Nitrogen 0.10 max. 0.10 max. 

Iron Balance Balance 

PHYSICAL PROPERTIES 

Density 7.99 g/cm3 

Electrical Resistivity (20°C) 74 µ-cm 

Specific Heat (0-100°C) 0.50 kJ/kg.K 

Thermal Conductivity W/m.K 

at 100°C 16.2 

at 500°C 21.4 

Mean Coefficient of Thermal Expansion μm/m.K 

0 - 100°C 16.0 x 10
-6

 

0 - 315°C 16.2 x 10
-6

 

0 - 538°C 17.5 x 10
-6

 

0 - 649°C 18.5 x 10
-6

 

0 - 871°C  19.9 x 10
-6

 

Modulus of Elasticity MPa 

in tension 193 x 10
3
 

in torsion 77 x 10
3
 

Melting Range 1371 - 1399°C 
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Type 430 

 Type 430 is one of the most widely used of the “non-hardenable” ferritic 

stainless steels. It combines good corrosion resistance and heat and oxidation 

resistance up to 1500°F (816°C) with good mechanical properties. Typical consumer 

product applications include automotive trim and molding, furnace combustion 

chambers, dishwashers, range hoods, gas burners on heating units, gutters and 

downspouts, steam iron bases and flatware. Industrial and commercial applications 

range from interior architectural applications to nitric acid plant equipment, oil 

refinery equipment, roofing and siding and restaurant equipment. 

COMPOSITION % 

Manganese 1.00 max. 

Sulfur 0.030 max. 

Carbon 0.12 max. 

Phosphorus 0.040 max. 

Silicon 1.00 max. 

Chromium 16.0-18.0 

Nickel 0.50 max. 

Iron Balance 

PHYSICAL PROPERTIES 

Density 7.74 g/cm
3
 

Electrical Resistivity (21°C) 60 µ-cm 

Specific Heat (0-100°C) 0.46 kJ/kg.K 

Thermal Conductivity W/m.K 

at 100°C 26.1 

at 500°C 26.3 

Coefficient of Thermal Expansion μm/m.K 

0 - 100°C 10.4 x 10
-6

 

0 - 538°C 11.4 x 10
-6

 

Modulus of Elasticity 200 x 10
3
 MPa 
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APPENDIX C 

List of Publications 

 

1. W. Thongkham, R. Sakdanuphab, C. Chityuttakan and S. Chatraphorn, 

“Influence of Al2O3 barrier to the efficiency of Cu(In,Ga)Se2 thin film solar cells 

on flexible stainless steel foils” Thai Jounal of Physics Series 6 (2010). 

2. W. Thongkham, R. Sakdanuphab, C. Chityuttakan and S. Chatraphorn “Effect of 

diffusion barrier and substrate temperature to physical properties of flexible 

Cu(In,Ga)Se2 thin film solar cells” Journal of Metals, Materials and Minerals 

Vol.20 No.3 (2010): 61-65. 
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