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CHAPTER I 

 

INTRODUCTION 

1.1 Overview 

Solar energy is one of alternative sources of energy. It reduces the CO2 emission and 

other greenhouse gases that are the cause of climate change and global warming 

problems [1]. Solar cell is a semiconductor device that can directly convert the photon 

energy into the electrical energy by using a photovoltaic (PV) effect. In 1839, the 

photovoltaic effect was discovered by Becquerel and then a solar cell was produced at 

Bell Laboratory in 1950 by using single crystal silicon [2]. The silicon wafer was 

diffused to form a p-n junction with group III and group VI elements, respectively. 

The primary solar cells were mostly used to generate the electricity in space 

applications (e.g. spacecraft, space station and satellite). Silicon solar cell is the 1st 

generation PV. The achievement of the silicon solar cell leads to the PV market. Today, 

the single crystalline and polycrystalline silicon solar cells share about 80 percent of 

PV market [3]. Scientists have found new photovoltaic materials and methods which 

have a potential to reduce the manufacturing cost and gain the device efficiency. Over 

the past three decades, the technology of solar cell has been developed in order to 

achieve higher electrical conversion efficiency. Thin film solar cells were emerged in 

1970. Solar cells based on thin film technology have attracted commercials because of 

their high efficiency, low material usage and high yield processes. The thin film solar 

cells such as amorphous (hydrogenated) silicon (a-Si:H), CdTe and Cu(In,Ga)Se2 are 

the 2nd generation of PV technology. The thin-film PV market shows a spectacular 

annual growth rate of 126% in 2007 [4]. The 3rd generation of PV started in 1991. A 

photo electrochemical reaction based solar cells i.e. dye-sensitized cells was firstly 

invented by Michael Grätzel and Brian O'Regan at the École Polytechnique Fédérale 

de Lausanne [5]. It is presently very interesting because of the easier processes (non 

vacuum) and the dramatically lower cost. However, these cells still have short term 

stability and unreliability in outdoor operation.  

http://en.wikipedia.org/wiki/Michael_Gr%C3%A4tzel
http://en.wikipedia.org/wiki/%C3%89cole_Polytechnique_F%C3%A9d%C3%A9rale_de_Lausanne
http://en.wikipedia.org/wiki/%C3%89cole_Polytechnique_F%C3%A9d%C3%A9rale_de_Lausanne
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Figure 1.1 Evolution of the different solar cell performances [Ref: U.S. Department of 

Energy, National Center for Photovoltaics, NREL]. 

In order to achieve the highest efficiency, the multijunction solar cells or namely 

tandem cells are fabricated for absorbing photons almost the whole solar spectrum. 

III-VI compounds e.g. GaAs, and GaInP2 have been studied for multijunction solar 

cells using metalorganic vapour phase epitaxy growth. The evolution of the 

performances of different solar cells is shown in Fig. 1.1.  

  One of the most interesting thin film solar cells is Cu(In,Ga)Se2 or CIGS based 

solar cells. CIGS solar cells are the 2nd generation of solar cells which have the 

highest efficiency solar energy conversion. The world record of CIGS solar cells 

efficiency in the lab scale is almost 20 percent demonstrated by NREL [6]. Today, 

they are used in many applications such as solar power plants, power supply in 

aerospace and portable purposes. The portable devices now use flexible solar cells as 

electrical generators for reducing their weight and size. CIGS solar cells are gaining 

more attraction from the energy investors and the government. The CIGS solar cell 

industries are widely established in many countries such as USA (Day Star 

Technologies), Germany (WürthSolar), Japan (Honda), etc. [3]. 

Cu(In,Ga)Se2 is a ternary compound semiconductor of the I-III-VI group. It 

has been demonstrated for the sufficiently long term stability and high absorption 

coefficient so it is used as the photon absorber in high efficiency thin film solar cell [7, 



 3

8]. The structure of the CIGS solar cell consists of Ni-Al grid/ZnO/CdS/CIGS/Mo 

layers. The heterojunction of CIGS solar cells is constructed by the difference of 

semiconducting materials with unequal energy gaps. The p-n junction is formed 

between ZnO/CdS as the n-type semiconductors and Cu(In,Ga)Se2 as the p-type 

semiconductor. Mo and Ni-Al grid are back and front electrical contact, respectively. 

CIGS is a direct band gap material whose bandgap energy can be adjusted from 1.04-

1.68 eV by varying the ratio of group III elements. This property is very interesting 

for band gap engineering. The p-type CIGS is generally doped by native defects such 

as vacancies, interstitial and antisite defects which contribute as the acceptors to 

increase the conductivity. The native defects occur during the growth process and 

depend on the impurity and composition of the CIGS films at the end of the process. 

The non-equilibrium process, e.g. a three-stage process has been developed to 

enhance native defects for obtaining higher doping levels in the CIGS films. In 

general, the standard CIGS thin film solar cells using a soda-lime glass (SLG) as a 

substrate are unintentionally doped with an impurity in the substrate whose 

compositions are illustrated in Table 1.1. The important compounds of alkaline 

elements in the SLG such as sodium (Na) and potassium (K) are induced as the native 

defects to enhance the device efficiency. However, the amount of Na that diffuses 

from the SLG substrate through the Mo film into the CIGS film during the growth 

cannot be easily controlled and identified. It depends on the SLG properties, substrate 

temperature during the growth process and the properties of Mo film which allow the 

Na diffusion. 

Table 1.1 Chemical composition of soda lime glass (SLG) [Ref: U.S. Department of 

Energy, National Center for Photovoltaics, NREL]. 

Material Composition (%) 

SiO2 72.8 

Na2O 12.7 

CaO 8.1 

MgO 3.8 

Al2O3 1.4 

K2O 0.8 

Other (Fe) 0.4 
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The optimum concentration of Na in the CIGS film is only 0.1 atomic percent to 

achieve high efficiency cells [9]. In addition, the small amount of internal Na 

diffusion from the SLG substrate enhances several positive effects to the CIGS films 

and the performance of the solar cells when forming the p-n junction. The role of Na 

mainly affects the conductivity of absorber layer or doping levels of the CIGS film 

which corresponds to the native defects [10]. Many researchers have shown the 

improvement of morphology, orientation, and grain size by sodium enhancement in 

the CIGS thin films [11, 12]. The cell performance consisting of the open-circuit 

voltage and the fill factor substantially increase [13]. However, the limitation of Na 

diffusion from the SLG is presently not fully understood in details. Thus Na from an 

external source is then needed for controlling the quantity of Na. Moreover, this is a 

basic requirement for fabricating the CIGS solar cells on flexible substrates such as 

metallic foils or polymer sheets [14]. According to the previous works, the effects of 

Na on the CIGS solar cell have been observed in many laboratories e.g. A. N. Tiwari’s 

group in Switzerland and L. Stolt’s group in Sweden, etc. The varieties of the model 

have been proposed to explain the Na effects in the CIGS material and the solar cell 

based on their experimental results. However, these models are still inconsistent. For a 

general agreement, Na affects the electronic property by enhancing the carrier 

concentration and the film conductivity, and thus improves the solar cell efficiency. In 

contrast, there is a conflict of Na effects in the structural property. The presence of Na 

during the growth process affects the increase of grain size and texture observed by 

Granath et al. but Rudmann et al. found the decrease of grain size when incorporated 

with Na [12, 15]. The structural effects seem to be a main problem that depends on the 

conditions of the growth process. In order to understand the problems, I focus on the 

growth mechanism with Na incorporation during the growth process and compare the 

experimental results with the previous works by others. A growth model will be 

introduced to explain the growth mechanism and doping mechanism under Na 

incorporation. 

1.2 Literature review of models of Na effects 

There are several models of Na effects in the CIGS films which can be classified into 

three categories based on the experimental observations. The first model suggests the 

substitution of Na in the CIGS structure. The substitution of Na onto In or Ga sites 
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(Na(In,Ga)) helps increasing the hole carriers because Na(In,Ga) acts as an acceptor. In 

addition of the substitution of Na into Cu site (NaCu) helps reducing In or Ga atoms on 

Cu sites (In,Ga)Cu which acts as a donor by forming a neutral defect [10,16]. 

Therefore, the substitution of Na in the CIGS structure causes the change of electronic 

property in the CIGS by enhancing the p-type doping and thus reducing the n-type 

doping. In the second model, Na behaves as a surfactant during the growth of the 

CIGS. It destabilizes (2VCu+InCu) neutral defect complexes in the near-surface region, 

and thus reduces the amount of InCu compensating donors as well as enhances the 

crystal quality of the CIGS [17, 18]. In addition, the advantages of the surfactant are 

the suppression of β-phase CIGS formation and expand the range of α–phase CIGS 

formation as described by Granata and Sites [19], Herberholz and co-workers [9]. D. 

Rudmann et al. proposed that Na especially passivates at the grain boundaries and 

surfaces because of the very low solubility in the CIGS single crystal [20]. Then, they 

claimed the Na effects in the CIGS caused by Na acting only at the grain boundaries. 

Rockett et al. suggested that Na improves the cell performance primarily via grain 

boundaries by changing in the electronic properties. Na increases atomic mobility 

during the growth of the CIGS at the grain boundaries, and thus will increasing the 

grain size due to the decrease of energy at the surfaces [21]. The third model is not the 

direct effect of Na on the CIGS. It assumes that Na on the surface catalyzes O2 

dissociation which supplies oxygen in the CIGS. Kronik et al. proposed that the 

increased hole density is due to the occupation of Se vacancies (VSe) with oxygen 

atom. The VSe acts as a donor but the substitution of O atom into VSe acts as a neutral 

defect. Therefore, O atoms help reducing the n-type doping and introducing an 

acceptor [22]. 

According to the theoretical calculation, the first principle calculation of Na 

effects on the electrical and structural properties of CuInSe2 was introduced by S. H. 

Wei, S. B. Zhang, and Alex Zunger [23]. They divided the Na effects into three main 

types on CuInSe2 by determining the quantity of Na in the CuInSe2 crystal and the 

possibility of catalyzing oxygen dissociation. They calculated the formation energies 

and the transition energy levels involving point defects e.g. NaCu, NaIn, VSe , and OSe in 

CuInSe2. The Na models were clarified with their calculation results. They proposed 

that: (1) There is a formation of phase separation of the NaInSe2 and the alloy NaxCu1-

xInSe2 which are the precipitation of a secondary phase on the surfaces or the grain 
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boundaries at large Na concentration. Na atom will replace Cu site and forms a more 

stable NaInSe2 compound that have a larger band gap and lead to the higher open-

circuit voltage. The NaInSe2 compound increases the (112) morphological texture. (2) 

When small quantities of Na are introduced to the CuInSe2, Na will form Na-on-Cu 

defect (NaCu) and Na-on-In antisite NaIn defect. Na-on-Cu site does not create levels in 

the band gap, while Na on In site creates acceptor levels that are shallower than CuIn. 

Therefore, NaIn can effectively reduce the InCu donors and thus significantly enhance 

the effective hole density. In addition, the quenching of InCu as well as VCu by Na 

enhancement reduces the stability of the (2VCu+InCu) and thus suppresses the 

formation of the ordered defect compounds. (3) They found the possibility of oxygen 

atom substituting in Se vacancies (VSe) when determining the heat reaction of oxygen 

substitution in Se vacancy. Na induces oxygen point defects on the surface of 

Cu(In,Ga)Se2 known as a catalyze dissociation of O2 into atomic oxygen. 

1.3 Scope of this dissertation 

This dissertation is concentrated on the growth of CIGS thin films with Na 

incorporation by using molecular beam deposition technique. The two main Na 

sources are from the internal Na diffusion from the SLG substrate and the NaF 

evaporating source. They are studied and compared with each other. Al2O3 layer is 

used as a Na diffusion barrier in this study. The properties of the CIGS films grown on 

the Mo/Al2O3/SLG substrate such as crystal orientation, surface morphology and 

chemical composition are investigated and compared with the standard CIGS grown 

on Mo/SLG substrate. Then, the use of Sodium-Fluoride (NaF) as a Na precursor, the 

improvement of the device performances by adding an ultra-thin layer of NaF on 

Mo/SLG substrate and Mo/Al2O3/SLG substrate are investigated. This can be used as 

the information of using NaF as a Na source for the preparation of the CIGS thin film 

solar cells on flexible or Na-free substrates.  

This dissertation is composed of four parts. In the first part (Chapter II), an 

overview of the principle of solar cell, physics of physical vapor deposition and the 

CIGS material properties are described. The experimental details of the CIGS thin 

film growth by the Molecular Beam Epitaxy (MBE) system, in situ monitoring and 

fabrication of the solar cell as well as the physics of characterization techniques are 

explained in the second part (Chapter III). Then the experimental results and 
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discussions of Na effects on the structural, surface morphological properties, chemical 

composition of the CIGS films as well as the device performance are discussed in the 

third part (Chapter IV). In the fourth part (Chapter V), the growth model based on the 

experimental results are described including the doping mechanism of Na 

incorporation in the CIGS films. Finally Chapter VI is the conclusions of this 

dissertation. 



CHAPTER II 

 

THEORETICAL BACKGROUND 

2.1 Principle of solar cell 

Solar cell is a semiconducting device consisting of a p-n junction which can convert 

photon energy into the electron-hole pair and feed to an electrical circuit as seen in 

Fig. 2.1. The basic principle of a solar cell is based on the photovoltaic effect that can 

be described by a band diagram for example, a p-n homojunction (Si-solar cell) under 

illumination as shown in Fig. 2.2. In principle, photons with energy equal to or greater 

than the band gap energy are absorbed in a semiconducting material and then 

electron-hole pairs are created. On the other hand, photons with energy less than the 

band gap will pass through the material and do not convert into the electrical energy. 

However, a less of photon can be absorbed by trap states inside the band gap. Most of 

the electron-hole pairs generated by photon are transported across the junction by an 

internal electric field at the junction. The electric field is created from the diffusion 

process of electron and hole at space charge region and thus establishes a built-in 

potential. Electrons and holes separated by the electric field give rise to electrical 

voltage and current in the external circuit, however the partial electron-hole pairs 

which cannot go to the external load, can recombine and cause the loss of electrical 

current. 

For the CIGS thin film solar cell, it is multi-layers of semiconducting 

materials combined to form a p-n junction (heterojunction solar cell). The structure of 

the CIGS solar cell consists of the p-type semiconductor (CIGS) and the n-type 

semiconductor (CdS and ZnO). The band diagram of the CIGS heterojuction solar cell 

as shown in Fig. 2.3 is more complicated than that of the Si-homojunction. The 

different semiconducting materials with unequal band gaps are combined to form a 

junction at the equal Fermi level. The CIGS material has an energy gap in the range of 

1.04 eV - 1.68 eV and typically the gap of 1.2-1.3 eV are used to obtain the high 

efficiency solar cells. The energy gap of the CdS and the ZnO n-type semiconductors 

are about 2.4 eV and 3.3 eV, respectively. A little spike is created at the junction 

between the CIGS and the CdS. The spike is expected to reduce the interface 

recombination and increase the built-in potential. Note that, when the wider band gap 
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CIGS (high Ga concentration) is needed, the CdS layer becomes inappropriate due to 

the absence of the spike. ZnS buffer layer (Eg ≈ 3.8 eV) is usually used instead of the 

CdS layer.           

PHOTON

 
Figure 2.1 A simple diagram of the generated electron-hole pair at the p-n junction. 

 

 
 

Figure 2.2 Energy band diagram of a homojunction, e.g. c-Si or multi-Si based solar 

cells. 

p-region 

n-region 

EV 

EC 

EF 

electron 

hole 

absorption 

recombination 

front contact 

Incident 
light 

n-type 

p-type 

back contact 

+ 
+ + 

- 
- - 



 10
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CdS 

i-ZnO Eg = 1.2 eV ZnO:Al 

Figure 2.3 Energy band diagram of heterojunction CIGS based thin film solar cell. 

2.1.1 The electrical property of a solar cell 

The current-voltage characteristic (I-V curve) of the solar cell can be measured by 

applying an external voltage to the device with and without illumination of light. The 

I-V curve without illumination (dark mode) can be described by the Shockley-diode 

equation  

)1(0 −= AkT
qV

D eII ,                       (2.1) 

where ID is the diode current flowing through device, I0 is the leakage current or 

reverse saturation current, q is the electrical charge, V is the bias voltage, A is the 

diode quality factor, k is Boltzmann’s constant and T is the temperature of the device 

[2]. The p-n junction under the illumination (light mode) at a zero bias (V=0), 

electron-hole pairs are generated from photon absorption. The electrons are swept to 

the n-side, and the holes are swept to p-side by the electric field across the junction as 

described previously. Therefore, the junction generates a current known as 

photocurrent (IL) in the short-circuited device. The photocurrent is a drift current that 

has an opposite direction with the forward bias diffusion current (ID) in dark mode. 

Thus, the Shockley-diode equation under illumination changes to 

L
AkT
qV

LD IeIIII −−=−= )1(0              (2.2) 

where I is total current, IL is the photocurrent at zero bias and ID is the forward bias 

3.3 eV 

2.4 eV 
CuIn0.7Ga0.3Se2 (p-type)
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diffusion current. The equivalent circuit of the single junction solar cell and I-V curve 

are shown in Fig. 2.4. The circuit consists of a current generator in parallel with a 

diode and a shunt resistor, leading through a series resistor to the output terminals. 

The series (Rs) and shunt (Rsh) resistances are defined as the following 

,   at s oc
VR V V
I

∂
= =
∂  and ,   at 0sh

VR
I

∂ V= =
∂             (2.3) 

The series resistance is the resistance of the overall solar cell device and the shunt 

resistance indicates the leak path or tunneling pathways at the p-n junction. Two 

parameters can be used to describe the quality of p-n junction at which the low Rs and 

the high Rsh are appropriated for the solar cell. In general, the performance of solar 

cell can be described by considering the I-V curve and the solar cell parameters such 

as a short-circuit current (Isc), an open-circuit voltage (Voc), a fill factor (FF), a series 

resistance and a shunt resistance as well as an efficiency (η) can be extracted. 

According to Eq. 2.2, the short-circuit current obtained under the short-circuit 

condition (V=0) and the open-circuit voltage obtained under the open-circuit 

condition (I=0) are given by  

 ( )0      sc LI I V I= = = ,                            (2.4) 

and                                            )1ln(
0

−=
I
I

q
AkTV L

oc    ,                           (2.5)  

respectively. The maximum power at (Imax, Vmax) of I-V curve indicates the maximum 

converting performance of the solar cell. The fill factor (FF) is an expression of how 

square the output characteristics is, given by 

max mI ax

oc sc

V
FF

V I
×

=
×

    .                              (2.6) 

The typical values of FF for high quality junction are in the range of 0.7-0.85. Finally, 

the conversion efficiency (η) of solar cell can be calculated by determining the ratio 

of the input power (light power) and the output power (electrical power) 

max max

input

V I
P

η
×

=  
in

scoc

P
FFIV ××

=                        (2.7). 
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Figure 2.4 Equivalent circuit diagram of solar cell and I-V characteristic of solar cell. 

2.2 Physical Vapor Deposition (PVD) 

PVD is one of the most popular techniques for thin film coating in material science, 

nano-technology, surface engineering, etc. The PVD process generates vapor of 

coating material by physical methods such as thermal evaporation, electron beam, 

sputtering etc. and then the evaporating material deposits on the substrate surface. 

Usually, the PVD coating systems require high vacuum equipment for removing the 

contamination, e.g. O2, N2, H2O etc.  In addition, PVD technique can be used for 

many kinds of material and the physical parameters can be varied in order to obtain 

the desired films. In this section, the physics and chemistry of the evaporation based 

on the growth and the formation of films by the PVD technique are described. 

2.2.1 The physics and chemistry of evaporation 

In 1882, Hertz described the evaporation phenomena by his experimental 

measurement on the evaporation of Mercury. He found that the evaporation rates were 

not limited by insufficient heat supplied to the surface of the molten evaporant. It was 

proportional to the difference between the equilibrium pressure, Pe, of Hg at the given 

temperature and the hydrostatic pressure, Ph, acting on the evaporant. In addition, a 

liquid evaporant at a given temperature has a specific evaporating ability. If the 

number of emitted vapor molecules correspond to the number of required exerting the 

equilibrium vapor pressure, it will give a maximum evaporation rate. The evaporation 

rate of the liquid and solid surfaces can be expressed by 

1/ 2

(
(2 )
e A e h

e
N P P

MRT
α

π
−

Φ =
)                                         (2.8), 

where Φe is the evaporation flux in number of atoms or molecules per unit area, per 

VL 

I 

(a) 
Ideal case: Rs 0,  Rsh  µ 
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unit time, and αe is the coefficient of evaporation which has a value between 0 and 1 

[24]. The maximum rate will be given when αe = 1 and Ph is zero. By considering gas 

impingement on surfaces, the number of molecules that strike an element of surface, 

perpendicular to coordinate direction, per unit time and area can be written as 
22

1/2

3.513 10
( )e P
MT

×
Φ = e

e

 molecules/cm2s,              (2.9) 

where Pe is the equilibrium pressure expressed in Torr unit and a useful formula is    
2 1/25.84 10 ( / )e M T P−Γ = ×  g/cm2s,                  (2.10) 

where Γe is the mass evaporation rate. For example, when the pressure is 10-2 Torr, a 

typical value of Γe for many elements is approximately 10-4 grams per second per cm2 

of evaporated area. Therefore, the temperature is more important key parameter of 

evaporation rates than an effect on equilibrium vapor pressure. 

Another important parameter in physics of evaporation is the vapor pressure of 

elements. The relation between temperature and vapor pressure can be expressed by 

the Clausius-Clapyeron equation given by 

( )dP H T
dT T V

Δ
=

Δ
                                      (2.11) 

This equation can be used in both solid-vapor and liquid-vapor equilibrium. The 

derivation of enthalpy, ΔH(T), and volume, ΔV, relate to the differences between the 

vapor (v) and the condensed solid or liquid phase (c), while T is the transformation 

temperature. By simply considering the ideal gas, the volume can be expressed by 

Vv=RT/P and ΔV≈ Vv. The Clausius-Clapyeron equation can then be rewritten as 

2

( )dP P H T
dT RT

Δ
= .                                  (2.12) 

When the molar heat of evaporation equals to enthalpy ΔH(T)=ΔHe , the relation of 

vapor pressure can be expressed by 

I
RT
H

P e +
Δ

−≈ln    or    RT
He

ePP
Δ

−
= 0 ,               (2.13) 

where I (or ) is the constant from the integration.  IeP =0
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Figure 2.5 Relation between vapor pressure and the temperature of several materials. 

 

The value of I can be determined by the substitution of ΔHe with the latent heat of 

vaporization (ΔHv), the temperature T with boiling point and 1 atm for P. This 

equation known as Arrhenius equation simply describes the relation between the 

temperature dependence and the vapor pressure in many materials over a small 

temperature. However, the extended range of validity of the temperature dependence 

of ΔH(T) must be taken into account with the thermodynamic data. For example, the 

vapor pressure of liquid Al is given by 

log P (torr) = –15,993/T + 12.409 – 0.999 log T – 3.52 x 10-6T.    (2.14) 

The Arrhenius character of log P vs 1/T is essentially kept by the first two terms on 

the right-hand side while the remaining terms are the small corrections. The 

relationship between the vapor pressure and the temperature of several materials is 

shown in Fig. 2.5.   

2.2.2 Evaporation of multi-element material 

In general, the evaporation of metals is in a form of evaporated atoms and clusters of 

atoms but the evaporation of compounds seems to be different. Inorganic compounds 

mostly evaporate with the change of molecule and, therefore, the vapor composition 

condensed is non-stoichiometry as original solid or liquid source. The molecular 

association and dissociation processes frequently occur in the vapor phase.  
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Table 2.1 The chemical reaction during the evaporation phenomena in compound 

where M = metal, X = nonmetal [24]. 

Reaction Chemical reaction Examples Comments 
Evaporation without 

dissociation 

MX(s or l)→  MX(g) SiO, B2O3, GeO, SnO, 

AlN, CaF2, MaF2 

Compound stoichiometry 

maintained in deposition 

Decomposition MX(s)→M(s)+1/2X2(g) 

MX(s)→M(l)+1/nXn(g) 

Ag2S, Ag2Se 

III-V semiconductors 

Separate sources are required 

to deposit these compound 

Deposits are metal-rich 

Evaporation with 

dissociation 

(a) Chalcogenides 

 

       (b)   Oxides 

 

 

MX(s)→M(g)+1/2X2(g) 

X = S, Se, Te 

MO2→MO(g)+1/2X2(g) 

 

 

CdS, CdSe, CdTe 

SiO2, GeO2, TiO2, 

SnO2, ZrO2 

Separate sources are usually 

required to deposit these 

compounds 

Metal-rich discolored 

deposits; dioxides are best 

deposited in O2 partial 

pressure (reactive evaporation) 

The reactions during evaporation phenomena in compounds can be occurred, and 

these are categorized briefly in Table 2.1. A troublesome decomposition of multivalent 

metal oxides to lower oxides can be compensated by reactive evaporation with 

oxygen gas. 

2.3 Cu(In,Ga)Se2 material 

2.3.1. Optical Property of Cu(In,Ga)Se2 material 

The solar spectrum of the sun irradiated on the earth surface is illustrated in Fig. 2.6. 

AM 1.5 is a standard terrestrial solar spectral irradiance distributions on the earth 

surface and AM 0 is the outer space. The chalcopyrite CuInSe2 or CIS semiconductor 

has been demonstrated the highest absorption coefficient when compared with that of 

other photovoltaic semiconductors such as CdTe, GaAs and c-Si as seen in Fig. 2.7. In 

addition, it has a direct band gap that the absorption coefficient does not depend on 

the photon energy. The absorption coefficient α(hν) of CIS is about 2x105 cm-1 at 

photon energy hν = Eg+0.2 eV where Eg is the band gap energy. In principle, the 

absorption property of material can be expressed by  

( )( , ) ( ,0) h dI h d I h e α νν ν −= ,                    (2.15) 

where I is intensity of light at photon energy hν and d is the thickness of material [25]. 
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The intensity of light exponentially decreases with the thickness of material. The CIS 

material is chosen for using as an absorber layer in high efficiency solar cells because 

of its effective absorption. Generally, a 1 micron thick CIS film can almost absorb the 

entire sun light incident on it. 

 

 
Figure 2.6 Standard solar spectrum of space and terrestrial (American Society for 

Testing and Materials (ASTM)) [26]. 

 

   
Figure 2.7 Absorption spectrum of CuInSe2 compared with that of other photovoltaic 

material [27]. 
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2.3.2. The variation of band gap in CIGS material 

A special property of Cu(In,Ga)Se2 material is that its band gap energy can be 

adjusted in the range between 1.04-1.68 eV by varying the ratio of group III elements; 

In and Ga atoms. The change of band gap is an important role to the performance of 

solar cell by changing the range of photon absorption and the level of built-in 

potential. The band gap energy of α-CuIn1-xGaxSe2 phase can be expressed by 

( ) ( )( ),  1 , , 1g CIGS x g CIS g CGS ,E x E xE bx x= − + − −                      (2.16) 

where b is between 0.15-0.24 is a bowing parameter and x is [Ga]/([In]+[Ga]) ratio 

[28]. When the band gap increases, the range of the photon absorption decreases and 

then leads to the reduction of current in the device. However, the built in potential 

increases with the band gap and leads to the higher open-circuit voltage. A method to 

increase the cell efficiency is the fabrication of band gap grading. The band gap 

grading film can be prepared by varying the Ga ratio in depth profile. It has been 

shown from theoretical and simulation works elsewhere that the continuously 

increasing of the band gap energy towards the back contact (Mo) called band gap 

grading causes the electric field that assists in driving electrons in the absorber region, 

resulting in the increase of the minority carriers life time and diffusion length. Thus 

the efficiency of the solar cell is improved. The band gap grading will be discussed in 

the next section. The theoretical calculation of solar cell efficiency vs. the band gap is 

shown in Fig. 2.8. The high efficiency solar cells have been achieved with the band 

gap between 1.1-1.5 eV that corresponds to the solar irradiation (AM 1.5). The 

highest conversion efficiency is about 30%. The band gap property of materials is 

important for the solar cells because it relate to the output voltage and the generating 

current of device. The wide band gap materials lead to the high output voltage but loss 

in solar spectrum absorption for generating current. However, in module application, 

wide band gap material is preferred to obtain high output voltage. 
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Figure 2.8 Ideal solar cell efficiency as a function of band gap energy at AM 1.5. 

2.3.3. Structural properties of Cu(In,Ga)Se2 

The crystal structure of α-CIS is a chalcopyrite at room temperature as seen in Fig. 2.9. 

The space group of chalcopyrite α-CIS is dI 24 with a unit cell of tetragonal structure. 

It is related to two stacked zincblende structures along c direction. The metal atom 

(Cu, In) has four Se atoms as the nearest neighbors and Se atom is tetrahedral bonded 

with two Cu and two In atoms. The chalcopyrite structure can be illustrated as two 

interpenetrating anion and cation sublattices with face-centered cubic structure. The 

partial substitution of indium (In) atom with gallium (Ga) atom in the CuInSe2 

structure leads to the change on the lattice constants (a and c) of the material. Because 

Ga atom has a smaller atomic radius compared to In atom, the partial replacement of 

In by Ga results in a reduction of bond lengths and thus in the decrease of the lattice 

constant. The decrease of bond length reduces the photon wavelength absorption and 

thus the band gap increases. The theoretical variation of lattice parameters with Ga 

alloying in CIS is shown in Table 2.1. The crystal lattice parameter is calculated from 

Vegard’s law which is an approximation of an alloy and the concentrations of the 

elements [29]. 
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a

 
Figure 2.9 The chalcopyrite structure of Cu(In,Ga)Se2 where red atoms are Cu, gray 

atom are In or Ga and black atom are Se. 

Table 2.2 Theoretical variation of the lattice parameters a and c in chalcopyrite alloys 

calculated from Vegard’s law for Cu(In1-xGax)Se2. 

Gallium concentration

x = [Ga]/[Ga]+[In] 

Lattice parameter

a (Å) 

Lattice parameter 

c (Å) 

0 5.781 11.642 

0.05 5.772 11.610 

0.10 5.763 11.578 

0.15 5.753 11.546 

0.20 5.744 11.514 

0.25 5.735 11.483 

0.30 5.726 11.451 

0.35 5.716 11.419 

0.40 5.707 11.387 

0.45 5.698 11.355 
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2.4 Formation of CuInSe2, CuGaSe2 and Cu(In,Ga)Se2 compounds 

2.4.1 Phase diagram of Cu-In-Se system 

The formation of CuInSe2 compound can be described by a phase diagram along 

Cu2Se-In2Se3 pseudobinary phases as shown in Fig. 2.10 [30]. There are a number of 

different phases in the phase diagram which depend on the Cu concentration and the 

substrate temperature. The α-CIS phase has Cu concentration between 24.0-24.5 

atomic percent or slightly Cu deficient as seen in the red area. Because of the glass 

substrate used in the fabrication, then the maximum substrate temperature is limited 

(below 600ºC). Thus, there is a narrow region to obtain α-CIS. An effective in situ 

monitoring is then required for an end point detection (EPD) that will be explained in 

the next section. However, the stoichiometric CIS still has the mixture of two phases 

consisting the α-CIS and Cu2Se. The quantity of Cu2Se will increase with the Cu 

concentration (Cu-rich). The liquid CuxSe phase is very important in the growth 

process because it segregates on the CIGS surface and enhances the formation of 

large-grained CIGS thin film that is suitable for the solar cell applications. On the 

other hand, the Cu deficient regions (Cu-poor), there are two interesting phases 

consisting of β-CIS and γ-CIS. β-CIS is known as ordered vacancy compound (OVC) 

or ordered defect compound (ODC) while γ-CIS is a layered structure. 

 
Figure 2.10 Phase diagram along the Cu2Se and In2Se3 for the formation of CuInSe2 

compound. 
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2.4.2 Phase diagram of Cu-Ga-Se system 

The formation of CuGaSe2 compound can be explained by a phase diagram along the 

Cu2Se-Ga2Se3 pseudobinary section as shown in Fig. 2.11 [31]. The study of Cu-Ga-

Se system is rare compared to the study of Cu-In-Se system and has many 

contradictions due to the disagreement of experimental results. The chalcopyrite 

CuGaSe2 phase is wider than the α-CuInSe2 when comparing their phase diagrams. It 

starts from stoichiometric ratio with Cu-concentration 25 at.% to Cu-poor with Cu-

concentration of 20.7 at.%. In the Cu-poor region, there is a mixture of only two 

phases, consisting of CuGaSe2 and the defect zincblende (sphalerite) Ga2Se3 with less 

complexity than the Cu-In-Se system. In the Cu-rich region, there are two phases 

same as in the Cu-In-Se system. Because the melting point of CuGaSe2 is higher than 

CuInSe2 (Tm,CGS = 1080ºC and Tm,CIS = 980ºC), it is more difficult to grow high quality 

CGS thin films at the same substrate temperature. The grain size of the CGS thin film 

is smaller than that of the CIS thin film. The CGS films have been fabricated for the 

wide band gap solar cells and used as the top cell in tandem cells. 

 
Figure 2.11 Phase diagram of Cu2Se and Ga2Se3 for a formation of CGS compound. 

2.4.3 Phase diagram of Cu-In-Ga-Se system 

The formation of Cu(In,Ga)Se2 compound is more complicated than CIS and CGS 

compounds. It can be described by considering the isothermal quasi-ternary Cu2Se–

In2Se3–Ga2Se3 phase diagram as shown in Fig. 2.12 [32]. It has two narrow interesting 

regions in the triangle. First region, the chalcopyrite phase (Ch), used to fabricate the 

absorber, has a wider range when incorporated with Ga. Second region, the mixture of 

three phases (β-phase, γ-phase and δ-phase) that cannot be seen in Cu-In-Se and Cu-

Ga-Se systems. 
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Figure 2.12 Isothermal quasi-ternary Cu2Se–In2Se3–Ga2Se3 phase diagram where Ch 

is the α-phase, P1 is the β-phase, P2 is the γ-phase or layered structure and Zb is the 

δ-phase. 

2.5 Defect in Cu(In,Ga)Se2 compound 

The electrical conductivity of Cu(In,Ga)Se2 directly relates to the defects in crystal 

structure that have a high degree of compensation between defect donors and 

acceptors. However, both types of defect can be constituted by varying the ratio 

Cu/(In+Ga) used in the fabrication and by the pressure of Se used during growth or 

annealing. The defect formation energies of various point defects in CuInSe2 

calculated from Ab initio are illustrated in Table 2.3 [33]. The majority defect pair in 

CuInSe2 under the condition of excess In2Se3 with an excess or deficiency of selenium 

(ΔS) is shown in Table 2.4. The VCu and (2VCu+InCu) neutral defect complexes (NDCs) 

have low formation energies and seem to be dominated in Cu(In,Ga)Se2 films. In 

order to obtain the low receptivity of p-type CuInSe2 film, the ratio Cu/(In+Ga) and 

Se flux must be precisely controlled in the fabrication processes. 
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Table 2.3 Formation energies of intrinsic defects in CuInSe2 . 

Types of defect Formation energy (eV) 

 

Vacancies 

VSe 

VCu 

VIn 

2.4 

2.6 

2.8 

 

Interstitials 

Cui 

Ini 

Sei 

4.4 

9.1 

22.4 

 

 

Antisites 

InCu 

CuIn 

InSe 

SeIn 

SeCu 

CuSe 

1.4 

1.5 

5.0 

5.5 

7.5 

7.5 
 
Table 2.4 Majority defect pair in CuInSe2 under the condition of an excess of In2Se3 

with an excess or deficiency of selenium (ΔS). 

Majority defect pair 

Acceptor Donor 

Stoichiometry deviation 

ΔS 

VCu InCu <0 

VCu VSe <0 

VCu Ini >0 

Sei InSe >0 

Sei Ini >0 
 



CHAPTER III 

 

EXPERIMENTAL PROCEDURES 
 

This chapter, I will first describe the experimental procedures in the fabrication of the 

CIGS thin film. In the fabrication of the CIGS absorber, there are several well known 

processes, e.g. single-stage, two-stage, three-stage as well as Ga-grading growth 

processes. The growth profiles of the processes will be described. Then, the 

importance of in situ monitoring will be discussed why it can be used to control the 

growth process and obtain the end point detection (EPD). Finally, the procedures in 

the fabrication of the CIGS solar cells will be described in details and the 

characterization tools used in this work will be explained. 

3.1 Fabrication processes of CIGS thin films 

3.1.1 Single-stage process 

A single-stage process is perhaps the simplest method to grow the Cu(In,Ga)Se2 

absorber thin films. Cu, In, Ga and Se sources are co-evaporated at a constant rate 

with Cu-poor concentration about 10% from stoichiometric ratio for obtaining 

chalcopyrite phase. The substrate temperature is kept constant during the growth 

process in the range of 500-580ºC. The CIGS films fabricated with this process show 

small columnar grains. The solar cell efficiency of this absorber is relatively low when 

compared with the other growth processes.  

3.1.2 Two-stage process 

The two-stage process or also known as bilayer process was first proposed by 

Mickelsen and Chen in 1980 [34, 35]. The process starts with the deposition of Cu-

rich precursor at the substrate temperature of 400-450ºC and is followed by the 

deposition of Cu-poor composition at 500-550ºC until the overall composition is 

slightly Cu deficient (α-CIGS). Klenk et al. and Tuttle et al. explained that the CuxSe 

in the first stage is liquid phase that assisted in grain growth formation [36]. Therefore 

the CIGS film fabricated by the two-stage process shows large columnar grains and 

rough surface. Practically, this process is employed in the solar cell industry. 
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Figure 3.1 Deposition rate of any elements and the evolution of [Cu]/([In]+[Ga]) 

ratio (y) and [Ga]/([In]+[Ga]) ratio (x) in two-stage growth process of CIGS thin 

films.       

In our two-stage recipe, a growth profile is shown in Fig. 3.1. The process 

starts with the deposition of Cu, In, Ga and Se at the substrate temperature of 550°C 

i.e. the Cu-rich stage which has the ratio of y = [Cu]/([In]+[Ga]) greater than unity 

(relative to the stoichiometric ratio) for the formation of Cu(In,Ga)Se2 and Cu2-xSe 

compounds [37]. The Cu2-xSe liquid phase is very important in the growth process 

because it segregates and covers on the CIGS surface and induces the formation of 

large-grained CIGS thin film that is suitable for the solar cell applications. However, 

the more quantity of Cu2-xSe in the first stage has an influence on grain growth by 

inducing the rough surface and the formation of crevices. Our standard two-stage 

process is generally set up for y = 1.5 for the best cell. In the second stage, the 
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deposition of In, Ga and Se converts the excess Cu2-xSe entirely into Cu(In,Ga)Se2 

(for y < 1.0 or a Cu-poor stage). The growth mechanism of the Cu-rich to the Cu-poor 

stages is described by vapour-liquid-solid (VLS) model [36]. The model describes a 

beneficial impact of Cu2-xSe on grain growth that would be the consequence due to 

improved mobility of the constituent atoms in the liquid phase. The y ratio is about 0.9, 

slightly less than stoichiometric ratio, in order to obtain the chalcopyrite Cu(In,Ga)Se2 

phase at the EPD. The duration of the growth process is about 90 minutes which 

typically yields the thickness of the CIGS of about 1.5 μm.   

3.1.3 Three-stage process 

The high efficiency CIGS solar cells mostly use the three-stage process in the 

fabrication of Cu(In,Ga)Se2 thin film. The growth profile is shown in Fig. 3.2. The 

process starts with the deposition of In, Ga and Se at a substrate temperature (Tsub) of 

340°C in the first stage for a formation of (In,Ga)2Se3 layer. In the second stage, only 

Cu and Se vapors are allowed at Tsub of 550°C at which there is a transformation from 

(In,Ga)2Se3 layer via γ-CI(G)S and β–CI(G)S to α–CI(G)S. The formation of 

polycrystalline Cu(In,Ga)Se2 occurs until the composition of film is slightly Cu-rich 

(y > 1) at the end of the second stage. Our standard three-stage process uses y = 1.2. 

During the last stage, the deposition of In, Ga and Se at Tsub of 550°C converts excess 

CuxSe entirely into Cu-poor at EPD (y = 0.9). The duration of the growth process is 

about 90-120 minutes which typically yields the thickness of CIGS of about 1.25-1.5 

μm.  

CIGS films prepared with the three-stage process show a large grain and 

smooth surface compared with the single-stage and the two-stage processes. The grain 

sizes increase throughout the second stage was observed by Nishiwaki et al. [38]. 

However, Gabor et al. reported that the large grain sizes constitute in the third stage 

[39]. They observed the small grain sizes towards the end of the second stage before 

the film reached stoichiometric composition [40]. Scheer et al. reported the 

development of surface roughness during the three-stage process observed with 

spectroscopic light scattering [41]. Their results suggest an optimum of a Cu excess of 

about 10% or y = 1.1 at the end of the second stage in order to obtain a minimum 

surface roughness. 
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 Figure 3.2 (a) Deposition rate of any elements and the substrate temperature. (b) 

Evolution of Cu-content (y) and Ga-content (x) in three-stage growth process of CIGS 

thin films. 

The modification of the three-stage process known as CUPRO (Cu-poor, rich, off) 

was proposed by J. Kessler and co-workers [42]. The process starts with deposition of 

Cu-poor precursor instead of deposition (In,Ga)2Se3 layer in the usual three-stage 

process. Then the process is followed with the deposition of Cu rich and Cu poor 

stages again as in the three-stage process. The CIGS film fabricated with CUPRO 

process shows larger columnar grains and rough surface than the single-stage process. 

The phase transformation of CIGS film in CUPRO process is less than in three-stage 

process. In addition, the gradient of Cu during the second stage might be the driving 

force for the grain growth and the formation of crevices depending on the amount of 

Cu excess at the end of the second stage. 
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3.1.4 Band gap grading 

According to the material property, the band gap of CIGS thin film can be adjusted by 

varying the ratio of [Ga]/([In]+[Ga]). A method that helps to increase the solar cell 

efficiency in the CIGS film is known as band gap grading [43]. The variation of the 

band gap energy towards the back contact causes the electric field, namely back-

surface field (BSF) [44]. It assists in sweeping electrons in the quasi-neutral region of 

absorbers across the junction, resulting in the increase of the minority carrier’s life 

time and diffusion length as well as reduction of the recombination [45]. Thus the 

solar cell efficiency improves by the increase of probability for carrier collection. The 

variation of band gap in CIGS thin film can be obtained by varying the 

[Ga]/([In]+[Ga]) ratio at different depths in the CIGS film. The change of Ga ratio 

affects the increasing of conduction band minimum while the valence band maximum 

is nearly unaffected as seen in Fig. 3.3. However, there is a trade-off between the 

increase of carrier collection and the loss of created electron-hole pair from low-

energy photons due to the increase in band gap. The band gap grading is beneficial in 

reducing the thickness of the absorber layer. It has been shown from theoretical and 

simulation works elsewhere that the band gap grading can increase the solar cell 

efficiency and agree with experimental works [46, 47]. 

In our experiment, the band gap grading can be done by modifying the two-

stage growth process. In our typical CIGS film, the [Ga]/([In]+[Ga]) ratio (x) is 

always a constant (x = 0.3) throughout the process as seen in Fig. 3.4. For a Ga-graded 

profile, the structure begins with a Cu-rich CuGaSe2 film (25-30% of the process 

time) and the Cu-rich CuInSe2 is subsequently deposited onto the CuGaSe2. The 

[Cu]/([In]+[Ga]) ratio is more or less the same as the CIGS film (y = 1.2). In the 2nd 

stage, In and Se vapor, are maintained to convert CuxSe in Cu-rich to Cu-poor 

CuIn(Ga)Se2, ended at EPD. The inter-diffusion of Ga and In between the interface 

layer can create the variation of the band gap energy towards the back contact due to 

the variation of Ga-content [46]. The key physical parameters consist of a process 

time and a substrate temperature which affect the diffusion of In and Ga atoms. Some 

experiment reported the effect of Na on diffusion of Ga and In in CIGS thin film. The 

presence of Na reduces the inter-diffusion of In and Ga that can be observed in the 

separated peaks of X-ray diffraction. 
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Figure 3.3 Schematic diagram of band gap grading profile (a) non-grading, (b) 

normal-grading and (c) double grading. 
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 Figure 3.4 Two-stage growth process for the CIGS film (dash line) and normal Ga-

graded CIGS film (solid line) (a) and double grading (b). 

The second method of fabricating Ga-graded CIGS film is known as the 

double Ga-graded profile. The rise of band gap in the front layer can enhance the 
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built-in electric field and thus expect to gain Voc. In our recipe, the profile begins with 

x = 1.0 about 25% of the process time and subsequently deposits with x = 0 about 

50% of the process time. Finally, In, Ga and Se vapor with x = 0.35 are supplied until 

the end of the process as shown in Fig. 3.4. The process time is within 80 minutes for 

0.7 μm thick of Ga-graded CIGS film. 
 

3.2 in situ monitoring and end point detection 

In the fabrication processes such as the two-stage and the three-stage, CIGS thin film 

has a phase transformation from Cu-rich to Cu-poor film during the process. It is very 

difficult to stop at chalcopyrite phase because of the narrow region in the phase 

diagram. Therefore, various in situ monitoring signals e.g. substrate heating power 

and pyrometer are used to control the growth process and end point detection (EPD) 

as shown in Fig. 3.5. By observing the variation of the controlled signals, the desired 

final composition of the CIGS film can be obtained. The principle of film monitoring 

is based on the different emissivity of CuxSe, stoichiometric and Cu-poor CIGS 

compounds, or the change of [Cu]/([In]+[Ga]) ratio [49].  
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Figure 3.5 The in situ monitoring consisting of pyrometer signal and substrate heating 

output power during the CIGS growth. 
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Figure 3.6 The in situ monitoring signals e.g. substrate heating output power and 

pyrometer signal from the three-stage growth process. 

The monitoring signal is sensitive to the phase change. Due to the segregation of   

Cu2-xSe on the CIGS surface or metallic surface, the Cu-rich CIGS film has higher 

emissivity than stoichiometric and Cu-poor CIGS film [50, 51], thus the Cu-rich stage 

requires more substrate heating power when the substrate temperature is kept constant 

while the substrate heating power is regulated in constant temperature mode. The 

pyrometer then reads the surface temperature of Cu-rich stage lower than that of Cu-

poor stage. The pyrometer measures the temperature of CIGS surface by observing 

irradiation of photon at wavelength 1.5 μm. In addition, the pyrometer signal can tell 

the deposition rate of film by observing the period of oscillations. The multiple 

reflections based on black body radiation at the back and front surfaces of the growing 

film leads to the interference pattern. The damping of the oscillation amplitude occurs 

probably due to the increase of absorption in the band gap and also the increasing 

roughness of reflecting surface. For example, signals of heating output power and 

pyrometer signals from the three-stage process are shown in Fig. 3.6 which indicate 

the end of each stage as well as the EPD. 
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3.3 Device structure and fabrication of CIGS thin film solar cells 

The device structure of the CIGS thin film solar cells consists of Ni-Al 

grid/ZnO/CdS/CIGS/Mo. The p-n junction is formed between Cu(In,Ga)Se2 as the p-

type semiconductor and CdS+ZnO as the n-type semiconductors. Mo and Ni-Al grid 

are the back and the front electrical contacts, respectively. Soda-lime glass (SLG) 

containing Na impurity and flexible substrate such as stainless steel (SS) sheet are 

used in the fabrication of CIGS film in this work. The substrate dimension used in the 

fabrication is 30x30 mm2 with 2 mm thick for SLG and 0.1 mm thick for SS. The 

schematic diagram of the CIGS solar cell is shown in Fig. 3.7. The device structure is 

the heterojunction of several metallic and semiconductor thin films. In the fabrication 

process, the substrates are coated with a thin Mo layer of 0.6 μm by DC magnetron 

sputtering. The next step is the fabrication by molecular beam deposition (MBD) of 

1.25-1.5 μm of CIGS, and followed by chemical bath deposition (CBD) of 500 Å of 

CdS. Then RF magnetron reactive sputtering of about 500 Å of intrinsic ZnO and 

5,000-8,000 Å of Al-doped ZnO is employed. The solar cell devices are completed by 

the evaporation of 1.5-2.0 μm thick Ni/Al contacts through a metal shadow mask. The 

total area of solar cell is about 0.5 cm2 with approximately 2.5% shading loss. The 

experimental details of each fabricating layers will be described in the next section. 

3.3.1 Substrate preparation 

The first important step in solar cell processing is the substrate cleaning because the 

dirt and/or contamination on the substrate surface can lead to a loss of adhesion, and 

 

i-ZnO/ZnO(Al) 
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Cu(In,Ga)Se2  

   SLG Substrate 
 

Figure 3.7 Schematic diagram of a structural Cu(In,Ga)Se2 thin film solar cell. 
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unknown defects in the films, resulting the poor device performance. The cleaning 

process is started by soaking the SLG substrates in deionize water (18 MΩ·cm) with 

dishwashing liquid for ten minutes. Then the SLG substrates are rubbed thoroughly 

with a wet soapy cellulose sponge and placed in the substrate holders. They are then 

placed in an ultrasonic bath with a mixture of dishwashing liquid and deionized water 

at 60ºC for one hour. Then, the substrates are rinsed with deionized water and 

ultrasonic cleaned again in deionized water at 60ºC for one hour to completely 

decompose the dishwashing liquid. Finally, the substrates are dried with compressed 

nitrogen gas and keep in a dry cabinet before loading into the next process. 

To reduce or block sodium from SLG, the Al2O3 films are deposited on the 

SLG substrate before the next deposition. The Al2O3 film is prepared by using a 4-

inch in diameter Al2O3 target and sputtered at the RF power of 280 W, Ar gas pressure 

of 2.0 x 10-3 mbar for 60 mins. The thickness of Al2O3 layer is about 800 nm. The 

Al2O3 film is an insulator with an amorphous structure similar to the glass substrate 

and thus does not affect the Mo growth. The surface of Al2O3 films is smooth with a 

nanoscale grain size. 

3.3.2 Mo back contact 

Mo is the preferred material for a back contact of CIGS solar cell in many reasons. 

First, the melting temperature of Mo is quite high (Tm = 2623ºC) [51], it can tolerate 

the high temperatures and does not degrade during Cu(In1-xGax)Se2 growth. Second, 

Mo film does not react with Cu, In and Ga but can react with selenium to form MoSe2 

interface layer at high temperature (600ºC) [52]. The presence of MoSe2 might be the 

beneficial in the CIGS growth to obtain an ohmic contact. Third, Mo film has a good 

adhesion property to glass substrates due to the suitable thermal expansion between 

the Mo film and the glass substrate. Finally, Mo film forms a low-resistivity contact to 

CIGS and has cost effectiveness. 

Mo films are deposited by DC magnetron sputtering from a 4-inch in 

diameter Mo target using the Univex 350 sputtering system. The main sputtering 

parameters are sputtering power, sputtering gas pressure and substrate temperature 

which affect the properties of Mo film. The higher sputtering power and the lower 

sputtering pressure lead to the lower resistive film and denser film. The Mo film 

properties relate to the kinetic energies of the sputtered atoms arriving at the film 

surface [53]. The adhesion of Mo film is better when increase the sputtering pressure 
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and heat up the substrate. The stress in Mo film depends on sputtering condition that 

can change from tensile to compressive stress via the increase of sputtering power.  

I have used two recipes to prepare the Mo films on the SLG substrates. The 

first recipe is the single-layer process. The sputtering condition is optimized to obtain 

the low resistivity, good adhesion as well as good morphology to allow Na diffusion. 

The substrate-target distance is about 6 cm and the substrate holder is rotated at 3 rpm 

for the relaxation of the Mo films. The sputtering power is 550 W with the sputtering 

pressure of 6.0x10-3 mbar for 12 mins. The thickness is about 0.6 μm. In order to 

obtain the low resistive and the good adhesion films, a bilayer process was proposed 

to solve both problems [54]. The process starts with a thin Mo layer deposited at high 

sputtering pressure (1.2x10-2 mbar) and is subsequently followed by a thicker Mo 

layer deposited at lower sputtering pressure (6.0x10-3 mbar) at the same sputtering 

power (550 W). The resistivity of bi-layer Mo films is about 2x105 Ω·cm. The first 

layer constitutes the good adhesion between Mo layer and the glass substrate and the 

second layer produce the low resistive film with a good adhesion. The thickness of 

each layer is about 200 nm and 400 nm, respectively. The quality of the Mo films 

affects the transport of Na through the Mo film i.e. the very dense Mo films allow less 

Na diffusion form SLG [55, 56, 57]. The diffusion of Na through Mo film passes via 

grain boundaries of molybdenum oxide phases. 

 

Figure 3.8 Surface morphology of Mo film on SLG substrate using the single-layer 

process from Atomic Force Microscopy.  
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Oxygen in Mo film plays an important role to the Na transportation. In general, X-ray 

diffraction (XRD) spectrum of Mo films usually reveals (110) preferred orientation 

texture. The AFM surface morphology of Mo film on SLG substrate using the single-

layer process is shown in Fig. 3.8. 

3.3.3 CdS buffer layer 

CdS is an n-type semiconductor with band gap energy of 2.4 eV. It is used as a buffer 

layer in CIGS solar cell by covering the CIGS surface [58, 59]. It protects the CIGS 

film from sputtering of damage ZnO layer and prevents the diffusion of Zn into the 

CIGS layer. CdS layer is deposited by chemical bath deposition (CBD) technique with 

typical thickness of 50-100 nm. However, CdS has a few disadvantages such as the 

toxicity of Cd and the partial absorption of photon energy (> 2.4 eV). There are a few 

disadvantages in the preparation of CdS by CBD. First, CBD is a wet process that is 

not suitable in industrial productions. A dry process which must not break vacuum 

during the fabrication line is required for saving time and cost. The other buffer layer 

such as Znx(S,O,OH)y, (Zn,In)xSey, In(OH)xSy as well as ZnS(O,OH) are widely 

studied by using dry processes e.g. evaporation and sputtering methods. However, 

they are not good for using with CIGS solar cells when compared with CdS-CBD. 

Second, the toxicity of Cd is still an environmental issue, although CdS layer is used 

with ultra thin thickness (50-100 nm). Finally, the photon absorption in CdS layer 

cannot produce the photocurrent due to the short diffusion length of minority carrier 

(hole). Thus, the solar cell will loss the photocurrent when hν > 2.4 eV. In order to 

solve the problems, ZnS(O,OH)-CBD is presently used for alternative buffer layer to 

obtain a high efficiency solar cell because the band gap of ZnS (Eg = 3.4 eV) material 

is greater than CdS which can reduce the loss of photocurrent and ZnS is a non-toxic 

compound [60, 61]. 

The CBD technique has some advantages when compared with the dry 

processes, e.g. CBD helps etching an oxide layer on CIGS surface before growing 

CdS. The CdS film can be grown epitaxially and covers the CIGS surface with a 

nano-size grains. The diffusion of Cd into CIGS near the surface results in the n-type 

conduction by the substitution of Cd into Cu site at which Cd acts as a donor atom. 

There is a formation of buried junction between p-type absorber and n-type surface 

region. In the preparation of CdS, the chemical reactions can be divided into 3 phases. 

First, the nucleation phase CdS with slow growth rate. Second, ion by ion growth 
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phase with the increase of growth rate by the reaction between Cd2+ and S2- ions 

which coalesce and adhere to form a layer. Finally, the colloidal growth phase which 

has the large coalescence of CdS suspended in the solution [62]. 

In our CdS-CBD recipe, the process started with the preparation of solutions 

at room temperature. CdSO4 powder is dissolved in 75 ml deionized water with a 

concentration of 4 mM. Then SC(NH2)2 powder is dissolved in 150 ml deionized 

water with a concentration of 0.06 M and ammonia solution 25 % is diluted in 52 ml 

deionized water with a concentration of 4 M. Cd2+ and S2- ions are obtained from the 

hydrolysis reaction of CdSO4 and SC(NH2)2. Then, SC(NH2)2 solution is filtered by 

0.25 µm filter paper to capture the overhang sediments. After that, all solutions are 

commixed in a beaker. The CIGS samples placed in sample holder are dipped into the 

solution immediately. The beakers are placed in a water bath at 60ºC and the level of 

water is kept higher than that of the solution. The deposition time is typically 15 min 

to obtain 50-60 nm thick of CdS film. 

3.3.4 ZnO window layer 

ZnO is a cost effective transparent conducting oxide (TCO) material when compared 

with the other TCO e.g. In2O3(Sn) (ITO) and SnO2(F) (FTO). It is widely used as a 

front contact or window layer in CIGS based thin film solar cells [63, 64]. ZnO is a 

direct band gap semiconductor with würtzite structure [65]. The first layer of ZnO 

window is the intrinsic ZnO (Eg = 3.3 eV) and may be called a high resistive layer. 

The properties of this layer are high resistivity and good transmission which is used to 

prevent current leakage (shunting) and adjust the band alignment. This layer can be 

neglected when thick CdS is used [66]. The second layer is Al-doped ZnO (ZnO:Al) 

or AZO which is the actual front contact. The substitution of group III element e.g. Ga 

or Al atom into the Zn site can increase the carrier concentration (electron), resulting 

in the good conductivity. The thickness of ZnO:Al film is trade-off between 

transparency and conductivity. The band gap of ZnO:Al film is about 3.6-3.8 eV 

depending on the carrier concentration. The higher carrier concentration results in the 

wider band gap. The oxygen deficiency in ZnO:Al film induces the interstitial of Zn 

atom in the structure, resulting in the grayish color. By a little addition of O2 to the 

sputtering gas, the ZnO:Al film gains the transparency but losses the conduction. 

The first layer or high resistive layer is deposited by RF magnetron sputtering 

technique from ZnO target or ZnO:Al with reactive O2 gas. In our recipe, ZnO with 
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2% by weight of Al2O3 target is used to sputter both layers. Leybold Univex-350 

sputtering system equipped with a 4-inch magnetron sputtering gun and RF power 

generator is used to deposit ZnO bilayer window. The based pressure is about 2.0x10-6 

mbar and the substrate target distant is 6 cm as well as substrate holder rotated during 

the deposition at 3 rpm. In order to minimize the residual gas, i.e. N2, O2, H2O, etc., 

refilling with Ar gas up to an operating pressure and evacuation down to 10-6 mbar is 

performed several times. The high resistive layer is deposited by using 5% of O2 gas 

mixed with Ar gas at a total sputtering pressure of 8.0x10-3 mbar and a sputtering 

power of 200 W for 10 min. The conductive layer is deposited by using pure Ar gas at 

sputtering pressure of 3.0x10-3 mbar and sputtering power 200 W for 80 min. The 

thickness of the first and the second layers are 50 nm and 0.75 µm, respectively. The 

average transparent is about 90 % between the wavelength of 300 and 1200 nm. The 

resistivity of ZnO(Al) film is about 1.5x10-3 Ωcm. 

3.3.5 Ni-Al grid 

CIGS solar cells usually use Ni-Al grid as a current collector. The metal grid is 

evaporated onto the front surface by thermal evaporation or electron beam 

evaporation. It reduces the thickness of the front window that gains the transmission 

of light to the absorber. Ni layer increases the adhesion and prevents the formation of 

resistive Al2O3 while Al layer is the metal contact. In our process, Ni and Al are 

sequentially evaporated through a Ni metal mask by thermal evaporation method. The 

evaporation system is shown in Fig. 3.9. The vacuum system has a base pressure of 

4.0x10-6 mbar and a quartz crystal monitor is used to control the thickness. The boron 

nitride boat heaters are used as the evaporated sources. A 50-100 Å of Ni film is first 

deposited on the ZnO layer, followed by the deposition of 1.5-2.0 µm Al film and 

ended with deposition of 50-100 Å Ni layer.  
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Figure 3.9 Thermal evaporation system of Ni-Al grid. 

3.3.6 Molecular beam deposition technique 

Molecular beam epitaxtial system (EIKO model EW-100) is used to deposit the CIGS 

films. The system consists of a main growth chamber and a load lock chamber as seen 

in Fig. 3.10. In the growth chamber, the base pressure during deposition is in the 10-9 

Torr range. The elemental source materials consisting of Cu, In, Ga, Se and NaF are 

evaporated from the Knudsen cells (K-cells) and the deposition rates of any elemental 

sources are calibrated by the quartz crystal monitor (QCM) as shown in Fig. 3.11. 

Mo/SLG or Mo/Al2O3/SLG substrates are heated by a circular shape Ta-heater with a 

heat diffuser (unpolished sapphire), leading to the uniform heating distribution. The 

substrate temperature is controlled by a non-contact thermocouple and the substrate 

holder is rotated during the deposition. The deviation between the temperature of 

thermocouple and the temperature of substrate can be calibrated by observing 

desorption of oxide layer on GaAs wafer at 583ºC. The change from polycrystalline to 

single crystal observed by reflection high-energy electron diffraction (RHEED) 

pattern leads to the real substrate temperature. 
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Figure 3.10 Molecular beam epitaxial system (EIKO model EW-100) containing the 

growth chamber, the evaporation sources, the temperature controllers and real-time 

monitoring system. 

 

The substrate temperature is controlled using a constant temperature mode by 

regulating the output power from temperature controller. The pyrometer is used to 

measure the substrate temperature by detecting the thermal radiation from a sample 

surface. The emissivity of materials is a ratio of energy radiated by a material to 

energy radiated by a blackbody at the same temperature. It is the particular property 

and is lower than unity (εblackbody = 1). It depends on the reflectivity and transmission 

properties at infrared energy. The detected radiation intensity at an infrared single 

wavelength was converted into the temperature by comparing with the blackbody 

radiation. A computer interfaced with the in situ signal consisting of heating output 

power and film temperature read by pyrometer were used to control the growth 

process. 
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Figure 3.11 Deposition rates of elemental sources; NaF, Cu, In, Ga and Se in MBE 

system calibrated by QCM. 

3.3.7 Calculation of the CIGS deposition process 

The chemical composition of CuIn1-xGaxSe2 film in the deposition process is defined 

by the atomic ratios of x = [Ga]/([In]+[Ga]) and y = [Cu]/([In]+[Ga]) which relate to 

the properties of the CIGS film. Both x and y can be changed during the growth 

process by controlling the elemental fluxes used in the deposition. It is quite important 

to control the chemical composition. The general form of the atomic ratios can be 

expressed by 

                           
1

1 1 ,Cu Cu Cu A

In In In A Ga Ga Ga A

d M A Ny
d M A N d M A N

ρ
ρ ρ

−

−

⋅ ⋅ ⋅ ⋅
=

⋅ ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅−             (3.1) 

and                     
1

1 ,Ga Ga Ga A

In In In A Ga Ga Ga A

d M A Nx
d M A N d M A N

ρ
ρ ρ

−

−

⋅ ⋅ ⋅ ⋅
=

⋅ ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅1−              (3.2) 
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Table 3.1 Density and molecular mass of the material used in CIGS fabrication 

process 

Material ρi (g/cm3) M(g/mol) 

Cu 8.96 63.55 

In 7.31 114.82 

Ga 5.91 69.72 

Se 4.79 78.96 

CIS 5.89 336.29 

CGS 5.27 291.19 

where di is the film thickness of metal i at time t, 

ρi is the density of the metal i, 

Mi is the molecular mass of the metal i, 

A is the unit area of the growing film, and NA is Avogadro’s constant. 

The density and molecular mass of the materials are shown in Table 3.1. 

In general, the thickness di is proportional to the deposition rate of elemental i (ri) and 

the deposition time (ti) when use the constant source temperature by equation 

i id r ti= ⋅                                           (3.3) 

Therefore the chemical composition (x and y) can be calculated from the source 

calibration (deposition rate) and set the source temperature relating to the desired 

CIGS deposition. In the two-stage process, the process starts with the deposition of 

Cu-rich film (y = 1.5) at the first stage and then the Cu flux is terminated in the 

second stage. Thus the y ratio continuously decreases in time during the second stage 

that can be written as 

                                                        1
1

( )( ) y ty t
t

t= ⋅                                      (3.4) 

where t1 and y(t1) is the total time and [Cu]/([In]+[Ga]) ratio in the first stage, 

respectively. The calculation of the three-stage process is a little different from the 

two-stage. The first stage has y equal to zero and continuously increases to Cu-rich 

film in the second stage by the equation 

                                                        1

1

( )( ) y ty t
t

t= ⋅                                        (3.5) 

that is a linear equation in time. After the end of the second stage, the y ratio 

continuously decreases again corresponding to Eq. 3.4. 
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3.4 Characterizations 

In this section, I will briefly describe the basic principle in thin film characterizations 

consisting of scanning electron microscope (SEM), X-ray diffraction (XRD), Auger 

electron spectroscopy (AES), optical transmission (%T) and optical refraction (%R), 

and current-voltage measurement (I-V curve).  

3.4.1 Scanning electron microscope (SEM) 

SEM is a structural characterization of films and surfaces that is widely used in thin 

film characterization. The schematic diagram of SEM is shown in Fig. 3.12. Electrons 

emitted from a heated tungsten or LaB6-cathode filament and are accelerated to an 

anode. The electron beam is focused by two condenser lenses into a spot size of about 

10 Å in diameter. Then, a pair of scanning coils placed at the objective lens deflects 

the beam either linearly or in a raster manner over a surface area of the specimen. The 

electron beams have energy from a few keV to 50 keV, commonly used at 30 keV. The 

primary electrons impinge on the specimen and transfer energy to other atomic 

electrons and to the lattice. The interaction of primary electrons on specimen spreads 

and fills a teardrop-shaped volume with various electronic excitations as illustrated in 

Fig. 3.13. Electron and photon signals emanate from tear-shape interaction volume 

with various energy spectrums.  

 
Figure 3.12 Schematic of the scanning electron microscope [24].               
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Figure 3.13 (a) Electron and photon signals emanating from tear-shaped interaction 

volume during electron-beam impingement on specimen surface. (b) Energy spectrum 

of electrons emitted from specimen surface. (c) Effect of surface topography on 

electron emission [24]. 

Effect of surface topography on electron emission can be imaged with an appropriate 

detector. SEM has three imaging modes based on the detector. 

1. Secondary electrons are the common imaging mode. The secondary electron 

has the lowest energy portion of the emitted energy distribution. The signal is 

captured by a detector consisting of a scintillator/photomultiplier combination. 

2. Backscattered electron imaging mode, backscattered electrons are the high 

energy electron which are elastic scattering and has the same energy as the 

primary electrons. The probability of back scattering increases with the atomic 

number Z of the sample material. 

3. X-ray mode, the number of x-ray emitted, the concentration of atoms in the 

specimen can be determined.  This technique is known as X-ray energy 

dispersive analysis (EDX). 

3.4.2 X-ray diffraction (XRD) 

XRD technique is used to determine the crystal structure of bulk solid such as lattice 

constants and crystallography, identification of unknown materials, orientation of 

single crystals and preferred orientation of poly-crystals, defects, stresses, etc. XRD is  
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Figure 3.14 X-ray diffraction in crystal lattice satisfied the Bragg’s condition. 
 

a non-destructive technique which measures the scattered intensity of x-ray beam 

colliding a sample. The maximum intensity of x-ray scattered from a crystal lattice 

relates to the Bragg's conditions. First, the angle of incident beam is equal to the angle 

of scattering beam and the path length difference is equal to an integral number of 

wavelengths as seen in Fig. 3.14. It can be expressed the relation by 

λθ nd =sin2                                    (3.1) 

where d is the interplanar spacing, θ is the Bragg's angle and λ is the wavelength of x-

ray. Bruker model D8 x-ray diffractometer equipped with Cu Kα radiation source at a 

wavelength of 1.5406 Å is used to characterize the samples. The d spacing of 

Cu(In,Ga)Se2 tetragonal system relates to the lattice parameters by 
2 2 2

2 2

1 h k l
d a

+
= + 2c

     ,                        (3.2) 

where h, k, l are the Miller indices of diffraction plane and a, c are the lattice 

constants. λ = 1.5406 Å for Cu Kα1 radiation. 

3.4.3 Chemical characterization of surface and film 

For the chemical characterization e.g. SEM/EDX, AES, XPS and SIMS, all of them 

can be used to identify the chemical composition on the surface, and depth 

distributions. These techniques are based on the measuring of atoms through the 

electron transition. AES, XPS and SIMS analyze the surface by detecting electrons 

and ions emitted from surface layers less than 15 Å deep. The depth profile can be 

probed by using sputter etching of the film and analyzing the newly exposed surface. 
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For the CIGS films in the work, Auger electron spectroscopy (AES) was used 

to identify elemental compositions by measuring the energies of Auger electrons. A 

schematic diagram of AES is illustrated in Fig. 3.15 which consists of electron gun, 

electron detector and Ar+-gun. The electron beam from the gun bombards the film 

surface and then the detector measures the energy of Auger electrons released from 

the interactions. In addition, Ar+ ions are used to etch the film surface in depth profile 

mode. By considering the electronic structure of an unexcited atom as seen in Fig. 

3.16, electrons are occupied in the states that can be separated into K, L, M, etc. shells 

corresponding to 1s, 2s, 2p, 3s, etc. configuration. An Auger process starts with a 

removal of an inner shell atomic electron to form a vacancy by commonly 

bombarding with an electron beam. Then, the inner shell vacancy or electron vacancy 

is filled by a second atomic electron from higher shell. Therefore, the photon energy 

must be simultaneously released and then strike a third electron or Auger electron 

emitted from atom. 

 

Electron Detector 

Electron Gun 

Electron Probe 

 
Figure 3.15 Schematic diagrams of AES in depth profile mode consisting Ar+-gun, 

electron gun and electron detector.  
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Auger Process 

 

Figure 3.16 Electron configurations of an atom and the Auger electron process. 
 

The kinetic energy of the Auger electron is a characteristic property of any element 

due to the difference of electron configuration. The energy of Auger electron can be 

expressed by 

Auger L2 M4 ME   E E E 3= − −                                (3.3) 

3.4.4 Optical transmission and Optical reflection 

Optical property of semiconducting films can be determined by the transmission or 

the reflection measurements. Perkin Elmer model Lambda 900 double-beam 

spectrometer in the wavelength 200-2600 nm is used to measure the CIGS thin films. 

The spectrometer consists of a halogen lamp and a deuterium lamp covering a near 

infrared (NIR), visible (VIS) and ultraviolet (UV) ranges. The near infrared and 

visible ranges come from the halogen lamp while the UV is from the deuterium lamp. 

The transmission is defined by the ratio of the intensity of the transmitted radiation to 

that of the incident radiation. It is related to the absorption coefficient (α) or 

absorbance and the film thickness (d) given by 

                    0
dI I e α−=                                       (3.4) 

By considering the reflection at the film surface, the transmitted radiation are reduced 

to (1−R)I0, where R is the reflection. Therefore, the radiation reflecting from the back 

surface is (1−R)I0e-αd. By considering the multiple reflections, the total transmitted 

radiation can be given by 
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de α−
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2
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2
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TR

− + − −
=

2

                         (3.6) 

Optical transmission of a semiconducting film at the long wavelength is related to the 

free carrier absorption that corresponds to the doping and defects. In addition, the 

number of oscillation fringes and interference intensity are related to the thickness and 

the surface roughness, respectively. The direct band gap energy can be determined 

from [67, 68] 

       1/ 2( )g
A h E

h
α υ

υ
= −   .                                  (3.7) 

The quality of the CIGS films can be determined by considering the %R and %T 

below the band gap energy. The high amplitudes of optical transmission and optical 

reflection interference fringes refer to low free carrier absorption, i.e. low defects in 

the CIGS films. The sharp cut off at the band gap indicates the high quality energy 

level in the band diagram. The optical transmission and optical reflection of the CIGS 

film is shown in Fig. 3.17. 
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Figure 3.17 Optical transmittance and optical reflectance of the CIGS thin film grown 

by three-stage process.  
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Figure 3.18 Absorption coefficient of the CIGS film calculated from %T, %R and 

thickness of the CIGS film. 

 

The absorption coefficient of the film calculated from Eq. 3.6 is shown in Fig. 3.18. 

Note that, the energy gap of the film can be determined by Eq. 3.7. 

3.4.5 I-V measurement 

The I-V characteristics of the CIGS solar cells are measured using a system that 

consists of a single 300W-ELH lamp with a DC power supply and a voltage 

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

measured under the standard test condition (AM 1.5 at 25ºC). The light intensity is 

kept at 100 W/cm2. The measurement unit is interfaced with a PC via IEEE-488 card. 

Agilent VEE program is used for the data processing. The solar cell parameters such 

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

resistance (Rs), shunt resistance (Rsh) and efficiency can be determined from the I-V 

curve. 
 



CHAPTER IV 

 

RESULTS AND DISCUSSIONS 

 
In this chapter, I will discuss and compare the growth of the CIGS thin films with and 

without Na diffusion into the films in order to study the influence of Na from SLG. 

The Al2O3 thin films, due to the high packing coefficient and high density, are chosen 

to block and/or reduce the diffusion of Na from the SLG substrate. Then, the 

comparative study of internal Na from the SLG and the external Na from NaF 

compound will be investigated leading to the possibility to use NaF as a Na source. 

After that, the ways to incorporate NaF during the growth profile will be explored to 

the best approach of using NaF to enhance the solar cell efficiency. Finally, the 

evolution of the CIGS thin films with NaF precursor will be described during the 

growth process. 

4.1 Effects of internal sodium diffusion and external sodium fluoride 

precursor in Cu(In,Ga)Se2 thin film solar cells 

In this work, I first study the influence of internal Na from the SLG substrate using an 

Al2O3 layer as a Na diffusion barrier. The Al2O3 barrier with approximately 1 μm 

thick coated on the SLG is prepared by a sputtering technique to block or reduce the 

Na diffusion into the CIGS films during growth at high temperature. The other 

purposes are the study of Sodium-Fluoride (NaF) as an external Na source precursor. 

NaF precursors with 20 to 200 Å thick are evaporated on both Mo/SLG and 

Mo/Al2O3/SLG substrates before growing the CIGS film. However, too much of NaF 

precursor thickness decreases the adhesion between Mo and CIGS films. There is a 

limit in the use of precursor layer in order to maintain the adhesion. The standard 

three-stage growth process described in the previous chapter is employed in the 

fabrication of the CIGS films by molecular beam deposition (MBD) technique.  
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CIGS 
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Figure 4.1 CIGS thin films fabricated on different substrate and addition of NaF 

precursor. 

 

Typical deposition time of ~ 90 min for ~ 1.25 μm thick of the CIGS layers is used in 

this study. A series of CIGS samples grown on different Na-content substrates are 

shown in Fig. 4.1. The properties of the CIGS films such as crystal orientation, 

surface morphology, cross-section and chemical composition are investigated and 

compared with each other. The high Na content is intentionally chosen to verify the 

film properties because they are easier to determine the change of the film properties. 

However, the device performances of the CIGS solar cells are determined by using 

smaller amount of NaF and find the optimum use of NaF precursor for enhancing the 

p-type doping and solar cell efficiency. 

4.1.1 Surface morphology and cross section 

The surface morphologies of the CIGS films typically show rough surface consisting 

small and large grains as illustrated in Fig. 4.2. The CIGS film grown on 

Mo/Al2O3/SLG substrate shows flat round grains as shown in Fig. 4.2 (a), whereas the 

CIGS films grown with NaF precursor on Mo/Al2O3/SLG and Mo/SLG substrates 

reveal relatively sharp grains as shown in Fig. 4.2 (b) and (c), respectively. These 

results indicate that Na from the SLG substrate affects the surface morphology of the 

CIGS film and the NaF precursor seems to act in a similar manner to the Na from 

SLG substrate by inducing the sharpness of the grains. The increase of NaF precursor 

leads to the increase of sharp grains and the decrease of flat grains. 
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(c) 

(b) 

(a) 

 

Figure 4.2 Surface morphologies of the CIGS films grown on (a) Mo/Al2O3/SLG (b) 

NaF(100Å)/Mo/Al2O3/SLG and (c) Mo/SLG substrates. 

 

The cross-sectional images obtaining from a secondary electron mode of 

SEM typically show dense columnar grains with a compact layer as seen in Fig. 4.3. 

The thickness of all CIGS films is about 1.25 µm corresponding to the calculation of 

the growth profile. By considering the grain size of the standard CIGS film grown on 

Mo/SLG, it shows the large grain size with a few crevices. The increase of grain size 

and crevices relates to the liquid phase Cu2-xSe in the 2nd stage when the ratio of 

[Cu]/([In]+[Ga]) (y) in the film greater than 1.0 (in relation to stoichiometry). The 
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liquid phase Cu2-xSe is very important in the growth process because it segregates on 

the CIGS surface and induces the formation of large grain CIGS thin film that is 

suitable for the solar cells. It seems to be similar in CIGS films grown on 

Mo/Al2O3/SLG with and without NaF precursor. However, a thicker of NaF precursor 

will reduce the grain size of the CIGS film as seen from Fig. 4.3(d). 

By considering the cross-sectional images from backscattered mode of SEM 

as seen in Fig. 4.4, it reveals an inhomogeneity of the composition on the top of CIGS 

film grown on Mo/Al2O3/SLG as shown in Fig. 4.5. When measureing the thickness 

ratio of the ambiguous layer and the homogeneous CIGS layer, the thickness ratio is 

approximately 0.2. It is related to the quantity of Cu2-xSe in the end of the 2nd stage   

(y = 1.2 in the growth profile) where there is the transition from stoichiometric CIGS 

into Cu-rich stage. Therefore, the ambiguous layer comes from the incomplete 

transformation of Cu2-xSe into the stoichiometric Cu(In,Ga)Se2 in the 3rd stage. 

However, the CIGS film grown with (100Å) NaF precursor on Mo/Al2O3/SLG shows 

a homogeneity of the stoicheometric CIGS and a larger of grain size by determining 

the grain boundary. This result indicates the enhancement of large grain size and the 

increase of uniformity by Na incorporation that resulting in the high quality film. 

Moreover, Na can suppress the β-phase formation during the transformation of Cu2-

xSe into CIGS compounds. Our results agree with Karin Granath et al. work. Na from 

internal diffusion and external NaF precursor has the same property to enhance 

surface and grain growth. Note that, a thin layer on top is a Cu-deficiency CIGS at the 

end process. These results suggest the necessary of Na on assisting the transformation 

of Cu2-xSe phase into the α-Cu(In,Ga)Se2 phase and enhancing the uniformity of 

CIGS film. 
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CIGS on Al2O3 barrier substrate 

CIGS on SLG substrate 

CIGS on Al2O3 barrier substrate + 100Å NaF 

 

CIGS on SLG substrate + 200Å NaF 

Figure 4.3 Cross-sectional images of the CIGS films grown on (a) Mo/Al2O3/SLG, (b) 

Mo/SLG and (c) NaF(100Å)/Mo/Al2O3/SLG (d) NaF(200Å)/Mo/SLG substrates. 
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Figure 4.4 BEI Cross-sectional images of the CIGS films grown on (a) Mo/Al2O3/SLG 

and (b) NaF(100Å)/Mo/Al2O3/SLG. 

 

Figure 4.5 Cross-sectional images of the CIGS films grown on Mo/Al2O3/SLG from 

secondary electron and BEI modes (circles indicate Cu2-xSe).  

4.1.2 Structural Property 

XRD spectra reveal that all the CIGS polycrystalline thin films show (220)(204) 

preferred orientation chalcopyrite structure that dominates by nature of the three-stage 

growth process as seen in Fig. 4.6. It can be noticed that the ratio of (112)/(220)(204) 

intensities (z-ratio) changes with various substrates as seen in Table 4.1. The CIGS 

film grown on Mo/Al2O3/SLG substrate has the lowest z-ratio compared with that of 

the CIGS films grown with NaF precursor on Mo/Al2O3/SLG and Mo/SLG substrates. 

The z-ratio continuously increases when the thickness of NaF precursor increases. 

This result indicates the effect of Na on the orientation of crystal growth. Both 
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internal Na diffusion and external NaF precursor can enhance the (112) preferred 

orientations of the CIGS films [50]. By considering the centers of the main CIGS 

peaks shown in Fig. 4.7, they are nearly at the same positions in various Na-content 

substrates. This indicates that most Na atoms does not dissolve to form NaxCu1-

x(In,Ga)Se2 compound in the CIGS grain but may separate to Na(In,Ga)Se2 and 

occupy at grain boundary or on the CIGS surface as proposed in many literatures [19, 

20, 21]. In addition, Na affects only the change of (112) and (220)(204) orientations 

but it does not affect (312)(116) orientations. The [Ga]/([In]+[Ga]) ratio in the films 

calculated from Vergard’s law of the angle of 2θ is about 0.32 and consistent with the 

growth profile. The average grain size calculated by Sheerer’s formula based on (112) 

orientation decreases a little bit with the Na quantity as shown in Table 4.1. The 

changes of the preferred orientation are directly related to the appearance of the 

surface morphology as seen from the SEM. The increase of (112) texture leads to the 

increase of sharp grains that look like the triangular shape, while the increase of 

(220)(204) texture leads to the increase of flat grains. 
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Figure 4.6 XRD spectra of the CIGS films grown on (a) Mo/Al2O3/SLG, (b) Mo/SLG,  

(c) NaF(100Å)/Mo/Al2O3/SLG and (d) NaF(200Å)/Mo/SLG substrates. 
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Figure 4.7 Comparison of XRD spectra of the CIGS films grown on grown on (a) 

Mo/Al2O3/SLG, (b) Mo/SLG, (c) NaF(100Å)/Mo/Al2O3/SLG and (d) NaF(200Å)/ 

Mo/SLG substrates. 

Table 4.1 Crystal parameters of the CIGS film grown on difference Na contents 

calculated from the XRD spectra. 

Substrate  
Ga-content 

(x) 
a (Å) c (Å) 

Average Grain 

size (nm) 
z-ratio

Mo/Al2O3/SLG 0.32 5.726 11.425 140 0.17 

Mo/SLG 0.32 5.726 11.424 130 0.29 

NaF(100Å)/Mo/ Al2O3 /SLG 0.31 5.727 11.427 120 0.57 

NaF(200Å)/Mo/ Al2O3 /SLG 0.33 5.725 11.420 110 1.52 

4.1.3 Auger Electron Spectroscopy (AES) Depth Profiling 

The Na content and related compound elements (Cu, In, Ga, Se and F) in the CIGS 

films can be measured by the AES technique. The compositional depth profiles are 

investigated in the CIGS films grown with internal Na diffusion from Mo/SLG and 

external NaF precursor on Mo/Al2O3/SLG substrates. The distributions of Na 

concentration in the CIGS films and the related elements are considered. The depth 

profiles of the CIGS films are shown in Fig. 4.8. The distribution of Na is in the CIGS 

films grown with (100Å) NaF precursor on Mo/Al2O3/SLG without a trace of 

Fluorine, which may decompose during the high temperature growth process. The Na 

distribution is uniform throughout the depth of the CIGS film. However, there may be 
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a very low Na concentration in the CIGS films grown on Mo/SLG (<1%) which is 

below the sensitivity of detector. The Na concentration from the external precursor in 

the CIGS film is much higher when compared with the internal diffusion from the 

SLG. There are two assumptions for these observations. First, NaF precursor does not 

decompose during the growth process and forms some Na compounds at the grain 

boundary. Second, Na precursor forms a cluster that is more difficult to replace in the 

crystal structure of the CIGS than atomic diffusion from the SLG. This result suggests 

that the incorporation of Na during the CIGS growth between the internal Na 

diffusion from the SLG and the external NaF precursor layer are distinguishable. The 

atomic diffusion of Na from the SLG into the CIGS film can be easily replaced or 

removed from the grain boundary during the CIGS growth at high temperature 

whereas the residual Na atoms from the precursor cannot completely diffuse out at the 

same temperature. 
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 Figure 4.8 AES depth profiles for the CIGS films grown on (a) NaF(100Å)/Mo/Al2O3 

/SLG and (b) Mo/SLG. 
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Figure 4.9 The depth profile of Na distribution and [Ga]/([In]+[Ga]) ratio in the 

CIGS film grown on NaF(100Å)/Mo/Al2O3/SLG substrate. 

These residual Na atoms may act as Na(In,Ga)Se2 clusters at grain boundary of the 

CIGS films. The uniform Na distribution in the CIGS films indicates the high 

mobility of Na atoms in the CIGS film at the temperature above 500ºC. In addition, 

The effect of Na precursor on the inter-diffusion of In and Ga is observed when 

consider the depth profile of [Ga]/([In]+[Ga]) ratio as shown in Fig. 4.9. The Ga 

content drops on the surface and increases toward the back contact agreeed with D. 

Rudmann et al. [15]. The effect of Ga grading (band gap grading) creates the back 

electric field or back surface field leading to the increase of minority carrier life time 

as well as carrier collection. 

 

4.1.4 Device Performance 

The performances of the selected devices obtained from the I-V measurement are 

shown in Table 4.2. The solar cell using Mo/Al2O3/SLG substrate has a relatively 

lower efficiency compared to that of the solar cell using Mo/SLG substrate indicating 

the lack of Na from SLG. The decrease of Voc directly corresponds to the decrease of 

doping level or the p-type defects in the CIGS film because the internal Na diffusion 
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is interrupted by the Al2O3 barrier. This result indicates the necessary of Na 

incorporation in the CIGS thin film solar cells. However, the solar cell using a small 

amount of NaF precursor on Mo/Al2O3/SLG substrate shows the significantly increase 

of the Voc, FF and the solar cell efficiency. The increasing of the Voc and FF is related 

to the increase doping in the CIGS films and the junction formation, respectively. The 

improvement of crystal quality and the increase of the p-type defects are the main 

parameters to gain the solar cell efficiency. However, too much NaF precursor or high 

Na content decreases the solar cell efficiency due to the constitution of Na residual. 

The optimum thickness of NaF precursor found in this work is about 50 Å with the 

CIGS thickness of 1.25 µm in order to obtain the high efficiency. Note that, there are 

some strangeness in the samples using too much of NaF precursor on the Mo/SLG 

and the Mo/Al2O3/SLG substrates. The solar cell efficiency using Mo/SLG substrate 

is always higher than that of the Mo/Al2O3/SLG substrates, despite higher Na 

concentration (Na diffusion and Na precursor) in the first one mentioned. These 

results indicate the occurring of two mechanisms of Na incorporation into the CIGS 

films. The internal Na diffusion is still better to enhance doping than using the Na 

precursor layer by comparing the device efficiency. The atomic diffusion is more 

effective to enhance defects in the CIGS crystal structure than layers of NaF precursor. 

The relationship between the solar cell efficiency and the Na concentration in CIGS 

film will be considered in the next section. 

Table 4.2 Device performances of the CIGS thin film solar cells using various Na 

content substrates. 

Substrate Voc (mV) Jsc (mA/cm2) FF (%) η (%) 

Mo/Al2O3/SLG 530 33.6 61 10.6 

Mo/SLG 627 34.5 67 14.5 

NaF(30Å)/ Mo/Al2O3/SLG 654 33.0 64 13.8 

NaF(50Å)/Mo/ Al2O3 /SLG 651 34.8 67 15.2 

NaF(100Å)/Mo/ Al2O3 /SLG 502 32.9 62 10.2 

NaF(100Å)/Mo/SLG 578 34.5 67 13.4 
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4.1.5 The relationship between atomic concentration of Na and the doping levels 

in CIGS thin films 

According to the device efficiency results, the open-circuit voltages change with the 

NaF precursor thickness. It directly relates to the Na concentration and the doping 

levels in the CIGS thin films. In this section, the calculation details of atomic 

concentration of Na in the CIGS film are described. The optimal concentration of Na 

to enhance the efficiency in CIGS solar cells is drawn from the experimental results. 

In general, the number of the evaporated atoms (element) or molecules (compound) 

can be calculated from 

                    Ni=d iri Mi
-1 A NA      ,                       (4.1) 

where di is the film thickness, 

ρi is the density of the evaporated material, 

Mi is the molecular mass (mass per mole), 

A is the unit area of the growing film, 

NA is Avogadro’s constant (6.02 x 1023 atom/mole). 

The α parameter of an element i is given by αi = ρi M-1 and is shown in Table 4.3. 

When normalized with the area of the growing film one obtains 

Ni/A = di αi NA     .                              (4.2) 

The concentration of Na in the CIGS thin film per unit area can be calculated by 

considering the thickness of NaF precursor. 

Table 4.3 Density per molecular mass ratio of Cu, In, Ga, Se and NaF 

Material α = ρ/M (mole/cm3) 

Cu 0.1410 

In 0.0637 

Ga 0.0848 

Se 0.0607 

NaF 0.0610 
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Table 4.4 Number of each evaporated atom per unit area in the CIGS film at y = 0.9. 

Material Number of evaporated atoms (atom/cm2) 

Cu 1.38x1016 

In 1.08x1016 

Ga 4.64x1015 

Na (200Å NaF) 7.34x1014 

Table 4.5 The ratio of [Na]/[Cu] and at.% Na with the solar cell parameters. 

NaF thickness (Å) [Na]/[Cu] (%) at.% Na Voc (mV) η (%) 

0 0 0 530 10.6 

30 0.80 0.15 654 14.2 

50 1.33 0.25 651 15.5 

100 2.66 0.50 502 10.2 

For example, 200 Å of NaF corresponds to the 7.34 x 1014 atom/cm2 of Na atoms. The 

number of Na atoms calculated from the total thickness of metal elements in the film 

is shown in Table 4.4. The number of Se atoms are neglected due to the over flux used 

during the growth process. According to the crystal structure, Na and Cu are in group 

I and would be replaced or substituted by each other in the crystal structure. The ratio 

of NNa/NCu and atomic concentration of Na in the Cu(In,Ga)Se2 compound (at.% Na) 

which enhance the doping in the CIGS film and the efficiency of the solar cell are 

summarized in Table 4.5. The results show that the solar cell efficiency directly 

depends on the [Na]/[Cu] ratio or atomic percent in the CIGS compound as seen from 

Fig. 4.10. The solar cell parameters e.g. FF, Voc and η increase with the Na content 

when at.% Na < 0.3 and then they rapidly decrease. By considering the Voc, it shows 

the maximum voltage at about 0.15 at.% Na which indicates the maximum of doping 

in the CIGS film enhanced by the Na atoms. However, by considering the FF, it 

shows the different point of maximum value at about 0.25 at.% Na which indicates 

the quality of the CIGS film when forming the p-n junction. 
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Figure 4.10 Solar cell parameters such as Jsc, FF, Voc and η of the CIGS solar cells 

grown with various at. % Na. 

However, Na contents have a small effect on the Jsc of the devices. These results are 

used as the guideline for the optimum ratio of at.% Na to enhance both the Voc and the 

FF of the CIGS solar cells. The optimum atomic concentration is approximately 

0.25 % which is higher than what proposed by R. Herberholz et al. [9]. The crystal 

growth mechanism and the doping mechanism enhanced by Na will be explained in 

chapter V. 
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4.2 Evolution of Cu(In,Ga)Se2 thin film using Na precursor in three-

stage growth process 

In this work, the influences of Na precursor on the growth of the Cu(In,Ga)Se2 thin 

films in the three-stage process are studied. The evolutions of the CIGS films passing 

through different phases e.g. γ-(In,Ga)2Se3, Cu(In,Ga)Se2 + CuxSe are investigated by 

comparing with and without Na precursor. A series of samples are grown by 

molecular beam deposition method on the Mo coated SLG substrates with and 

without the NaF precursor. The Na precursor is evaporated for a total thickness of 200 

Å at room temperature from the NaF source. The changes of the film properties 

during the three-stage growth process are investigated by interrupting the process at 

four points as illustrated in Fig. 4.11; 

(1) At the end of the 1st stage, 

(2) After a rapid increasing of the substrate temperature from 340ºC to 500ºC, 

(3) At the end of the 2nd stage or in the Cu-rich stage (y = 1.35), and 

(4) At the end point (y ≈ 0.9). 

The samples entitled (I), (III), (V), and (VII) are with the Na precursor and (II), (IV), 

(VI), and (VIII) are without the Na precursor. 

 

 

Rate 
(a.u.) 
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(a.u.) Se 

In Cu 

Substrate 

Time 
With NaF 

Without NaF (VI) (IV) (VIII) (II) 

(VII) (V) 

1st-stage  2nd-stage 3rd-stage 

Ga 

(I) (III) 

In Ga 

Figure 4.11 Three-stage growth profile and the interrupted points in the growth 

process (I), (III), (V), and (VII) refer to the films with NaF and (II), (IV), (VI), and 

(VIII) refer to the films without NaF. 
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The growth mechanism during the process is determined by characterizing the film 

properties at each point. In the previous work, the Na effects in the CIGS films have 

been investigated by K. Granath et al. and D. Rudmann et al. at a slightly Cu-poor 

concentration with [Cu]/([In]+[Ga]) ≈ 0.8-0.9 but did not describe the Na effects 

during the growth process [11-15]. Here, I look into the entire evolution of film 

fabrications starting from the deposition of the Na precursor on the substrate until the 

complete conversion of the CIGS film. The small amount of Na-diffusion from the 

SLG is normally blocked by alkaline barrier such as Al2O3 or SiO2. I also 

intentionally exaggerate the amount of Na by ten folds in order to illustrate their 

dynamics and interactivities with other compounds. A simplified Na-enhancement 

CIGS thin film growth model based on the experimental results is introduced to 

explain the growth and doping mechanisms. 

 

4.2.1 Crystal structure 

The structural evolution during the growth process examined by the XRD is shown in 

Fig. 4.12. The samples labeled by (I), (III), (V), and (VII) are grown with NaF 

precursor, while the samples labeled with (II), (IV), (VI), and (VIII) are grown 

without NaF precursor. All significant peaks are fitted using Gaussian profile to locate 

the peak positions and their widths as illustrated in Fig. 4.13-4.14. A γ-phase of 

polycrystalline (In,Ga)2Se3 indexed by JCPDS file 00-040-1407 is found at the end of 

the first stage. The XRD spectra of the γ-(In,Ga)2Se3 in the films with and without 

NaF precursor show a dominant peak of (105) crystal orientation as seen in Fig. 4.12 

(a) and (b). It is believed that Na from the precursor enhances the (105) preferred 

orientation of γ-(In,Ga)2Se3 and suppresses other planes, e.g. (110), (300) and (306) 

which are observed in the films without the NaF precursor. The crystal grain sizes 

based on the (105) peak calculated by Scherrer’s formula are 28 and 25 nm in films 

(I) and (II), respectively. After rapidly increasing Tsub to 550°C, the (105) crystal 

orientation is barely observed in the films with NaF precursor and disappeared in the 

films without NaF precursor as shown in Fig. 4.12 (c) and (d), respectively. More 

random orientations are also observed in the structure of the films during the increase 

of the substrate temperature compared to those in the first stage. The film with NaF 

precursor exhibits higher random orientations than those of the film without NaF 

precursor. Na atoms within the precursor at the bottom layer presumably diffuse into 

the films and behave as defects or cluster of defects causing a nucleation of random 
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orientations of the γ-(In,Ga)2Se3 film. At the end of the second stage, there are 

constituents of CIGS and Cu2-xSe compounds due to the excess supply of Cu during 

the growth as seen in the XRD spectra in Fig. 4.12 (e) and (f). The XRD spectrum of 

the film with NaF precursor indicates lower intensity of (220)(204) orientation than 

that of the film without NaF. In addition, the (112)/(220)(204) ratios of the films with 

and without NaF precursor are 0.8 and 0.2, respectively. The center of the CIGS (112) 

and the Cu2-xSe (111) are approximately at the same position as well as that for CIGS 

(220)(204) and Cu2-xSe (022). This indicates that the incorporation of Na into the 

CIGS and Cu2-xSe to form Na-related compound has negligible effect on the crystal 

structures of the CIGS and the Cu2-xSe. Finally, at EPD, film (VII) with Na precursor 

shows stronger (112) preferred orientation when compared with film (VIII) without 

Na precursor. The (112)/(220)(204) ratios are found to be 2.9 in the film with Na 

precursor and 1.2 without Na precursor. I note here that the (220)(204) preferred 

orientation is typically the dominant peak in the three-stage process without the NaF 

precursor and depends upon the y value. In our experiment, the CIGS film without 

NaF precursor and y ~ 1.2 exhibits the dominant (220)(204) preferred orientation (not 

shown here) whereas (112) preferred orientation becomes stronger in the film with     

y ~ 1.4. With all these evidences described, it could be deduced that the presence of 

Na-related compound, e.g. Na(In,Ga)Se2, in the film could be a factor enhancing the 

nucleation of (112) orientation due to the structural matching of the compounds. This 

also agrees with the first-principle calculation of the formation of NaInSe2 phase by 

Wei et al. [23]. 
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Figure 4.12 XRD spectra of the films at the end of each stage; at first stage: (a) with 

NaF, (b) without NaF; at the transition temperature: (c) with NaF, (d) without NaF; at 

the end of second stage: (e) with NaF, (f) without NaF; and at EPD:(g) with NaF, (h) 

without NaF. 
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Figure 4.13 Gaussian fitting XRD spectra of the films at the end of the 2nd stage 

consisting of (112) and (220)(204) CIGS orientations as well as (111) and (022)    

Cu2-xSe orientations. 
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Figure 4.14 Gaussian fitting XRD spectra of the CIGS films at EPD consisting of 

(112) and (220)(204) orientation. 
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4.2.2 Surface morphology 

Fig. 4.15 shows the surface morphology of the films at the interrupted points obtained 

by the AFM. The γ-(In,Ga)2Se3 films with and without Na precursor shown in Fig. 

4.15 (a) and (b) show similar smooth surface with the rms roughness of approximately 

50 nm. Film (I) shows a similar grain shape overall where as film (II) consists of 

various grain shapes such as small round grains and agglomerated long grains 

indicating several crystal orientations consistent with various crystal planes from the 

XRD result in Fig. 4.15(b). However, the average grain size of film (I) is 

approximately 10% larger than that of film (II) and agrees with the calculation from 

the XRD spectra. The homogeneity of (In,Ga)2Se3 films increases after the substrate is 

heated up to higher temperature. The reduction in grain size and surface roughness of 

(In,Ga)2Se3 films is observed in samples (III) and (IV). At the end of the second stage, 

films (V) with NaF precursor and (VI) without NaF precursor consist of typical 

stoichiometric CIGS and the excess Cu2-xSe formed on the surface or grain boundaries 

as proposed by Klenk et al. [36]. Film (V) shows relatively rough surface with 

slightly sharp grains while film (VI) shows smoother surface due to the dominant 

(220)(204) preferred orientation. The result of the increasing roughness is related to 

the Na from the precursor. Finally, at EPD, the surface of film (VII) with NaF 

precursor shows typically sharp grains with small grain sizes due to the growth of 

(112) orientation while the smoother surface with larger grain sizes is observed in film 

(VIII) without NaF precursor. 
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Figure 4.15 Surface morphology of the films at the end of each stage; at first stage: 

(a) with NaF, (b) without NaF; at the transition temperature: (c) with NaF, (d) without 

NaF; and at the end of second stage: (e) with NaF, (f) without NaF; and at EPD: (g) 

with NaF, (h) without NaF.  
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4.2.3 Cross-section images 

Selective SEM images of the films at the end of the second stage and at EPD are 

shown in Fig. 4.16. Films (V) and (VI) show similarly dense grains due to the re-

crystallization and the formation of Cu-rich CIGS film (CIGS+Cu2-xSe compounds) as 

indicated in the XRD results. It is believed that the excess Cu2-xSe compound resides 

on the surface and along the grain boundaries of the Cu-rich CIGS film due to the 

topotactic reaction under excess Cu and Se condition [69]. After the Cu2-xSe is 

converted to slightly Cu-poor CIGS film at EPD, film (VII) exhibits small columnar 

grains and deep grain boundaries with smaller grain sizes near the bottom region 

while film (VIII) shows large grain sizes. Both films (VII) and (VIII) show shallow 

crevices of random sizes near the top region. This suggests that the observation of the 

smaller grain size as well as deep grain boundary in the film with NaF precursor are 

due to Na atoms that do not dissolve to form NakCu1-k(In,Ga)Se2 compounds in the 

CIGS grains but rather Na(In,Ga)Se2 or isolated-Na atoms and situate themselves at 

the grain boundaries or on the CIGS surface as also proposed by Rudmann et al. [70]. 

 (VII) (VIII)
  

   

  
(d) (c) 

(VI)(V)  

                

((a) b) 

       

Figure 4.16 SEM cross-section images of the films at the end of the second stage: 

(a) with NaF, (b) without NaF; and at EPD: (c) with NaF, (d) without NaF. 
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4.2.4 AES depth profiles 

The AES depth profiling for Na contents is performed on selective samples with NaF 

precursor as shown in Fig. 4.17. Most Na atoms from the precursor are located at the 

bottom region of the (In,Ga)2Se3 film as seen in Fig. 4.17(a). This suggests that Na 

has poor chemical reaction to form the Na-related compounds, e.g. Na2Se or 

Na(In,Ga)Se2, at low substrate temperature of 340°C, and/or poor diffusion into the 

(In,Ga)2Se3 film. After a rapid increase of Tsub to 550°C, most of the Na atoms are 

found to concentrate near the film surface as seen in Fig. 4.17(b) suggesting that the 

Na atoms or Na compounds are driven through the (In,Ga)2Se3 layers to the surface 

due to the increase of thermal energy. However, the Na atoms are uniformly 

distributed in film (V) at the end of the second stage, which also coincides with the 

suppression of the growth direction along (220)(204) orientation of the growing Cu-

rich CIGS. It could be deduced that most Na atoms and/or the Na-related compounds 

would then only reside at the grain boundaries of the film in a small amount, which 

could not be detected by XRD. The formation of Na(In,Ga)Se2 is perhaps possible as 

small clusters in the CIGS host but there is not enough diffraction intensity. Finally, at 

EPD, uniform Na distribution is observed with significantly high content of Na at the 

CIGS surface as shown in Fig. 4.17(d). This observation suggests that during the 

complete conversion of Cu2-xSe to slightly Cu-poor CIGS, the Na atoms or Na-related 

compounds can move to the CIGS surface along grain boundaries. 

In addition, the variations of [Ga]/([In]+[Ga]) in film (VII) with the 

incorporation of Na can be observed as the double-graded Ga composition compared 

to that of a uniform Ga content in film (VIII) without NaF precursor as shown in Fig. 

4.18. The Ga grading is automatically obtained in the films with NaF precursor. In 

other words, Na affects the inter-diffusion between In and Ga in the CIGS film during 

the growth of CIGS films. The variation starts in the 2nd stage as shown in Fig. 4.19 at 

which there has the phase transformation from (In,Ga)2Se3 to CIGS. Na may disturb 

the mobility of Ga that creates Ga grading through the back contact. 
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Figure 4.17 AES depth profiles of Na atoms in the films with NaF precursor; (a) end 

of first stage, (b) at transition temperature, (c) end of second stage, and (d) at EPD. 
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Figure 4.18 [Ga]/([In]+[Ga]) ratio in CIGS film with (a) and without (b) NaF 

precursor. 
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Figure 4.19 Variation of [Ga]/([In]+[Ga]) ratio in depth profiles of the films at 

interrupted points; (a) end of first stage, (b) at transition temperature, (c) end of 

second stage, and (d) at EPD. 

 



CHAPTER V 

 

GROWTH AND DOPING MECHANISMS 

 
In this section, a simple model of the Na-enhanced CIGS thin film growth 

based on the experimental results in section 4.2 is proposed to describe the growth 

and doping mechanisms. The effects of Na through the entire evolution in the three-

stage growth deposition starting from the deposition of the NaF precursor to the 

complete conversion of the CIGS film are explained. First, the growth characteristics 

corresponding to the grain growth, texture, and microstructure of the CIGS films will 

be considered. The incorporation of Na affects the growth characteristics of CIGS 

films by changing the preferred orientation and grain size during the growth of CIGS 

film due to the constitution of Na-related compounds with the Cu, (In, Ga) and Se. 

Then, the possible doping mechanism under the influence of Na is introduced. The 

increase of hole concentration relating to the native defects e.g. vacancies, interstitials, 

anti-site defects and clusters of defect in the crystal structure of the CIGS films is 

described. 

A simple description on the effect of Na can then be deduced from the 

experimental results such that the Na from a NaF precursor is simply a mimicking of 

Na diffused from the SLG substrate to the CIGS film and to ensure the observation of 

its effect. Growth characteristics of Cu(In,Ga)Se2 thin films using the three-stage 

deposition process with a NaF precursor are considered. The schematic description of 

the growth is illustrated in Fig. 5.1. The process starts with the layered structure of γ-

(In,Ga)2Se3 at low substrate temperature in the first-stage where most Na atoms from 

NaF precursor are located at the bottom region as shown in Fig. 5.1 (a) and confirmed 

by the AES measurement (see AES profile in Fig. 4.24 (a)). The diffusion of Na into 

the (In,Ga)2Se3 film in the 1st stage  is similar to what is observed in the Na diffusion 

from the SLG due to its poor chemical reaction at low temperature. The quantity of 

Na diffusion into CIGS film mainly corresponds to substrate temperature. In addition, 

the presence of NaF precursor enhances the (105) preferred orientation and suppresses 

the (110) crystal orientation of γ-(In,Ga)2Se3 which is a typical orientation of Mo film.  
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Figure 5.1 Schematic diagram of the CIGS growth model in 3-stage growth process 

with Na precursor (IGS, CIGS, and NIGS refer to (In,Ga)2Se3, Cu(In,Ga)Se2, and 

Na(In,Ga)Se2 respectively). 

After increasing the substrate temperature from 340 °C to 550 °C and only the 

Cu and high enough Se fluxes are allowed in the 2nd stage, the increase in thermal 

energy enhances Na diffusion and/or the formation of the Na-related compounds e.g. 

Na2-xSe on the surface (see AES profile in Fig. 4.24 (c)) or Na(In,Ga)Se2 from the γ-

(In,Ga)2Se3 together with the formation of CIGS as depicted in Fig. 5.1 (b). With a 
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large structure of Na(In,Ga)Se2, it is believed that Na(In,Ga)Se2 is hard to diffuse 

from inside the film thus it should distribute along the CIGS grain boundaries. The 

Na2-xSe is formed as a liquid phase according to the phase diagram [71] in addition to 

the liquid phase of Cu2-xSe covering the surface of the stoicheometric CIGS film. 

Most Na atom does not dissolve to form NakCu1-k(In,Ga)Se2 compound in the CIGS 

grain but separate to Na(In,Ga)Se2 and occupy at grain boundary or on the CIGS 

surface as proposed in Ref. [70]. The Na2-xSe can also diffuse down and be converted 

to Na(In,Ga)Se2, thus causing a more uniform distribution of Na as shown in Fig. 4.24 

(e). In addition, the presence of Na-related compounds disturb the growth direction of 

(220)(204) orientation in the 2nd stage of CIGS thin film. 

After a complete conversion of Cu2-xSe to CIGS in the 3rd stage, some of 

Na(In,Ga)Se2 decompose to free Na and leave VNa inside Na(In,Ga)Se2. Free Na 

atoms are driven to the surface and the VNa defects take place around grain boundaries 

as depicted in Fig. 5.1 (c). Note that, the uniform Na distribution with significantly 

high content of Na at CIGS surface is obtained (see AES profile in Fig. 4.24 (g)). The 

smaller grain sizes as well as the deep grain boundaries in the CIGS film with Na 

precursor due to the Na compounds i.e. Na(In,Ga)Se2 take place the CIGS grain 

boundaries and then leave the VNa defects by Na fleeing to surface. It mainly causes 

the increase of p-type defects similar to what is observed for VCu. The quantity of Na 

induced defect corresponds to the Na concentration used in the deposition process. 

Thus, the variation of p-type doping depends on the formation of point defects in 

crystal structure i.e. VCu, NaIn and NaCu leading to the increase of efficiency of the 

devices. On the other hand, the excess free Na atoms occupying VCu could reduce the 

p-type defect. 
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APPENDIX A 

LIST OF ABBREVIATIONS 
AES    Auger electron spectroscopy 

AFM   Atomic force microscopy 

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

at. %   Atomic percent 

AZO   Aluminum zinc oxide 

BEI   Backscatter electron image 

BSF   Back-surface field 

CBD   Chemical bath deposition 

CGS    Compound of CuGaSe2 

CIGS   Compound of Cu(In,Ga)Se2 

CIS   Compound of CuInSe2 

c-Si   Crystalline Silicon 

CUPRO   Cu-poor, rich, off 

DC   Direct current 

EC   Conduction band energy 

EF   Fermi energy 

Eg   Band gap energy 

EV   Valance band energy 

EDX    Energy dispersive X-ray spectroscopy 

EPD   End point detection 

FF   Fill factor 

FSEM   Field emission scanning electron microscope 

FTO   Fluorine tin oxide 

ITO   Indium tin oxide or tin-doped indium oxide 

I-V   Current-Voltage 

Jsc   Short-circuit current density 

K-cells   Knudsen cells 

MBE   Molecular beam Epitaxy 

MBD   Molecular beam deposition 
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NDCs    Neutral defect complexes 

NREL   National Renewable Energy Laboratory 

NIR, VIS, UV  Near infrared, visible, ultra violet 

OVC   Ordered vacancy compound 

ODC   Ordered defect compound 

PV    Photovoltaic 

PVD   Physical vapor deposition 

QCM   Quartz crystal monitor 

RBS    Rutherford backscattering spectroscopy 

RF   Radio frequency 

RHEED  Reflection high-energy electron diffraction 

ΔS    Stoichiometry deviation 

SEM   Scanning electron microscope 

SIMS   Secondary ion mass spectroscopy 

SLG   Soda-lime glass 

SPRL   Semiconductor physics research laboratory 

TCO   Transparent conducting oxide 

Tsub   Substrate temperature 

Tpyro   Pyrometer temperature 

%T, %R   Optical transmission, Optical refraction 

VLS    Vapour-liquid-solid 

Voc   Open-circuit voltage 

x   [Ga]/([In]+[Ga]) ratio 

XRD   X-ray diffraction 

XPS    X-ray photoelectron spectroscopy 

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