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CHAPTER I 

INTRODUCTION 

1.1 Overview 

The Sun is the most important source of energy for life on Earth. It gives 

the energy to our world in terms of sunlight, called “solar energy”. Solar energy 

always influences the natural phenomena that happen on the Earth. It incidences 

onto the Earth’s surface with the rate of 120 × 1015 Watt, so in one day it can 

satisfy our needs in order to consume the energy more than 20 years [1]. 

Moreover, the solar energy is clean, friendly to the environments, and without 

releasing pollutions, it is grouped in the kind of renewable energy, e.g. sunlight, 

wind, rain, tidal and geothermal heat. These energies will eventually replace the 

conventional energy source which is mostly obtained from fossil fuel. In 2012, 

the renewable energy was consumed about 19% of our global energy 

consumption, especially the solar energy that has high level of consumption 

among the other renewable energies in every years [2]. Recently, a statistic 

shows that the worldwide growth of photovoltaics tend to continuously increase 

every year as shown in Fig.1. Consequently, the solar energy is one of choices 

for energy consumption. 

 

 
 

 

Figure 1 The worldwide growth of photovoltaic since 1992 [2]. 
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Historically, human began to seriously apply the solar energy in steads 

of fossil fuel in the middle of 20th century. The device which it can alter the 

solar energy to the electricity, called “photovoltaic or PV”. The first solar cell 

(for individual PV element) was invented by D. Chapin, C. Fuller, and G. 

Pearson at Bell Labs in 1954, they produced a silicon solar cell with 4% 

efficiency [3]. Photovoltaics convert solar radiation into direct current 

electricity using semiconductors when illuminated by light (photon). As long as 

light is shining on the solar cell, it generates electrical power which measured 

in the unit of Watt (W) or kiloWatt (kW). When the light stops, the electricity 

stops. The popular semiconductors for manufacturing solar cell such as 

crystalline Si (c-Si), amorphous Si (a-Si), GaAs, InP, CdTe, and CIGS. For 

CIGS based-thin film solar cell, it uses a CIGS semiconductor as a p-type 

absorber layer. Interestingly, it has the unique absorption property and high 

energy conversion efficiency. Moreover, it has many techniques to fabricate, 

leading to be a promising candidate for photovoltaic application. 

 

In the CIGS solar cell device, most of light is absorbed in the p-type 

CIGS layer, and the generated electrons are swept into the n-type region by the 

built-in field of the n-ZnO/i-CdS/p-CIGS heterojunction. The device 

characteristics indicate that large band bending occurs in CIGS near the 

CdS/CIGS interface, it converts the CIGS surface to n-type which called 

ordered defect compound (ODC). This band bending make effective collection 

of photo generated electrons possible. And the CdCu defects heavily dope CIGS 

surface as n-type during chemical bath deposition (CBD) of CdS [4]. The 

deposition of CdS thin film becomes one of the key process in fabrication of 

CIGS solar cells because the CdS/CIGS junction has a large effect to the 

efficiencies of solar cells [5]. CdS is a metal chalcogenide semiconductors with 

2.42 eV of band gap energy which it makes a large difference in the band gap 

between an absorber layer and a window layer. The CBD process is generally 

used to deposit CdS thin film, which it is a simple process that has a low cost, 

low temperature reaction, the potential for large-area deposition, and especially 

reproducibly depositing uniform thin films [6], [7], [8]. At the present, it appears 
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to be the best technique to deposit CdS in high efficiency CIGS thin film solar 

cells [8].  

 

 
 

Figure 2 The lattice spacing of the (112) planes of CuIn1-xGaxSe2 and the (111) 

cubic or the (002) hexagonal planes of Cd1-xZnxS [9].  

 

Both CdS buffer and ODC layers at the CIGS surface can be considered 

as n-type layer. The interface between CBD-CdS/CIGS layers exhibited that the 

(112) chalcopyrite CIGS planes paralell to the (111) cubic or hexagonal CdS 

planes. The lattice mismatch is very small for CIGS with a (112) spacing of 

0.334 nm as compared to a spacing of 0.336 nm for (111) cubic and (002) 

hexagonal CdS. Indeed, the lattice mismatch increases with Ga content or x= 

[Ga]/([In]+[Ga]) [9]. In the initial stage of of CBD-CdS, it showed the presence 

of Cd up to 10 nm into the Cu-deficient surface region of CIGS layer.  At the 

same time, the Cu+ is replaced with Cd2+ that they have very close ion radii of 

0.96 Å and 0.97 Å, respectively [10]. However, the CdS/CIGS interface issues 

are not clear. One reason comes from the CdS layer, it is a very thin layer which 

difficultly characterize to reveal what happens. Likewise, the ODC has a low 

carrier concentration, moreover it may not exist on the CIGS film surface at all 

[11]. Nevertheless, the CdS buffer can efficiently help to protect ion damage 

during n-ZnO window layer manufacturing. Alternative buffers such as Zn(O,S) 

and Inx(OH,S)y are required for replacing of CdS buffer layer because it is a 
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toxic material [12]. But, CdS still reaches better results in term of solar cell 

performance and especially the p-n junction formation.  

 

 

 
Figure 3 The efficiency of Cu(In,Ga)Se2 solar cells with a selection of Cd-free 

junction formation methods together with corresponding values of 

Cu(In,Ga)Se2 cells with CBD of CdS [9]. 

 

Noticeably, the role of the roughness at the interface between CIGS-

absorber and CdS-buffer layers is an attractive factor. It is naturally fixed by the 

as-grown CIGS surface which usually depends on CIGS growth condition. The 

roughness of CIGS surface affects the solar cell properties such as light trapping 

or scattering, p-n junction formation, and especially the solar cell parameters 

[5], [13], [14]. Understanding the relationship between the roughness of CIGS 

surface and solar cell parameters may help for future improvements. 

 

Several attempts have been tried to study the CIGS/CdS interface in 

order to improve the solar cell performance. One of those is the modification of 

CIGS surface roughness because it directly affects the CdS formation and also 

influences the efficiency of the solar cells [5], [10], [13]. The wet-chemical 

etching (WCE) is one of several methods used to alter the CIGS surface 

roughness. The WCE process is to etch the material surface in the liquid etchant. 
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This method is generally used in different kind of electronic device fabrication 

industries [15]. For thin film photovoltaic industries, wet-etching process is 

used to modify the film surface. By submerging the substrate in a solution that 

will chemically attack their surface. The degree of etching is particularly high, 

which makes the etching rapid.  

 

In case of CIGS thin film, R.W. Birkmire et. al. showed an aqueous 

solution of bromine (Br2) etching for the propose of obtaining specular CuInSe2 

(CIS) surfaces. By varying the concentration range from 0.02 mol/L to 0.25 

mol/L. The etching rates observed by ranging from 0.1 to 5 μm/min. Their 

modified CuInSe2 surfaces are desired in order to improve the electrical 

characteristics of tandem α-Si : CuInSe2 cells [16]. B. Canava et. al. described 

the bromine etching for obtaining specular CIGS surface and controlling the 

surface composition. Their CIGS layer partially protected by resin which is 

submerged in a 0.001 to 1 mol/L solution of bromine in water for a few second, 

at ambient temperature. Then, it is treated with a solution of 0.1 mol/L of 

potassium cyanide (KCN) at 70 °C. Their analysis shows a thickness reduction 

of CIGS layer after etching, and also a variation in the composition of the CIGS 

layer [14]. T. Delsol et. al. did the experiment that etched the CIGS surface with 

various commonly used wet-chemical etchants such as the mixture of 

hydrochloric acid and nitric acid, peroxide, ammonia, thiosulphate and 

dicromate. They found that there is the possibility of Se-deficient surface when 

etched in peroxide, Se-rich surface when etched in dichromate and similar 

surface to the as-grown when etched in ammonia [17]. Moreover, M. Kauk et. 

al. used hydrochloric acid, potassium cyanide, potassium hydroxide in ethanol 

and also ammonia to alter the CuInSe2 monograin layer. They revealed that with 

long-time ammonia etching showed undesirable results to the solar cell 

performance, while potassium cyanide etching before CBD-CdS resulted in 

improved solar cell performance for both Cu-rich and In-rich types. For 

hydrochloric acid etching, it removes preferably In and leaves slightly Se-rich 

surface. And the solar cell would shows the higher current but lower open-

circuit voltage when compare with the as-grown cell. In case of potassium 
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hydroxide in ethanol, it can help to remove the excess selenium from the 

CuInSe2 monograin layer, but the solar cell gave lower open-circuit voltage and 

also short-circuit current at 5 seconds of etching time [18]. A. Slobodskyy et. 

al. used aqua regia solution to etch the CIGS surface which found that the 

etching rate is approximately 10 nm/sec of 3 minutes after preparation of the 

acid. Z. Jehl et. al. reported the thinning of the CIGS layer using Br-based 

etching process. The total reflectivity of the CIGS surface increases with 

decreasing roughness whereas current density would decreases and especially 

efficiencies markedly decreases from 14 % down to 11 %, even for more than 

2 μm thick solar cell. They also reported that the decrease of roughness has no 

significant influence on crystal structure and surface composition of CIGS layer 

[19], [20]. Recently, Wang et. al. demonstrated the large-scale micro- and nano 

patterns of CIGS thin film solar cells by molds-assisted chemical-etching 

process using bromine methanol etchant that the CIGS micro-dome arrays can 

improve the photocurrent densities, fill factors, and efficiencies, while the CIGS 

micro-hole arrays give lower quality of solar cell [21]. Hence, we can initially 

conclude that the rod shape of CIGS surface will give a better results than the 

hole shape surface. However, bromine is highly toxic. In a form of solution or 

vapor, bromine can extremely damage human health especially by inhalation 

[22]. As-mentioned above, there are also many attempts tried to alter the CIGS 

surface roughness with the other solutions such as aqua regia, ammonia, sulfuric 

acid, peroxide, potassium hydroxide, etc., but the results did not achieve high 

performance CIGS solar cell [13], [17], [23].  

 

For this work, attempts have been made to figure out more details about 

the altering of CIGS surface by using chemical etchants in various 

concentrations and etching times. The interface of CdS/CIGS film was modified 

by altering CIGS surface with various chemical solutions such as aqua regia, 

potassium hydroxide (KOH), and alcoholic potassium hydroxide 

(KOH+EtOH). The devices were completed with the depositions of CBD-

CdS/i-ZnO/ZnO(Al) and followed by thermal evaporation of aluminum as the 

front contacts. Both i-ZnO and ZnO(Al) layers are deposited on the top of CdS 
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layer by radio-frequency (RF) sputtering technique. The altered CIGS surfaces 

were investigated for their morphologies by field-emission scanning electron 

microscopy (FESEM). The atomic force microscope (AFM) was used to 

measure the rms roughness of etched CIGS surface. In addition, current-voltage 

(I-V) and external quantum efficiency (EQE) measurements are employed to 

obtain the solar cell parameters and spectral responses, respectively.  

 

1.2 Objectives 

1. To find suitable method to alter the surface of CIGS film for chemical 

bath deposition (CBD) of CdS.  

2. To relate the roughness of CdS and CIGS interface to the efficiencies 

of the solar cells.  

 

 

 

Figure 4 Expected models for chemical etching of CIGS surface. 

 

1.3 Thesis outline 

In this thesis, it is divided into five chapters. The theoretical 

backgrounds, including the photovoltaic effect, material properties of CIGS, the 

multi-sources co-evaporation and characterization techniques, and also WCE 

process are introduced. The experimental procedures and some information 

about chemical etching solutions are then described in chapter III. After that, 

the results that can be divided into three subtopics are discussed in chapter IV. 

Lastly, the final chapter is the summary of this study.  

 

 



 

 

CHAPTER II 

THEORETICAL BACKGROUNDS 

2.1 Principle of solar cell 

 2.1.1 Basic Theory of Semiconductor Materials 

The heart of solar cell is the p-n junction. It is made of semiconducting 

materials, which have a weakly bounded electron occupying band of energy 

called the “valence band”. When photons with energy more than a certain 

threshold energy called the “band gap”, are applied to valence electrons 

(electron in valence band), the bonds are broken and the electrons can freely 

move around in a new energy band called the “conduction band” where they 

can conduct electricity through the material. Semiconductors have two main 

types, called “intrinsic semiconductor” and “extrinsic semiconductor”.  

 

 
 

Figure 5 Density of states functions, Fermi-Dirac probability function, and 

areas representing electron and hole concentration for the case when EF is near 

the mid-gap energy [24]. 
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An ideal intrinsic semiconductor is a pure semiconductor with no 

impurity atoms and no lattice defects in the crystal (e.g. pure silicon), the number 

of electron carriers in the conduction band is equal to the number of hole carriers 

in the valence band. An important characteristic of a semiconductor is the 

density of charge carriers. The density of electrons and holes are related to the 

density of state function and the Fermi- Dirac distribution function. Fig.5 shows 

a plot of the density of states function in the conduction-band (gc(E)), the density 

of states function in the valence-band (gv(E)), and the Fermi-Dirac probability 

function for T > 0 K when EF is approximately halfway between Ec and Ev. The 

function of fF(E) for E > EF is symmetrical to the function of 1-fF(E) for E < EF 

about the energy E = EF. It can basically calculate the number of electron carriers 

in the conduction band by according to Eq.(2.1). 

 

          n0= ∫ g
c
(E)fF(E) dE ,                                    (2.1) 

 

where n0 is the thermal-equilibrium concentration of electron. The gc(E) is the 

density of states in the conduction band and the fF(E) is the Fermi-Dirac 

probability function. 

 

The Fermi-Dirac distribution describes a distribution of particles over 

energy states in system consisting of many identical particles that obey the 

Pauli-exclusion principle. This equation gives the probability that an energy 

state will be occupied by an electron, 

 

              fF(E) = 
1

1+exp(
E - EF

kT
)
 ≈ exp[

-(E - EF)

kT
] ,                          (2.2) 

 

where EF is Fermi energy with respect to the bottom of the conduction-band (Ec) 

and the top of the valence-band (Ev), k is the Boltzmann’s constant and T is the 

temperature.  

 

At thermal-equilibrium, concentration of holes in the valence band can 

be described by 
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                                   p
0
= ∫ g

v
(E)[1-fF(E)] dE ,                             (2.3) 

where p0 is the thermal-equilibrium concentration of hole, gv(E) is the density 

of states in the valence band. For energy states in the valence band, the 

Boltzmann approximation becomes 

 

                   1-fF(E) = 
1

1 + exp(
EF - E

kT
)
 ≈ exp[

-(EF - E)

kT
] .                 (2.4) 

 

Briefly, the thermal-equilibrium concentrations of electron and hole can 

be written as 

 

n0 = Nc exp[
-(Ec- EF)

kT
] ,                         (2.5) 

 

p
0
 = Nv exp[

-(EF- Ev)

kT
] .                                   (2.6) 

 

Nc and Nv parameters are called the effective density of states function in the 

conduction band and valence band, respectively. The magnitude of Nc and Nv 

is generally on the order of 1019 cm-3 at T = 300 K for most semiconductors.  

 

Because, the concentration of electrons in the conduction band equal to 

the concentration of hole in the valence band. It may be denoted ni and pi as the 

electron and hole concentrations. Therefore, one can simply use the parameter 

ni as the intrinsic carrier concentration, that refers to either the intrinsic electron 

or hole concentrations.  By taking the product of Eq.(2.5) and Eq.(2.6), 

 

                          ni
2 = NcNv exp [

-(Ec- Ev)

kT
] = NcNv exp [

-Eg

kT
] ,                (2.7) 

 

where Eg is the bandgap energy.  

 

However, the intrinsic semiconductor is seen an interesting material for 

many applications, the important role of semiconductor is realized by adding 

small, controlled amounts of specific dopant or impurity atoms. The doped 

semiconductor is called an “extrinsic semiconductor” which can extremely alter 

the electrical characteristics of the semiconductor. Naturally, semiconductors 
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are formed by covalent bonding. But when group V element such as phosphorus 

is added, it acts as a substitutional impurity. The group V elements have five 

electrons, four of them form the covalent bonding with the silicon atoms, 

leaving the fifth valence electron of phosphorus atom. It is called a donor 

electron as shown in Fig.6(a). The other energy state within the forbidden band 

is called as “donor energy” as shown in Fig.6(b). If an amount of energy, such 

as thermal energy, is added to the donor electrons which place in the donor 

energy state, it will be elevated into the conduction band and leaving behind a 

phosphorus positive charge which is fixed. Finally, a current can be generated 

by electron moving in the conduction band through the crystal. This effect 

means that the donor impurity atoms add electron to the conduction band 

without creating hole in the valence band, this kind of material is called “n-type 

semiconductor”.  

 

On the other hand, “p-type semiconductor” is the case when adding 

group III elements with three valence electrons, such as Boron, and it acts as a 

substitutional impurity to silicon. These three valence electrons are taken up in 

the covalent bonding as shown in Fig.7(a). One covalent bonding position 

appears to be empty, and the Boron atom becomes “acceptor impurity atom”. 

The acceptor energy state will be created where it is located close to the valence 

band as shown in Fig.7(b). Its energy is far smaller than conduction band 

energy. The empty state in the acceptor energy state will be occupied by valence 

electrons in valence band. When it has a small amount of thermal energy, the 

vacant electron positions in valence band can be thought of as holes. So, the 

acceptor atoms can generate holes in the valence band without generating 

electron in the conduction band. 

 

Both of n- and p-types semiconductors can also be basically described 

in the thermal-equilibrium concentration of electron and hole by applying 

Eq.(2.5) and (2.6), 
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Figure 6 (a) Two-dimensional representation of the silicon lattice doped with a 

phosphorus atom; (b) The energy-band diagram showing the effect of a donor 

state being ionized; (c) Density of states functions, Fermi-Dirac probability 

function, and areas representing electron and hole concentration for the case 

when EF is above the intrinsic Fermi energy [24]. 

 

n0 = ni exp[
EF- EFi

kT
] ,                                      (2.8) 

 

p
0
 = ni exp[

-(EF- EFi)

kT
] .                                    (2.9) 

 

Eq.(2.8) and Eq.(2.9) show that the Fermi energy level changes from the 

intrinsic Fermi level. In case of a n-type, EF>EFi . Then n0>p0 and the probability 

function in conduction band increases. Similarly, in a p-type case, EF<EFi so that  
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Figure 7 (a) Two-dimensional representation of the silicon lattice showing the 

ionization of the boron atom resulting in a hole; (b) The energy-band diagram 

showing the effect of a acceptor state being ionized; (c) Density of states 

functions, Fermi-Dirac probability function, and areas representing electron and 

hole concentration for the case when EF is below the intrinsic Fermi energy [24].  

 

p0>n0 and the probability, 1-fF(E), of an empty state (hole) in valence band 

decreases. 

 

 2.1.2 Principles of Solar Cells  

A solar cell is a p-n junction device with no voltage directly applied 

across the junction. It converts photo power into electrical power and delivers 

this power to an external load. 
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Figure 8 A p-n junction solar cell with resistive load. 

 

Consider the p-n junction with a resistive load. Even the zero bias 

applied to the junction, an electric field exists in the space charge region as 

shown in Fig.8. Incident photon illumination can create electron-hole pairs in 

the space charge region that will be swept out producing the photocurrent IL in 

the reverse-biased direction. IL produces a voltage drop across the resistive load 

which forward biases the p-n junction. The forward-bias voltage produces a 

forward-bias current, IF. The net p-n junction current in the reverse-biased 

direction is 

  

                   I = IL- IF = IL- IS[ exp (
eV

kT
) -1] ,                 (2.10) 

 

where the ideal diode equation has been used. The IS is the device saturation 

current. The photocurrent and the net solar cell current are always in the reverse-

biased direction. 

 

 

Figure 9 I-V characteristics of a p-n junction solar cell.  
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A plot of the diode current (I) as a function of the diode voltage (V) from 

Eq.(2.10) is shown in Fig.9. Interestingly, the short-circuit condition occurs 

when the resistance is zero so that voltage becomes zero. The current in this 

case is referred to as the short-circuit current, or  

 

      I = Isc = IL .                                          (2.11) 

 

The open-circuit condition occurs when the resistance is very large. The net 

current is zero and the produced voltage is the open-circuit voltage. The 

photocurrent is now balanced by the forward-biased junction current,  

 

                 I = 0 = IL- IS[ exp (
eV

kT
) -1] .                            (2.12) 

 

The open circuit voltage VOC can be defined as  

 

              Voc = Vt ln(1 + 
IL

IS
) ,                                       (2.13) 

 

 where Vt is the total voltage. The power delivers to the load is 

 

                                       P = I ∙V = IL ∙V - IS [exp (
eV

kT
) -1] ∙V .                   (2.14) 

 

The conversion efficiency of a solar cell is defined as the ratio of output 

electrical power to incident optical power (Pin). For the maximum power output 

(Pm), it can be written as 

 

                η = 
Pm

Pin
 × 100% = 

ImVm

Pin
 × 100% .                            (2.15) 

 

Thus, the maximum possible current and the maximum possible voltage are Isc 

and Voc, respectively. The ratio of ImVm/IscVoc is called the fill factor which is a 

measure of the realizable power from a solar cell. The fill factor of a good device 

is typically between 0.7 and 0.8 [24].   
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2.2 CuIn1-xGaxSe2  

 2.2.1 Fundamental properties 

The CuInSe2 and CuGaSe2 materials have the chalcopyrite structure as 

shown in Fig 10. They are ternary compound I-III-VI2 semiconductor. Group I 

is Cu, Ag, and Au. Group III is Al, In, and Ga. Group VI consists of S, Se, and 

Te. It forms a tetragonal unit cell with a ratio of the lattice parameters c/a 

approximately close to 2. The deviation of those lattice parameter is called the 

tetragonal distortion due to different strength of the Cu-Se and the In-Se or Ga-

Se bonds. 

 

 

 

Figure 10 The unit cell of the chalcopyrite structure [9]. 

 

 

The possible phases in the Cu-In-Se system are graphically described in 

Fig.11. The CIGS thin film is prepared under an excess supply of Se. It has 

compositions that fall on, or close to the tie-line between Cu2Se and In2Se3. The 

chalcopyrite phase of CuInSe2 is located on this line. The details of the Cu2Se-

In2Se3 tie-line near CuInSe2 are briefly described by the pseudo-binary phase 

diagram that shows in Fig.12. Above 500 °C, it widens towards the In-rich side. 

Typically, the average composition of films is about 22 to 24 at. % of Cu [9].  

 



 

 

24 

 

 

Figure 11 Ternary phase diagram of the Cu-In-Se system. Thin-film 

composition is usually near the pseudo-binary Cu2Se-In2Se3 tie line [9]. 

  

 

 

 

Figure 12 Pseudo-binary In2Se3-Cu2Se equilibrium phase diagram for 

compositions around the CuInSe2 chalcopyrite phase (α), The δ phase is the 

high-temperature sphalerite phase, and the β is as ordered defect phase (ODC). 

Cu2Se exists as a room-temperature (RT) or high-temperature (HT) phase [9]. 

 

CuInSe2 can be alloyed in any proportion with CuGaSe2, leading to form 

Cu(In,Ga)Se2 . In the same way, In2Se3 phase at the end point of the pseudo-

binary tie-line can also be allowed to form (In,Ga)2Se3 . Thus, it has a band gap 
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energy in range of 1.04 - 1.68 eV depending on Ga concentration. The CIGS 

solar cell with high performance can be fabricated with x = [Ga]/([Ga]+[In]) 

ratio ranges 0.2 to 0.3 and 0.7 to nearly 1 for y = [Cu]/([Ga]+[In]) ratio. Also, 

the band gap energy of 1.2 - 1.3 eV is desirable for the high efficiency solar cells 

[9]. 

 

There are important reasons that CIGS material was chosen for a solar 

cell. One reason is a high absorption coefficient among several semiconducting 

materials for solar cell application such as InP, CdTe, GaAs, a-Si, and c-Si. The 

relationship between absorption coefficients (cm-1) and photon energy (eV) of 

those materials is shown in Fig.13. The other reason comes from the limit for 

the efficiency of solar cell as shown in Fig.14. It known as Shockley-Queisser 

limit (SQ limit) that demonstrates the maximum theoretical efficiency of a solar 

cell using a single p-n junction device to collect power from the cell. The SQ 

limit indicates that CIGS material has potential to produce high efficiency which 

the maximum efficiency can increase up to about 30% [25].   

 

 

 

Figure 13 Absorption coefficient versus photon energy of various 

semiconducting materials [25]. 
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Figure 14 The theoretical efficiencies of various solar cell materials [25]. 

 

2.2.2 CuIn1-xGaxSe2 based-thin film solar cells 

The first CIGS solar cell started in 1975 when Bell laboratory scientists 

achieved a 12% solar cell conversion efficiency by evaporating n-type CdS onto 

p-type CuInSe2 single crystal. In the early 1985s, Boeing introduced a co-

evaporation process where Cu, In, and Se were deposited from separating 

evaporation sources and achieved a more than 10% efficiency. Then, Arco Solar 

Cell demonstrated a deposition-reaction process using Cu and In metallic 

precursors, with H2Se as the reacting chalcogen source that gave better device 

efficiency than the co-evaporation. In fact, a CIGS absorber layer was doped 

with Na during the deposition-reaction process. In 1995, Na-containing glasses 

became standard technique in co-evaporation as well. Both of them reached 

almost similar efficiency of around 14%. However, a more efficient growth 

technique belongs to co-evaporation which employed more complicated 

evaporation processes. The so-called three-stage process was invented in 1994 

by NREL group. They achieved an efficiency of 20%. Six years later, Wuerth 

Solar brought the co-evaporation into commercial production. They designed 

line-evaporation sources that were able to deposit on 2 ft-wide substrate. Such 

both processes are still in competition and may further be pursued in parallel. 

Nowadays, several laboratories around the world had the experience to prepare 

a CIGS solar cell with an above 19% efficiency [9]. In 2015, Solar Frontier 
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achieved an efficiency of 22.3% by co-evaporation [26]. Now, P. Jackson et. al. 

presently reached an efficiency up to 22.6% by using alkali post deposition 

treatment (PDT)  [27].  

 

   

 

Figure 15 One-dimensional energy band diagram of the ZnO/CdS/CIGS 

heterojunction showing p-n junction and surface defect layer (SDL) together 

with inter recombination center at the CdS/CIGS interface [25]. 

 

The typical structure of the CIGS solar cell consists of multi-layers of 

semiconducting materials with different band gaps to form a p-n junction. There 

are many materials used as a bottom substrate including glass, metal, and 

polymer. Soda-lime glass (SLG) is extensively used as a substrate. A CIGS 

layer is deposited on SLG coated with molybdenum. Then, a thin i-CdS layer is 

required as a buffer layer, and n-ZnO will be deposited as a window layer. There 

are three possible junction models such as the p-CIGS/n-CdS heterojunction, p-

CIGS/n-CIGS homojunction and p-CIGS/n-ordered defect compound (ODC) 

layer heterojunction [28]. The first one is the most widely accepted where the 

p-n junction is naturally formed at the interface between the two different 

materials, CIGS and CdS. The typical energy band alignment of CIGS thin film 

solar cell can be seen in Fig.15. 
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2.3 The Multi-Source Co-Evaporation 

 2.3.1 Multi-Source Co-Evaporation System  

The CIGS thin films are grown on the Mo/SLG substrates by multi-

source co-evaporation system with the base pressure of about 10-6 Torr when 

the source materials are not heated. The pure elements (Cu, In, Ga, and Se) are 

evaporated from four Knudsen-type sources or effusion cells (K-cell). The 

source crucibles are made of pyrolytic boron nitride (PBN) which are heated by 

heater filaments. These four crucibles are mounted on the baseplate at the 

bottom of the chamber. Typically, the four evaporation sources are 

independently controlled by programmable PID temperature controllers. A Mo-

coated SLG (2 mm thick with the area of 10 cm × 10 cm) substrate positioned 

approximately 25 cm above the sources is heated by radiation from the heater. 

The heater temperature (Theater) is controlled and kept constant by regulating 

the output power (OP) of the controller. The radiation from the front surface of 

the substrate is monitored by a high-resolution monochromatic (InGaAs, 1.55 

µm) pyrometer. The pyrometer is focused to the center of the substrate surface 

by the built-in laser guided device. The growth system is shown in Fig.16. 

During the process (almost 120 minutes), the substrate temperature (Tsub), 

heating OP (%OP) and temperature of the CIGS surface (Tpyro) are monitored 

simultaneously which is shown as an example of growth profile in Fig.17.  
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Figure 16 The multi-source co-evaporation system with the in situ monitoring. 

 

 
 

Figure 17 The example growth profile in a display monitor from co-evaporation 

system, e.g. three-stage process.  

 



 

 

30 

 2.3.2 Three-Stage Co-Evaporation 

The three-stage co-evaporation from elemental sources in the presence 

of excess Se vapour is the most successful CIGS absorber deposition method 

for high efficiency and small-area devices [29]. The three-stage process is a 

sequential process in which In and Ga are evaporated separately from the Cu. It 

was firstly introduced by the deposition of an (In,Ga)xSey compound, followed 

by the deposition of Cu and Se until the film reaches the desired composition  

[30], [31]. So, this process is to create the inter-diffuse layers to form the CIGS 

film. The other attempt allows the Cu delivery to continue until the film 

becomes an overall Cu-rich composition [32]. For third stage, bring the 

composition back to slightly Cu-deficient by evaporating In and Ga, again in 

the presence of excess Se. Then, the as-grown film forms the ternary 

chalcopyrite film. The deposition rate, substrate temperature, and film 

composition profiles can be schematically describes in Fig.18 and 19. 

 

 

 

Figure 18 Metal fluxes of three-stage process used to fabricate the CIGS film, 

including the substrate temperature profile used during the film growth. 
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Figure 19 The CIGS thin film compositions profile in three-stage process. 

   

 2.3.3 Calculation of the CIGS deposition rate  

Normally, before the beginning of the three-stage co-evaporation 

method, it is needed to find the suitable effusion cell temperatures. First, it 

begins by setting the x and y values. The relationship between the deposition 

rate and the effusion cell temperature is given by  

 

        ln(r) = 
a

T
+b ,           (2.16) 

 

where r is the deposition rate (Å/s), T is the effusion cell temperature (°C). The 

values of parameters a and b for each sources are from fitting the data with the 

least-square method. The example of the evaporation rate with temperature of 

each elemental source are shown in Fig.20. 
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(a) 

 

(b) 

 

(c) 

 

Figure 20 The graphs of evaporation rate obtained by the QCM versus 

elemental temperature of (a) Cu, (b) In and (c) Ga sources to obtain the 

parameters a and b by least-square fitting. 
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 Therefore, the deposition rates of elemental sources must be defined at 

first, especially the deposition rate of Cu source that depends on the required 

thickness of CIGS film as shown in Eq. (2.17) and (2.18) 

 

                      rCu = 
dCu

tCu
 ,                    (2.17) 

 

where rCu is the deposition rate of Cu (Å/s), dCu is the thickness of Cu (Å), and 

tCu is the deposition time of Cu (s). Due to the CuIn1-xGaxSe2 (CIGS) layer is an 

alloy of two compounds, CuInSe2 (CIS; x=0) and CuGaSe2 (CGS; x=1). The 

values of density (𝜌) and molecular mass (M) are function of x, and the ratio of 

NCu and NCIGS is equal to unity. 

 
dCu

dCIGS

 = 
NCu ∙ MCu

ρ
Cu

  
NCIGS ∙ MCIGS

ρ
CIGS

⁄  

 

        = 
NCu∙MCu∙[ρCIS∙(1-x)+ρCGS∙x]

NCIGS∙[MCu+MIn∙(1-x)+MGa∙x+2MSe]∙ρCu

 .                 (2.18) 

 

Given NCu is the number of Cu atoms, NCIGS is the number of CIGS molecules, 

𝜌i is the density of element i, and Mi is the molecular mass of element i. 

 

The rate of Ga (rGa) and In (rIn) can be calculated from 

 

            rGa = 
x

y
∙

αCu

αGa
∙rCu ,                     (2.19) 

 

  and                               rIn = 
(1-x)

y
∙

αCu

αIn
∙rCu ,                                 (2.20) 

 

where x is the ratio of Ga to group III elements Ga/(Ga+In) and y is the ratio of 

Cu to group III elements Cu/(Ga+In). 

 

The parameter 𝛼 is defined as the ratio of the 𝜌i to the Mi of each 

elements that it shown in Table 1. 

 

  αCu = ρ
Cu

 ∙ MCu
-1  = 0.1410 (mol/cm3) ,                     (2.21) 
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   αGa = ρ
Ga

 ∙ MGa
-1  = 0.0848 (mol/cm3) ,                     (2.22) 

 

and    αIn = ρ
In

 ∙ MIn
-1   = 0.0637 (mol/cm3) .                    (2.23) 

  

Substitution of rCu, rIn, and rGa into Eq. (2.16) as well as parameters a and 

b from obtained from the least square fitting of the data shown in the graphs of 

Fig.20, the working temperature of each element will be achieved. The details 

for the CIGS thin film fabrication in this work are described in the chapter 3.  

 

Table 1 Density and molecular mass of the material used in CIGS fabrication 

process [33]. 

 

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 

 

2.4 Chemical Etching Processes  

 2.4.1 Wet-etching method  

Indeed, there are two main etching methods such as wet etching and dry 

etching. The applications of various chemical types are described in Table.2. 

The wet chemical etching (WCE) or liquid solution etching is involved in the 

development or fabrication of any metal or metallic compounds, which it is used 

process in this study. A material can be typically immersed in a chemical bath. 

Wet chemical etchants are usually isotropic etching, leading to large bias when 

etching thick films. A major factor in chemical processing involves the physical 

structure of the material on which it is applied. There are a number of different 

applications such as removal, polishing, preferential, and structuring, etc. Water 

is the primary diluent for solution reactivity control. Also, both alcohol and 
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solvents are similarly used as well as other acids as buffering agents. About the 

surface oxidation, it can be a major concern in chemical processing that all metal 

and metallic compounds always have a native oxide on their surfaces. Such 

oxides are considered as surface contamination. There are oils, greases, dirt or 

other organic residues. The contamination directly alter both physical and 

electrical parameters. The individual metal and metallic layers may require a 

specifically designed solution in order to characterize the physical properties. 

The etching rates on concave and convex surfaces become a key factor for some 

special forming or fabricating methods.    

 

Table 2 The applications of each chemical types [15]. 

 

Chemical type Application 

Acid Cleaning, polish 

Alkali Damage removal, polishing, jet 

Alcohol Dislocation, preferential 

Gas Isotropic, oxide etch 

Halogen Anisotropic, oxide removal 

Ionic gas Junction, selective 

Metal Macro-etch, sphere 

Molten flux Micro-etch, structure 

Salt Mesa, stain 

Solvent Orientation, step 

Electrolytic Forming, thinning 
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In acid etch method, almost all known inorganic solids, whether they are 

an element, natural mineral or an artificially grown material can be etched in 

either a single acid or acid mixture. The material solubility is controlled by 

concentration with dilution usually by water or solution temperature. 

Semiconductors and many metal compounds require mixed acid to produce an 

oxidation-reduction reaction. Most acids are obtained and used in liquid form 

as a specific concentration in water. Also, it can be used in several physical 

ways including immersion, jet, spray, hot vapor, etc., and for specific results 

such as cleaning, polishing, surface structuring, defect development, or 

thinning.  

 

For alkali etch or base etch method, it is a solution with pH greater than 

7. They may be in liquid form such as ammonium hydroxide (NH4OH) or in 

solid form as potassium hydroxide (KOH) and sodium hydroxide (NaOH). The 

solid hydroxide must be dissolved in water or alcohol for a specific 

concentration. The term “hydroxide” is often used in place of alkali or base. 

Generally, hydroxides are weak etch at room temperature and primarily used for 

surface cleaning in concentration of 2 to 15%. The concentration between 20 to 

50% with heating to boiling, they act as removal etchants, surface preferential, 

and also developing crystallographic structure. Also, alkali can be used as 

molten fluxes for preferential etching such as on silicon [15]. 

 
 



 

 

CHAPTER III 

EXPERIMENTAL PROCEDURES 

In this chapter, the fabrication of the CIGS solar cell will be described 

at first. Especially, the three-stage co-evaporation is used to grow the CIGS thin 

film by fixed x- and y-values. Also, the details of growth profile and monitoring 

system in three-stage process will be explained. Then, the wet-etching method 

will be introduced to alter the CIGS surface in order to vary the surface 

roughness. The characterizations of thin film solar cells will be discussed such 

as field-emission scanning electron microscopy (FESEM), atomic force 

microscopy (AFM), current-voltage (I-V) measurement, and external quantum 

efficiency (EQE) measurement.  

 

3.1 CIGS Solar Cell Fabrication 

 3.1.1 Substrate preparation 

Soda-lime glass (SLG) is used as a substrate in this research. It is 10 cm 

× 10 cm and 2 mm thick. Before the deposition of the molybdenum back 

contact, the substrates must be cleaned. It is the first important step in solar cell 

fabrication. Because the various contaminations on the SLG surface can 

influence to a loss of adhesion that becomes an unknown defect in the film. 

First, it is rubbed with a soapy cellulose sponge. Then, it is put in an ultrasonic 

bath with deionized (DI) water. Next, it is immersed into a tank with DI-water 

and Micro-90 detergent. The tank is heated to 60 °C and, subsequently, put into 

an ultrasonic bath for 1 hr. After that, a rinsing step in 60 °C DI-water using 

ultrasonic bath is required and followed by soaking into Chromic acid (H2CrO4) 

bath for 1 hr. Finally, the substrates are rinsed and dried by DI-water again and 

nitrogen gas, respectively. 
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 3.1.2 Mo back contact 

There are many reasons to choose molybdenum (Mo) as a back contact 

of CIGS solar cell. First, Mo has a high melting temperature about 2,623 °C, 

and it does not degrade during CIGS growth process. Second, Mo is an Ohmic 

contact with CIGS material. It can react with selenium to form MoSe2 interface 

layer at high temperature about 600 °C. Third, it has a good adhesion property 

to the SLG substrate with suitable thermal expansion between the Mo film and 

the SLG substrate. Lastly, it has a low resistivity contact and especially has cost 

effectiveness [9].  

 

In this research, the Mo back contact layer is deposited by a dc sputtering 

technique using a Mo target with 99.95% purity. The substrate to target distance 

is about 6 cm. The sputtering pressure and power are about 3.0 × 10-6 mbar and 

550 W, respectively. The Ar gas flows during sputtering is 23.0 sccm. The 

substrate holder passes in front of the Mo-target with a speed of 3 rpm for the 

relaxation of the Mo film during the deposition process. With 12 min of 

sputtering time, 600 nm thick of Mo layer is obtained.  

 

 

 

Figure 21 The FESEM image of as-grown Mo surface. 

 

 3.1.3 CIGS absorber 

A CIGS thin films is grown by the three-stage co-evaporation technique. 

A 10 cm × 10 cm Mo/SLG substrate is mounted into metal frame at the top of 
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the deposition chamber. A flux of Se at 290 °C is evaporated in excess amount 

throughout the evaporating duration. In first stage, the substrate is heated to 370 

°C from the backside by means of heater delivering constant power. In, Ga, and 

Se are co-evaporated to form (In,Ga)2Se3 precursor. In the second stage, the 

substrate is then heated up to 560 °C in a flux of Cu and Se. Enough Cu is added 

to achieve the overall composition Cu-rich (y>1). Lastly, in a third stage, In, 

Ga, and Se are co-evaporated to bring the overall composition back into slightly 

Cu-poor regime (y ~ 0.9). By observing variation of Tpyro, Tsub, and %OP, the 

desired final Cu-deficient composition (end point detection or EPD) of the film 

can be obtained. The amount of In and Ga in the third stage is around 10% of 

the total in the first and third stages. The sample is then cooled down in a flux 

of Se for about 30 min. The total CIGS film thickness is approximately about 

1.8 µm. [Cu]/([Ga]+[In]) and [Ga]/([Ga]+[In]) ratios are set to achieve 0.90 and 

0.37, respectively. The compositions of the as-grown CIGS film are measured 

in order to verify [Cu]/([Ga]+[In]) and [Ga]/([Ga]+[In]) ratios by energy 

dispersive x-ray spectroscopy (EDS). Finally, the samples are delicately cut into 

nine pieces of 3 cm × 3 cm before the deposition of CdS.  

 

 

 

Figure 22 Temperature profile for the three-stage co-evaporation of CIGS thin 

film. 
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As mentioned above, in order to control a phase transition from Cu-rich 

to Cu-poor film, the in situ monitoring signals of substrate heating power and 

pyrometer are used to control the growth process. The main principle of CIGS 

film monitoring is based on the different emissivity of the change in 

[Cu]/([Ga]+[In]) ratio or y-value, including CuxSe, stoichiometric, and also Cu-

poor CIGS compounds. In Fig.22, it evidently shows that the monitoring signal 

is sensitive to the phase change. For pyrometer measurement, it measures the 

temperature of CIGS surface by observing irradiation of photon at wavelength 

1.55 µm. The periods of oscillations in the pyrometer signal can be used to 

verify the deposition rate of the film. The damping of the oscillation amplitude 

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

increasing roughness of reflecting surface. In addition, a reproducible co-

evaporation method requires good control of the elemental fluxes from each 

evaporating sources. The evaporation rates from each sources can be simply 

controlled by the source temperatures.  

 

   

   

Figure 23 The FESEM images of as-grown CIGS surface (left) and cross-

sectional view (right). 

 

 3.1.4 CdS buffer 

Cadmium sulfide (CdS) is a popular buffer layer which acts as a 

protecting layer between the CIGS absorber and the window layers. The 

benefits of a buffer layer is to protect the CIGS surface during the sputtering of 

i-ZnO, ZnO(Al), and intercept the diffusion of Zn into the CIGS layer. There 
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are many methods to deposit CdS such as chemical bath deposition (CBD) and 

sputtering techniques. The CBD method is usually preferred for CdS deposition 

which can achieve higher CIGS solar cell performance than sputtering 

technique. The CBD helps to clean or remove native oxides on CIGS surface 

before growing CdS. Naturally, the reaction in CdS-CBD is ion by ion 

mechanism or by clustering of colloidal particles. It may form cubic, hexagonal, 

or a mixture  of CdS lattice structure [9]. Moreover, an ion by ion mechanism 

can result in dense homogeneous CdS films with mixed cubic/hexagonal or 

predominantly hexagonal lattice structure. The significant issues at CIGS/CdS 

interface mainly come from the CBD process that shows a small electron barrier 

in conduction band and stoichiometric CdS are formed while the CdS-sputtering 

technique shows the Cu and Cd intermixing interface and S-rich CdS film [8]. 

 

In our CdS deposition steps, a CdS buffer layer by a standard CBD 

process is followed after the CIGS process. It is deposited as soon as possible 

after the samples are brought out in open air, normally within 5 min. This is 

done to minimize oxidation and other reactions of the CIGS layer that begins to 

occur as soon as it is exposed to air. The impurities at CdS/CIGS interface relate 

to a reduction of the electronic structure. The CBD bath contains a solution with 

80 ml of ammonia solution 25% (NH3), 0.37 M of thiourea (SC(NH2)2), and 

0.03 M of cadmium sulfate (CdSO4). The solution is mixed in a beaker at room 

temperature, and the as-grown CIGS is immersed into the beaker, which is 

constantly heated at 65 °C in a water bath. During the CBD process (15 min), 

the solution is stirred by magnetic bar with 150 rpm. In particular, native oxides 

are removed by the ammonia [9]. Then, it is immersed and rinsed into a beaker 

with DI-water to stop the growth process. Finally, it is dried with a nitrogen gas. 

This process yields about 50-100 nm thick of CdS layer. The chemical reaction 

mechanism of CdS deposition is explained by starting with the ionization of 

CdSO4, it is called the dissociation of complex to free Cd2+ ion.   

 

CdSO4 → Cd+ + SO4
2- ,                                    (3.1) 
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Consider the complexation of free Cd2+ by thiourea to give a Cd-thiourea 

complexation. 

 

    Cd2+ + CS(NH2)2 ↔ [(NH2)2CS-Cd]2+ ,           (3.2) 

 

 Then, the Cd-thiourea ion could hydrolyze by breaking the S-C bond to form a 

solid CdS cluster.  

 

    [(NH2)2CS-Cd]2+ + 2 OH- → CdS + 2 H2O .           (3.3) 

 

 3.1.5 ZnO window 

Basically, short wavelength light (<520 nm) is absorbed near the surface 

in the thick CdS layer and also does not generate any photocurrent. While a thin 

CdS layer allows no longer limited short wavelength collection in the CIGS 

layer. The transparent conducting materials can solve those problems. It has 

high resistivity and good transmission, leading to prevent current leakage 

(shunting) and especially can gain photocurrent by adjusting the band 

alignment. There are three main materials of the transparent conducting material 

class such as SnO2, In2O3:Sn (ITO), and ZnO. SnO2 requires high deposition 

temperatures that limit the potential of CIGS solar cell devices. It cannot 

withstand temperatures more than 200 to 250 °C after CBD-CdS process. For 

ITO and ZnO, it can both be used, but the most common material is ZnO which 

is favored by potentially lower material cost. Typically, the sputtering of doped 

ZnO films is preferred method for depositing the transparent window layer on 

CIGS device. ZnO has a wide band gap with an energy gap of 3.3 eV and also 

the large exciton energy of 60 meV at room temperature [9].   

 
In this work, a ZnO layer is sputtered on the top of CdS layer. A radio 

frequency (RF) sputtering technique, where the substrates are rotated during 

deposition, is used to deposit an undoped ZnO layer (i-ZnO). Subsequently, the 

Al-doped ZnO or ZnO(Al) are deposited. The ZnO(Al) target has 2% weight of 

Al2O3 and 3N purity, while i-ZnO target has a purity of 4N. The RF powers are 
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80 W and 220 W for the i-ZnO and ZnO(Al) layers, respectively. The oxygen 

and argon gases are mutually flow during sputtering to form i-ZnO layer. But 

ZnO(Al) layer uses argon gas only. The highly resistive i-ZnO layer has a 

typical thickness of about 50 nm. The thickness of the ZnO(Al) is about 200 

nm. In addition, ZnO(Al) has about 90% transparency and 10-4 Ω·cm of 

resistivity.    

 

 3.1.6 Al-grids 

The CIGS solar cell device fabrication is finished by thermal 

evaporation of aluminum Al-grids above the window layer. The base pressure 

is about 8.0 × 10-6 mbar. This Al-grid is deposited onto the cells to facilitate the 

current collection and provide a contact electrode for current–voltage (J–V) 

measurement. The grids are evaporated from aluminum wire with 5N purity 

where the grid pattern is defined using a shadow mask. It is designed in order 

to allow as much light as possible in to the device. The aluminum also facilitates 

an ohmic contact with ZnO window layer and measuring probe as well. The 

grid thickness is about 1.8 µm. The evaporation rate and film thickness are 

monitored with a quartz-crystal microbalance (QCM). Finally, after Al-grids 

evaporation, each cell area of 0.51 cm2 is defined by mechanical scribing. 8 

cells can be obtained on a 3 cm × 3 cm substrate as shown in Fig.24. 

 

 

 

Figure 24 The complete CIGS solar cell device. 
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3.2 Wet-Etching Method 

As mentioned in Chapter I, there are three wet chemical etchants to alter 

the CIGS surfaces in this study. One is acid such as aqua regia. The other is 

potassium hydroxide (KOH) and alcoholic potassium hydroxide (KOH+EtOH). 

The optimized concentrations and etching times were used in order to suitably 

control the etching rates. The thickness of CIGS films is fixed about 1.8 µm. 

The changes at the CIGS surfaces were studied in terms of roughness. 

 

 3.2.1 Aqua regia 

Aqua regia is a mixture of hydrochloric (HCl) and nitric (HNO3) acids. 

It consists of 3:1 concentration ratio of HCl:HNO3. Naturally, aqua regia is a 

yellow-orange fuming liquid. Upon mixing of concentrated HCl and HNO3 

acids, the chemical reaction occur in the volatile products of nitrosyl chloride 

and chlorine as evidenced fuming nature and characteristic yellow color of aqua 

regia. Aqua regia was first formulated and named by the European alchemist in 

the early 14th century. In that time, it is thought to be the universal etch for all 

metal and metallic compounds. It was the first solution for gold etching, and 

also the dissolving of platinum group (platinum, iridium, and osmium). The 

platinum group is slower etched than gold in aqua regia, even when using hot 

to boiling. In the industrial scale of gold refining, it can purified the highest 

quality (99.999%) gold.  Moreover, aqua regia does etch a few other metal and 

compounds. It can be either a removal, polish, or preferential solution. On other 

metals, it acts as a surface cleaning solution only. Also, aqua regia is particularly 

useful for removal the contamination on surface of heavy metals such as copper, 

iron, etc. The aqua regia solution varies in constituent concentrations that may 

be diluted with water or alcohols. However, aqua regia quickly loses its 

effectiveness, it should usually only mixed immediately before use [15]. 

 

In this research, aqua regia conditions were done by varying the 

concentration ratio. Deionized water was used for diluting the solution to make 

the different aqua regia conditions. It is firstly to prepare 12 ml of hydrochloric 

acid (37%) in a beaker, then adding 4 ml of nitric acid (60%) slowly. Next, 
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mixing these acids together by magnetic stirring bar for 2 min, and also leave it 

cools down for about 1 min before use. All samples will be immersed into the 

solution beaker by using given etching times. After that, it will be rinsed and 

dried by deionized-water injection for about 30 s and nitrogen gas until it 

perfectly dries, respectively. The different aqua regia conditions are shown in 

Table 3. 

 
Table 3 The aqua regia etching conditions by varying etching times. 

 

Condition 
Initial 

substance 

Concentration 

(Aqua regia : DI-water) 

Etching times 

(s) 

AR24_12 3HCl + HNO3 1 : 1 3 

AR24_13 3HCl + HNO3 1 : 1 4 

AR24_14 3HCl + HNO3 1 : 1 30 

AR24_15 3HCl + HNO3 1 : 1 60 

 

3.2.2 Potassium Hydroxide 

Potassium hydroxide (KOH) is inorganic compound with a colorless 

solid. It is also called “caustic potash”. Potassium hydroxide is a prototypical 

strong base with translucent pellets. Lower molecular weight alcohols including 

methanol, ethanol, and propanol are excellent solvents. Naturally, potassium 

hydroxide is highly basic which strongly form alkaline solution in water and 

other polar solvents. Moreover, it is a useful alkali that has several applications 

with inorganic compounds depending upon solution concentration, and/or 

temperature. The concentration of 2-10 % mixture at room temperature is used 

for surface cleaning. For 30-40 % at room temperature to about 40°C is good 

for general removal. And, more than 40% with boiling, it increasingly becomes 

preferential. Potassium hydroxide efficiently attacks oxide, such as silicon 

dioxide (SiO2). Furthermore, it is highly preferential and used for dislocation in 

silicon and other single crystals [15]. Also, potassium hydroxide reacts with 

carbon dioxide (CO2) to give bicarbonate (KHCO3). In early 19th century, 

potassium hydroxide was prepared by adding the potassium carbonate (K2CO3) 
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to a strong solution of calcium hydroxide (Ca(OH)2), leading to a metathesis 

reaction that caused calcium carbonate (CaCO3) to precipitate, then leaving 

potassium hydroxide in solution. By filtering off the precipitated calcium 

carbonate and boiling down the solution, it gives potassium hydroxide. 

Following equation is a chemical reaction for the potassium hydroxide 

manufacturing [35]. 

 

                 Ca(OH)2 + K2CO3 → CaCO3 + 2 KOH .            (3.4) 

 

Currently, it was largely replaced by the electrolysis of potassium 

chloride solution according to the below chemical reaction equation.  

 

              2 KCl + 2 H2O → 2 KOH + Cl2 + H2 .                 (3.5)  

 

In this study, there are two potassium hydroxide solutions due to the 

solvents, such as deionized water and ethanol, by using an optimized 

concentration ratio in order to suitably control the etching rate. For the first 

potassium hydroxide solution, it was done by mixing 60 g of potassium 

hydroxide pellets (0.102 g per pellet) in 200 ml of deionized water. Upon the 

magnetic stirring bar and the occurrence chemical reaction, its temperature can 

ramped up to about 45°C. Almost about 10 min or until it is absolutely 

dissolved, a desired 30 % w/v (5.35 M) with pH 14 of potassium hydroxide 

solution would completely prepared and ready to use. Also, all samples are 

immersed into the solution beaker by using the given etching times, then, rinsed 

and dried by deionized water injection for about 30 s and nitrogen gas, 

respectively. The conditions of potassium hydroxide in this study are described 

in Table 4.   
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Table 4 The potassium hydroxide conditions by varying etching times. 

 

Condition 
Initial 

substance 
Solvent Concentration pH 

Etching 

times (s) 

KOH2_1 

60 g 

KOH 

pellets 

200 ml 

DI-water 
30 % w/v (5.35 M) 14 

3 

KOH2_2 4 

KOH2_3 30 

KOH2_4 60 

 

3.2.3 Alcoholic Potassium Hydroxide 

Alcoholic potassium hydroxide is prepared by using ethanol solvent in 

order to compare the etching results when using potassium hydroxide with 

deionized water. Alcoholic potassium hydroxide (KOH+EtOH) was used to 

etch CuInSe2 film for monograin layer solar cell. The results show that it could 

remove preferentially Se, and the open-circuit voltage had decreased [18]. The 

other interesting motivation comes from an experiment on the texturisation of 

crystalline-silicon (c-Si) wafer. It was also studied by using alcoholic potassium 

hydroxide (KOH+Isopropanal) to produce the pyramidal shape of silicon film 

surface that can be seen in Fig.25 [36], [37]. 

 

For the preparation steps of alcoholic potassium hydroxide in this study, 

it is an analogous method to potassium hydroxide in deionized water. Similarly, 

it began by dissolving 60 g of potassium hydroxide pellets into 200 ml of 

ethanol, and, stirring them until it was perfectly dissolved. Etching step can be 

done by immersing the samples into the solution beaker by using given etching 

times. All conditions of alcoholic potassium hydroxide are summarized in Table 

5. 
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Figure 25 The SEM image of the surface of crystalline-silicon (c-Si) wafer after 

etching by dipping in a solution of H2O/KOH/IPA (Isopropanal) [37]. 

 

Table 5 The alcoholic potassium hydroxide conditions by varying etching 

times. 

 

Condition 
Initial 

substance 
Solvent Concentration pH 

Etching 

times (s) 

KOHE14_1 

60 g 

KOH 

pellets 

200 ml 

Ethanol 
30 % w/v (5.35 M) 14 

3 

KOHE14_2 4 

KOHE14_3 30 

KOHE14_4 60 

 
3.3 Characterization Techniques 

 3.3.1 Scanning Electron Microscopy (SEM) 

In order to study film surface morphology, and micro- or nano-structure 

of matters, it needs to use a very special microscope. Scanning electron 

microscope (SEM) is a basic characterization tool for films and surfaces. The 

schematic SEM column is shown in Fig.26. The electron beam emits from a 

heated filament and are accelerated to an anode. There are two condenser lenses 

that focus the electron beam onto a very small spot size of diameter. By a pair 

of scanning coils that placed at the objective lens, the electron beam will be 

deflected to a specimen surface area. The electron beam has energy by 

accelerated voltage with a few kV to 30 kV. When the primary electrons hit and 
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transfer energy on the specimen. Electron and photon signals radiate from a 

teardrop-shaped interaction volume with various electronic excitations or 

energy spectrums. But there is an imaging mode based on electron signal used 

in this study, which is secondary electron mode. 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 [38]. 

 

 The JEOL JSM-7001F field emission scanning electron microscope 

(FESEM) was used to characterize the as-grown and modified CIGS surfaces in 

this study. It uses field emission gun which instead of the thermionic emitters 

in the traditional SEM. It does not heat the filament, the emission is reached by 

placing the filament in the huge electrical potential gradient. Especially, the 

FEG produces a cleaner image, less electrostatic distortion, and spatial 

resolution less than 2 nm. It also has the Schottky type field emission (T-FE) of 

electron source. The resolution can adjusts up to 1.2 nm at 30 kV of electron 

accelerated voltage. There are two vacuum pumps in the FESEM. First is 

sputter-ion pumps in the electron beam system. The other is diffusion pump for 

sample chamber. In this study, the (30,000×) and (100,000×) magnifications 

were used in order to see more differences clearly. 

 

 

 

Figure 26 The typically schematic diagram of SEM column [39]. 
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3.3.2 Atomic Force Microscopy (AFM) 

The surface roughness of CIGS films can be analyzed by AFM 

technique. By interaction of atomic force between sample surface and probe, it 

results the simulated topography image. Basically, AFM contains a cantilever 

with very small and sharp tip (probe) at the end. Cantilever is an arched 

mechanical probe. Firstly, the laser beam is focused onto the tip of cantilever 

that it is moving on the sample surface. When tip is tow passing the sample 

surface, the atomic reaction forces between sample surface and tip can raise the 

cantilever to arch itself. This situation detects the magnitude of atomic forces at 

the distance between sample surface and tip atoms, leading to obtain a resulting 

energy which is interpreted signals then imaging the sample surface.  

 

 

Figure 27 The principle of atomic force microscopy (AFM) [40]. 

 

The surface roughness value can be measured by a statistical analysis 

method. It represents the total roughness of sample surface which is calculated 

via the root mean square (rms) method. The distances between the highest and 

the lowest surface positions can be studied as z-range. The definition of surface 

roughness and z-range are shown by following equations,      

 

                                        rms-roughness (Rq) = √
Σi=1

N (hi-h̅)
2

N
 ,                          (3.6) 
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where hi is an any height range, h̅ is an average height, and Ni is the number of 

averaged data; 

 

                             z range =  hmax - hmin ,               (3.7) 

 

where hmax is the maximum height of sample surface (nm) and hmin is the 

minimum height of sample surface (nm).     

The AFM (Veeco Dimension 3100) with tapping mode was used in the 

study. The tapping mode is an AFM imaging mode by keeping the probe closes 

enough to the sample for short-range forces to become detectable while 

preventing the tip from sticking with the sample surface. Tapping mode is 

frequently used AFM mode when operating in ambient conditions or in liquids. 

For the basic operating process, it is firstly to place sample on the specimen 

holder, then, adjust the sample to the laser beam position. Turn on a vacuum 

system for holding sample with the holder. Next, bring the tip down closing to 

the sample surface. It scans along the CIGS surfaces. The size of scanning 

images is 5 µm × 5 µm. The resolution of rms-roughness values is about 1 nm.    

 

3.3.3 Current-Voltage (I-V) Measurement 

The CIGS solar cell parameters being interested are short-circuit current 

(Isc), open-circuit voltage (Voc), fill factor (FF), and especially efficiency (η). 

The I-V measurement is a common method to determine those parameters. The 

I-V characteristic is the superposition of the I-V curve of solar cell diode in the 

dark with light-generated current. The light has the effect of shifting I-V curve 

which is down into the fourth quadrant where power can be extracted from the 

diode. Without illumination, a solar cell has the same characteristic as a diode. 

When light shines on the cell, the I-V curve shifts as the cell begins to generate 

power. So, with greater light intensity, the amount of shift will be greater.  

 

In this research, the completed cell devices were measured by a Xenon 

lamp based solar simulator with a DC power supply and a voltage source/current 

measurement unit (Keithley model 237). The solar cell performance is 
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measured under the standard test condition (A.M. 1.5 at 25 °C). The intensity 

of light is always kept at 100 W/cm2. The measurement unit is interfaced with 

a PC via IEEE-488 card. The data processing is controlled by Agilent VEE 

program.  

 

3.3.4 External Quantum Efficiency (EQE) Measurement 

Quantum efficiency is a tool to characterize the losses responsible for 

the difference in current. The light-generated current is the integral of the 

product of the external quantum efficiency (EQE) and also illumination 

spectrum. By illuminating, the information of photocurrent collection for each 

photon wavelength are revealed as an EQE curve. The quantum efficiency for 

solar cell is basically reduced due to the recombination effect. EQE is naturally 

due to the band gap of CIGS absorber layer, CdS buffer layer, ZnO window 

layer, and also a series of loss mechanisms. There are six main current loss 

mechanisms in the typical QE curve which are shown in Fig.28 and Table 6. 

  

On the other hand, the internal quantum efficiency (IQE) refers to the 

efficiency with no reflected and transmitted photon out of the cell. By measuring 

the optical losses, the EQE curve can be corrected to obtain the IQE curve. 

Hence, QE result generally yields the properties of each layer comprising the 

cells. However, all CIGS solar cell devices in this study were interpreted via 

EQE only. 
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Figure 28 Quantum efficiency (solid lines) at 0 V and -1 V and optical losses 

for a Cu(InGa)Se2/CdS solar cell in which the Cu(In,Ga)Se2 has Eg = 2.12 eV  

[9]. 

 

Table 6 The optical and collection losses illustrated in Figure 28 for a typical 

Cu(In,Ga)Se2/CdS solar cell [9]. 

 

Region in 

Fig.28 
Optical loss mechanism 

ΔJ 

(mA/cm2) 

(1) Shading from grid with 4% area coverage 1.7 

(2) Reflection from Cu(In,Ga)Se2/CdS/ZnO 3.8 

(3) Absorption in ZnO 1.8 

(4) Absorption CdS 0.8 

(5) Incomplete generation in Cu(In,Ga)Se2 1.9 

(6) Incomplete generation in Cu(In,Ga)Se2 0.4 

 

 



 

 

CHAPTER IV  

RESULTS AND DISCUSSION 

In this chapter, I will discuss and compare the results of the non-etched 

CIGS surface with the altered CIGS surface in order to study the relationship 

between the roughness of CIGS surface and the efficiencies of the CIGS solar 

cells. There are three chemical solutions that I made some attempts, e.g. aqua 

regia, potassium hydroxide (KOH), and alcoholic potassium hydroxide 

(KOH+EtOH). I found that aqua regia could significantly affect the CIGS 

surface roughness and especially solar cell parameters. Moreover, the spectral 

response results will also be discussed.  

 

4.1 Surface morphology and RMS roughness 

The FESEM images of potassium hydroxide and alcoholic potassium 

hydroxide etching conditions are shown in Table 7 and 8, respectively. Both of 

them tend to result in unchanged surfaces when compared with the non-etched 

surface. However, the AFM analysis could clearly reveal that their etched CIGS 

surfaces changed a little bit. Even at longer etching times (more than 60 s), the 

roughness did not change. The rms roughness values of those conditions are also 

described in last column of Table 7 and 8. 

 

On the other hand, the FESEM results of aqua regia conditions at 3, 4, 

30, and 60 s etching times are shown in Table 9. At 3 and 4 s of etching times, 

it could not visually change the CIGS surface when compared with the non-

etched surface condition. While etching at 30 and 60 s the changes could be 

clearly seen. It shows very small size of pores distributing around the CIGS 

surface. Etching at 60 s results in higher number of pores than etching at 30 s. 

The existence of these pores is believed to create rougher surface, but the rms 

roughness indicates that etching with 4 s produced very rough surface than the 

others. Hence, it is proved that etching at 30 s and 60 s could make smoother 

surface with pores. 
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The surface morphology and rms roughness results are summarized in 

Table 10. The aqua regia etching conditions significantly changed CIGS surface 

roughness. It shows that there is extremely etched CIGS surface at 3 s to 4 s and 

the rms roughness immediately increases up to 71 nm. At longer etching times, 

the rms roughness decreases down to 56 nm, while at 30 s to 60 s the roughness 

remains constant. In contrast, potassium hydroxide and alcoholic potassium 

hydroxide etchings barely affect the CIGS surface roughness. Their rms 

roughness values are almost the same even at longer etching times. 

Nevertheless, etching with aqua regia more than a minute decreases the 

thickness of CIGS film, and leaves more chemical residues.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Table 10 The comparison of surface morphology and rms roughness results  

          of aqua regia, KOH, and KOH+EtOH etching conditions. 

 

Condition 
Chemical 

etchant 
Conc. 

Etching 

time (s) 

rms 

roughness 

(nm) 

Note 

Non-etch - - - 59 - 

AR24_12 Aqua regia 1 : 1 3 62 Rougher 

AR24_13 Aqua regia 1 : 1 4 71 Rougher 

AR24_14 Aqua regia 1 : 1 30 56 
Smoother + 

Pore 

AR24_15 Aqua regia 1 : 1 60 57 
Smoother + 

Pore 

KOH2_1 KOH 30 % w/v 3 59 Unchanged 

KOH2_2 KOH 30 % w/v 4 60 Unchanged 

KOH2_3 KOH 30 % w/v 30 59 Unchanged 

KOH2_4 KOH 30 % w/v 60 59 Unchanged 

KOHE14_1 KOH+EtOH 30 % w/v 3 60 Unchanged 

KOHE14_2 KOH+EtOH 30 % w/v 4 59 Unchanged 

KOHE14_3 KOH+EtOH 30 % w/v 30 59 Unchanged 

KOHE14_4 KOH+EtOH 30 % w/v 60 59 Unchanged 
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Accordingly, to make different CIGS surface roughness such as rougher 

or smoother surfaces. Aqua regia concentration was varied and etching times 

are shown in Table 11. Also, the FESEM and AFM results of these different 

aqua regia conditions are displayed in Table 12. 

 

Table 11 The different aqua regia etching conditions by varying concentrations 

and etching times. 

 

Condition 
Initial 

substance 

Concentration 

(Aqua regia : DI-water) 

Etching times 

(s) 

AR20_16 3HCl + HNO3 1 : 0 3 

AR20_17 3HCl + HNO3 1 : 0 4 

AR21_6 3HCl + HNO3 2 : 1 30 

AR22_2 3HCl + HNO3 3 : 2 3 

 

In Table 12, using aqua regia without mixing with deionized water (pure 

aqua regia) at a few seconds shows smoother CIGS surfaces at increasing 

etching time. Etching conditions of AR20_16 and AR20_17 show smoother 

surfaces, while AR21_6 shows rougher surface with pores and has higher rms 

roughness than the non-etch condition. Moreover, AR22_2 condition created 

very rough CIGS surfaces, and thickness is deteriorated when etching at longer 

times. The aggregation of grains in AR22_2 causes very rough CIGS surface. 

Although, AR21_6 approximately gives the same rms roughness value with 

AR24_13 that is about 71 nm, it is rougher surface with pored while AR24_13 

has no pored at all. The thickness of altered CIGS films via aqua regia etchings 

is changed about a few nanometers by surface roughness modification.   
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In order to visually observe more differences an etched CIGS surfaces 

in each aqua regia etching conditions, it needs to zoom in or use higher 

magnification (100,000×), that can reveal more details. The results between 

high and low magnifications FESEM images of different aqua regia etching 

conditions can be seen in Table 13.  

 

The AR24_13 condition clearly shows the aggregation of grains that 

produces high rms roughness up to about 71 nm. The edges of the grain become 

noticeably sharper. Also, very small pores or holes in both AR24_14 and 

AR24_15 conditions can be observed. The number of pores depend on etching 

times which AR24_15 has higher number of pores than AR24_14. The size of 

pores in AR24_14 condition is approximately less than 100 nm, while AR24_15 

condition show larger size than 100 nm. However, the occurrence of larger pores 

can be seen as a scratch, some of them are likely a hole-line that distribute 

around the main area of grains and boundaries. The grain boundaries in 

AR20_16 and AR20_17 conditions evidently merge together that create 

smoother surfaces. The AR21_6 condition shows rough surface with various 

pore sizes which produce higher rms roughness value. The shape and size of 

pores in AR24_14 and AR24_15 clearly differ from AR21_6. In addition, the 

AR22_2 condition shows the aggregation of grains on the rims that cause very 

rough surface.  
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Table 13 The FESEM images of different aqua regia etching conditions with 

30,000× and 100,000× magnification. 

 

 

 

 

Condition 
FESEM image 

30,000× 100,000× 

Non-etch 

  

AR24_12 

(1:1, 3 s) 

  

AR24_13 

(1:1, 4 s) 

  

AR24_14 

(1:1, 30 s) 

  

AR24_15 

(1:1, 60 s) 
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Condition 

FESEM image 

30,000× 100,000× 

AR20_16 

(1:0, 3 s) 

  

AR20_17 

(1:0, 4 s) 

  

AR21_6 

(2:1, 30 s) 

  

AR22_2 

(3:2, 3 s) 
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4.2 J-V curves 

The effect of the modified CIGS surfaces on solar cell parameters can 

be studied by J-V characteristics. It showed that potassium hydroxide (KOH) 

and alcoholic potassium hydroxide (KOH+EtOH) etching conditions 

correspondingly produced lower solar cell parameters than the non-etched 

condition such as short-circuit current density (Jsc) and also open-circuit voltage 

(Voc) which can be seen in Fig.29 and 30. Also, the rms roughness and solar cell 

parameters of both hydroxide conditions can be shown in Table 14. Potassium 

hydroxide tends to decrease the values of solar cell parameters. Alcoholic 

potassium hydroxide closely shows the same solar cell parameters as the non-

etched condition especially an efficiency when etching at 30 s. It indicated that 

alcoholic potassium hydroxide did not affect the solar cell parameters. However, 

series resistance (Rs) and shunt resistance (Rsh) in both hydroxide conditions are 

clearly higher and lower than the non-etched condition, respectively.  

 

 
 

Figure 29 The J-V curves of potassium hydroxide etching conditions. 
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Figure 30 The J-V curves of alcoholic potassium hydroxide etching conditions. 

 

 
 

Figure 31 The J-V curves of aqua regia etching conditions. 
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On the other hand, an aqua regia etching condition could achieve higher 

Jsc, as shown in Fig.31. It is a condition with 1:1 ratio at 4 sec or AR24_13 (blue 

line) that significantly produced higher Jsc and Voc than the other conditions 

especially the non-etched condition (black line). Moreover, it produced high 

efficiency, fill factor and shunt resistance as well. Normally, the reduction of J-

V curves causes by decreased shunt resistance (RSh) and increased series 

resistance (RS), leading to lower fill factors. This means that the quality of p-n 

junction and carrier path throughout might be enhanced.  

Hence, the different aqua regia etching conditions in Table 14 were also 

studied in term of J-V curves and solar cell parameters. The trend of J-V curves 

of different aqua regia etching conditions can be seen in Fig.32, and the solar 

cell parameters are shown in Table 15. 

 

 

Figure 32 The J-V curves of different aqua regia etching conditions. 
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In Fig.32, most of aqua regia etching conditions except AR24_12 and 

AR24_13 tend to worsen the situation. The trend of Jsc subsequently dropped 

with the conditions of pure aqua regia (AR20_16 and AR20_17), AR21_6, and 

AR22_2, whereas Voc tends to increase. In Table 15, it shows that AR24_13 

achieved the highest efficiency of about 13.4%. Moreover, Jsc and Rsh 

significantly increase. The conditions of AR21_6 and AR24_13 show similar 

results of the same rms values, but their solar cell parameters are extremely 

different with AR21_6 having the lowest efficiency. Very rough CIGS surface 

of AR22_2 condition gave the lowest current density. 

Briefly, the relationship between rms roughness values and solar cell 

parameters in Table 15 can be plotted in Fig.33, 34, 35, and 36 with the dash 

line representing the rms roughness value of non-etched condition. Smoother 

CIGS surfaces and also very rough CIGS surfaces (AR22_2) tend to produce 

lower Jsc, fill factor and also efficiencies, but higher Voc. Noticeably, the 

conditions of AR21_6 and AR24_13 similarly show the same rms roughness 

values. But their surface characteristics are clearly different. The AR21_6 

condition produced rougher and pored CIGS surface roughness, leading to 

highest Voc, but lowest Jsc, FF, and especially efficiency. Whilst, the AR24_13 

condition resulted rougher CIGS surface without pores distributing around the 

grain boundaries as shown in FESEM images results. Also, AR24_13 condition 

gave unique results in terms of surface morphology, rms roughness, and solar 

cell parameters as well. At this point, it indicates that the CIGS surface feature 

is necessary to consider for manufacturing CIGS solar cell devices, because 

even it has the same rms roughness values, perhaps they have different surface 

features. Also, it directly affects the formation of p-n junction or electronic 

structure. Rougher surfaces without pored have higher probability to collect the 

incident light, thus generating more photocurrent or light trapping, and leading 

to better solar cell performance. Smooth surface features produce higher light 

scattering instead. As a result, rougher CIGS surface with sharper grain 

boundary (AR24_13) significantly results in higher solar cell parameters, it may 

be an optimal surface feature. 
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Figure 33 The trends of short-circuit current densoty (Jsc) vs. rms roughness of 

different aqua regia etching conditions. 

 

 

 

Figure 34 The trends of open-circuit voltage (Voc) vs. rms roughness of 

different aqua regia etching conditions. 
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Figure 35 The trends of fill factor (FF) vs. rms roughness of different aqua regia 

etching conditions. 

 

 

 

Figure 36 The trends of efficiency (η) vs. rms roughness of different aqua regia 

etching conditions. 
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4.3 Spectral responses 

The EQE curves of altered CIGS surfaces relatively correspond to the J-

V curves. Etching with potassium hydroxide evidently resulted in lower EQE 

curves than the non-etched condition even etching at very short times as shown 

in Fig.37. For alcoholic potassium hydroxide etching condition, it is closed to 

the non-etched condition, which can be seen in Fig.38. At short wavelength 

(350–500 nm), it represents the light absorption ranges for the energy gaps of 

ZnO-window layer and CdS-buffer layer, respectively. Here, the EQE curves of 

both hydroxide conditions are similar to the non-etched condition at short 

wavelength, i.e. it really did not affect thin film layers above the CIGS. Since 

wavelength above 600 nm, it is a range of light absorption in CIGS, it suggests 

that the lower EQE curves come from low carrier collection in CIGS bulk thus 

generating lower photocurrent.  
 

 

 

Figure 37 The EQE curves of potassium hydroxide (KOH) etching conditions. 
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Figure 38 The EQE curves of alcoholic potassium hydroxide (KOH+EtOH) 

etching conditions. 

 

 
 

Figure 39 The EQE curves of different aqua regia etching conditions. 
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Besides, the possible explanation is that both hydroxide etching 

conditions will not affect the CIGS surface roughness. Potassium hydroxide 

never helps to improve CIGS solar cell performance, actually worsen the 

situations. It possibly comes from the changes of chemical compositions at 

etched CIGS surfaces. Some chemical reaction mechanisms occur during 

etching processes, leading to subsequent lower J-V and EQE curves.  

 

For the EQE curves of etched CIGS surfaces by various aqua regia 

etching conditions in Fig.39. The conditions of AR24_12, AR24_13, and 

AR24_14 show slightly higher EQE curves at about 550 nm. It indicates that 

the CdS/CIGS interface might be improved, leading to reduction of interface 

recombination and generate more photocurrent. The reduction of EQE curves at 

long wavelength is caused by incomplete collection effects. Some charge 

carriers deep inside CIGS absorber are probably recombined before reaching 

the space charge region (SCR). Lower EQE curves at short wavelength are due 

to the large number of carriers which generated by optical absorption in ZnO 

and CdS layers are recombined and cannot contribute to collected photocurrent. 

The main optical losses in other aqua regia etching conditions come from 

recombination at CdS/CIGS interface and incomplete collection in CIGS bulk. 

Hence, it is confirmed that very rough, and even smoother with pored CIGS 

surfaces result in lower EQE curve at short wavelength, leading to low 

photocurrent at CdS/CIGS interface or increasing chances of recombinations. 

As mentioned, this situation directly affects to the carrier collection in CIGS 

bulk. On the other hand, the latter four aqua regia etching conditions refer to the 

destruction at the CIGS surfaces. The long wavelength at about 800-1100 nm 

indicated that light is smaller absorbed inside CIGS bulk, actually it was 

deteriorated when using higher aqua regia concentrations. The morphology and 

structure of CIGS films was clearly changed via observing their SEM images. 

Hence, the varied aqua regia concentrations become the other key parameters.



 

 

CHAPTER V 

SUMMARY 

 This thesis presents the wet-chemical etching (WCE) process on CIGS 

thin film surfaces for solar cell application. The samples of CIGS thin film were 

grown by three-stage co-evaporation technique with fixed x = [Ga]/([Ga]+[In]) 

and y = [Cu]/([Ga]+[In]). The methods to etch the CIGS surfaces have been 

studied by using commonly used chemical solutions such as aqua regia, 

potassium hydroxide (KOH), and alcoholic potassium hydroxide 

(KOH+EtOH). The roughness of CIGS surface has an important role affecting 

solar cell properties such as p-n junction formation and especially solar cell 

parameters. 

 

There are three main parts of the results in order to study the relationship 

between the roughness of CIGS surfaces and the solar cell parameters and also 

spectral responses. 

 

 Surface morphology and rms roughness:  

Using aqua regia etching could effectively alter the surface 

of CIGS films. Conversely, potassium hydroxide and also alcoholic 

potassium hydroxide tend to have no significant effects. The various 

CIGS surface roughness can be suitably obtained from aqua regia 

etching condition with varying concentrations and etching times. 

The different rms roughness values were studied. Noticeably, any 

pored CIGS surfaces probably act as a defect that occurs after the 

deposition of CdS layer, leading to lower device performance. The 

number of pores increase at longer etching duration. The occurrence 

of pores usually happens around grain boundaries. Etching more 

than a minute decreases the thickness of CIGS film and has high 

probability to leave more chemical residues. In order to reveal more 

detail about surface compositions of etched CIGS surfaces, it needs 

to use the other characterization techniques such as secondary ion 
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mass spectrometer (SIMS) or equivalent tools which may be a future 

work.     

 

 J–V curves:  

Potassium hydroxide and alcoholic potassium hydroxide 

etching conditions show worse J-V curves than the non-etched 

condition. The surface roughness features clearly impact solar cell 

parameters, especially Jsc and efficiencies. By using 1:1 

concentration ratio of aqua regia : deionized water at 4 s with 71 nm 

of rms roughness value (AR24_13), it tends to result in an increase 

of efficiency at about 13.4%. Although, it did not achieve very high 

efficiency. But Jsc, Voc, and Rsh are significantly increased. 

Increasing of Rsh means the quality of p-n junction could be 

enhanced. Smoother CIGS surfaces and also very rough CIGS 

surface tend to produce lower efficiencies, Jsc, and fill factor, but 

higher Voc.  

 

 Spectral responses:  

The EQE curves of potassium hydroxide and alcoholic 

potassium hydroxide etching conditions are not better than the non-

etched condition. Especially, potassium hydroxide etching 

conditions never help to alter the CIGS surface, actually worsen the 

situation. Even the surface roughness did not change, perhaps it 

affects chemical compositions at CIGS surfaces, leading to lower 

EQE curves. Briefly, the main optical loss mechanisms come from 

the recombination at CdS/CIGS interface and incomplete carrier 

collection in CIGS bulk. The aqua regia conditions at a few seconds 

of etching times of 1:1 ratio result in an improvement at short 

wavelength about 550 nm. It means that the CdS/CIGS interface is 

enhanced which can reduce the interface recombination, thus 

generate more photocurrent. The altered CIGS surfaces with pores 

result in lower EQE curves.       
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