
 

 

저 시 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

l 차적 저 물  성할 수 습니다.  

l  저 물  리 목적  할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

http://creativecommons.org/licenses/by/2.0/kr/legalcode
http://creativecommons.org/licenses/by/2.0/kr/


 

 

DISSERTATION 

 

INORGANIC – ORGANIC TANDEM SOLAR CELLS: Investigation and Design 

 

 

 

 

 

 

Submitted by 

Heejin Ahn 

Department of Physics 

 

 

 

 

 

 

 

 

University of Ulsan 

Ulsan, Korea 

February 2019 

 

  

[UCI]I804:48009-200000180992[UCI]I804:48009-200000180992[UCI]I804:48009-200000180992



 

 

 

 

INORGANIC – ORGANIC TANDEM SOLAR CELLS: Investigation and Design 

 

 

Supervisor: Youngho Um 

A Dissertation 

 

 

 

 

Submitted to 

the Graduate School of the University of Ulsan 

In partial Fulfillment of the Requirements 

for the Degree of 

 

Doctor of Philosophy 

by 

 

Heejin Ahn 

 

Department of Physics 

Ulsan, Korea 

February 2019 

 



 

 

University of Ulsan 

February 2019 

WE HEREBY RECOMMEND THAT THE DISSERTATION PREPARED UNDER OUR 

SUPERVISION BY YOUNGHO UM ENTITLED INORGANIC – ORGANIC TANDEM 

SOLAR CELLS: INVESTIGAION AND DESIGN BE ACCEPTED AS FULFILLING IN 

PART REQUIREMENTS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY. 

 

This certifies that the dissertation 

of Heejin Ahn is approved 

 

 

Prof. Sung-lae Cho                Signature:  

Department of Physics, University of Ulsan                                           

Chair of Committee    

 

Prof. Shinuk Cho                 Signature:  

Department of Physics, University of Ulsan                                           

 

Prof. Young-han Shin              Signature:  

Department of Physics, University of Ulsan                                           

 

Prof. Hyoyeol Park               Signature:  

Electrical & Electronic Engineering, , Ulsan College                                    

  

Prof. Youngho Um               Signature:  

Department of Physics, University of Ulsan                                            

Thesis Advisor 

  



i 

 

ABSTRACT OF DISSERTATION 

 

INORGANIC – ORGANIC TANDEM SOLAR CELLS: INVESTIGATION AND DESIGN 

 

Organic and inorganic solar cells with the advantages of low cost and easy fabrication 

process, can be the great prospects of commercial applications. In order to overcome the 

Shockley-Queisser limit of the single junction solar cells, their tandem structure becomes an 

emerging technology. One way to achieve very high efficiencies is to make a tandem solar cell, 

in which multiple absorbing layers are used to divide the solar spectrum into parts. This allows 

tandem cells to reach efficiencies far beyond those achievable by single junction technologies, 

with the current record efficiency at 43.5%. We believe there is a great opportunity for a low-

cost tandem device: one that combines the high efficiencies of multi-junction cells with the 

lower cost, higher throughput and relative defect tolerance of thin film technologies. Here we 

argue for the potential of a hybrid tandem photovoltaic, in which the top cell is an emerging 

photovoltaic technology that can be deposited at low temperatures and with rapid throughput, 

such as an organic or dye-sensitized cell, and the bottom cell is one of a variety of traditional 

inorganic photovoltaics. Low temperature processability is critical because most inorganic 

photovoltaic technologies have a highly optimized thermal processing flow and adding a top 

cell at high temperatures can damage the layers already there. Depositing the top cell layers 

near room temperature make hybrid tandem photovoltaic highly versatile in that it can be 

applied to nearly any inorganic cell to convert it to a tandem device.  

In this thesis, we designed the structure of hybrid tandem solar cell where the top cell is 

an organic bulk heterojunction solar cell, and the bottom cell is inorganic CIGS solar cell.  



ii 

 

In chapter 2, we introduced the manufacturing of CIGS solar cells, which includes the 

deposited conditions of each unit layer and the experimental procedures. Soda-lime glass of 

about of 1 ~ 3 mm thickness is commonly used as a substrate. A molybdenum (Mo) metal layer 

is deposited (commonly by sputtering) which serves as the back contact and reflects most 

unabsorbed light back into the CIGS absorber. Following molybdenum deposition, a p-type 

CIGS absorber layer is grown by 3-stage process method. A thin n-type buffer layer is added 

on top of the absorber. The buffer layer is typically cadmium sulfide (CdS) or zinc sulphide 

(ZnS) deposited via chemical bath deposition. The i-ZnO layer is used to protect the CdS (ZnS) 

and the absorber layer from sputtering damage while depositing the ZnO:Al window layer. The 

Al doped ZnO serves as a transparent conducting oxide to collect and move electrons out of 

the cell while absorbing as little light as possible. 

In chapter 3, we used a transparent silver nanowire (AgNW) electrode on organic solar 

cells to achieve a semi-transparent device. We placed the semi-transparent cell in a 

mechanically-stacked tandem configuration onto CIGS thin film in order to achieve solid-state 

polycrystalline tandem solar cells with a net improvement in efficiency over the bottom cell. 

In this chapter, we demonstrated a solution processable top electrode for conventional organic 

photovoltaic (OPV) devices. All solution-processed solar cells, with the device structure glass/ 

ITO/PEDOT:PSS/P3HT:PC61BM/ZnO/Ag NW, reached a PCE of 1.28%. Also, we found that 

the cell efficiency was changed by AgNW of different thickness and annealing conditions. 

In chapter 4, a tandem solar cell is constructed by series connection of a semi-transparent 

organic solar cell as a top cell and CIGS solar as a bottom cell, where the isolated organics. 

This result is hoped to make a start on the use of inorganic-organic hybrid tandem solar cells.   

 

https://en.wikipedia.org/wiki/Soda-lime_glass
https://en.wikipedia.org/wiki/Milimetre
https://en.wikipedia.org/wiki/Molybdenum
https://en.wikipedia.org/wiki/Sputtering
https://en.wikipedia.org/wiki/Back_contact
https://en.wikipedia.org/wiki/P-type_semiconductor
https://en.wikipedia.org/wiki/N-type_semiconductor
https://en.wikipedia.org/wiki/Cadmium_sulfide
https://en.wikipedia.org/wiki/Chemical_bath_deposition
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Chapter 1 Utility of Polycrystalline Thin-film Solar Cells 

1.1 Renewable Energy Aspect 

1.1.1 Supply of Finite Energy Resources 

We live in a world where now more than ever electrical and mechanical power resources 

are political power. Currently, some of the most commonly used sources of electrical and 

mechanical power combined are oil and its derivatives. Almost every person in the United 

States is dependent in some way on oil, whether it be for transportation or comfort heating. 

This country’s need for oil has wielded for some time, and continues to wield considerable 

influence on our foreign policy. As we near a predicted peak of world oil production due to the 

finite world oil supply, we can only anticipate an increased influence of the demand for oil on 

the foreign policy of the United States. This influence could conceivable even affect the 

stationing of military troops and in what practices they engage. While in the near term it is not 

conceivable that this country will lack in need for foreign oil, increasing our dependence on 

renewable energy could most certainly temper our foreign-oil need and perhaps lead to more 

altruistic motivations for foreign policy decisions. This could potentially bolster dwindling 

world respect for the United States, which could also lead to increased safely for its citizens. 

In addition, as Figure 1.1 and others like it predict, in the next ten years the amount of oil 

available for consumption on a daily basis will already be declining. Not all sources agree in 

the immediacy of this decline [1], however there can be no disputing that oil is a finite resource. 

Due to the finite world oil supply, in the future we will be forced to take an even large share of 

the world’s available oil unless we as a country utilize stringent conservation practices or 

alternative energy sources.  
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Figure 1.1 Campbell World Oil Production Plot. 

 

Currently, citizens of other countries are growing increasingly vocal regarding the 

disproportionate amount of oil used by the United States. While several alternatives to oil exist, 

historically the United Sates citizenry has been much more amenable to the use of renewable 

energy sources compared to other sources, such as nuclear power. Consequently, we must 

continue to develop the technology required to harness renewable energy since the supply of 

oil, whether regulated by geological or political means, will not always be sufficient.  
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1.1.2 Pollution Considerations 

Not only can renewable energy play a substantial role in freeing the United States from 

the struggle for a large portion of the world’s oil supply, but it can also play a significant role 

in preventing pollution. In particular, the use of renewable energy sources such as wind and 

solar power can significantly decrease the amount by weight of regulated air pollutants emitted 

into the atmosphere on an annual basis. A recent study shows that in addition to high levels of 

air pollution creating breathing difficulty for the elderly, and those who suffer from emphysema 

and asthma, air pollution may actually cause asthma [2]. The cited study focused on pollutants 

commonly emitted from internal combustion gasoline engines. The logical question to ask now, 

in the context of this manuscript, is how can power from solar cells can help improve this 

situation? Solar energy can contribute to the reduction of gasoline burned on our streets and 

highways by providing the energy to produce another renewable source. That energy source is 

hydrogen. Many automobile manufacturers, including Ford, Honda, Toyota, BMW and 

Dainler-Chrysler, have built hydrogen-powered vehicles and are continuing to ready them for 

the market. However, extracting hydrogen from water requires an energy source. In order to 

achieve the maximum pollution reduction possible by using hydrogen instead of gasoline to 

power passenger vehicles, the hydrogen would need to be both extracted using a renewable 

energy source and be extracted near the distribution point for passenger vehicles. Solar cells 

can meet both of these requirements. Thus, proposals have been made that solar cells be this 

energy source. 

Another use of solar cells motivated in part by pollution considerations is use by 

electrical utilities. A utility company in Arizona has already installed solar cells that have lenses 

increasing the intensity of the incident sunlight in order to provide power to its customers much 
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like any other power-generation unit powered by a non-renewable resource. 

1.1.3 Off-grid Applications 

Yet another use for solar cells occurs when conventional power lines are not feasible to 

use or install in remote locations. These uses exist around the world. In the United States, off-

grid applications vary from powering roadside emergency phones to powering vacation or 

permanent homes in remote locations. On average in the United States, solar cells are more 

economical than connecting to the utility grid for homes that are 1 km or more away from the 

nearest grid.  

1.1.4 Role of Thin film Solar Cells 

The highest efficiency of conversation of solar light into electricity has been 

demonstrated in solar cells made from single crystal semiconductor wafers. Thin film solar 

cells, though somewhat behind in efficiency, have several advantages compared to their 

crystalline counterparts. One advantage is cheaper manufacturing compared to the single 

crystal growth that demands high energy consumption. Another advantage is the ability to 

deposit thin films onto large areas at the same time. 

There is wide variety of thin film deposition techniques that gives a great flexibility to a 

manufacturer. The ideal manufacturing scenario would be to have a sequential deposition of all 

layers of a cell in-line. Thin film solar cells whose entire thickness is 5 ~ 10 μm can be deposited 

onto flexible substrates, e.g., metal foils or plastic films. The small total thickness plays a 

significant role when the total weigh of solar panels is critical, as for example in space 

applications. 
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1.2 Physical Aspects of Thin-film Materials in PV 

Unlike crystalline silicon, most of the common absorber materials for thin-film solar 

cells – CdTe, CuIn1-xGaxSe2 (CIGS), and amorphous silicon (a-Si) – have direct band gaps. The 

resulting high absorption coefficients in these materials require considerably thinner layers for 

the absorption of all incident photons, for example compared to the indirect-gap crystalline Si. 

This is a clear advantage for the material-consumption minimization during manufacturing. 

Very high PV quality can be achieved in the film materials. Discussion, however, still 

continues as to the role of the grain boundaries (GB’s) present in CIGS and CdTe thin films. 

Some scientists believe that the absorber GB’s are benign, because potential barriers that repel 

holes are formed at the GB’s and prevent recombination, making GB’s ‘chennels’ for 

uninterrupted current flow [3]. Experimental evidence in support of this theory was provided 

in Ref. [4], where increased electric current was detected along the GB’s, compared to the bulk 

of the grains. Other scientists [5] propose that the fluctuations in the semiconductor properties, 

such as the semiconductor band gap, including at the GB’s, would result in the reduces overall 

performance of thin-film solar cells compared to the crystalline ones. 

Another important aspect of the thin-film materials used in PV is the potential existence 

of relatively high densities of defects. The existence of various types of defects in the same 

semiconductor creates a challenge in the identification and separation of the influences of each 

defect type on the performance.  

1.3 Important Semiconductor Concept 

Semiconductors are a family of solids in which there exists a moderate gap (up to a 

few electron volts) in the distribution of allowed energy states. At T = 0 K in a pure material, 
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this gap separates one entirely filled band (valence band) from one that is entirely empty 

(conduction band). For T > 0 K, a finite number of electronic states are unoccupied in the 

valence band (free hole). These free electrons and holes can gain kinetic energy since a quasi-

continuum of higher or lower states are available to them, respectively, and they are therefore 

able to respond to electric fields and concentration gradients that allow for macroscopic 

current flow. 

The equilibrium concentrations of electrons and holes can be modified by extrinsic 

dopants, but also by defect levels (additional states within the band gap) that are intrinsic to 

the semiconductor. The occupation of conduction band and valence band states is governed 

by Fermi-Dirac statistics, 

F(E) =  
1

1+exp(
𝐸−𝐸𝑓

𝑘𝑇
)
                        (1.1) 

where k is the Boltzmann constant and T the absolute temperature. Equation 1.1 describes 

the probability of electron occupation in the conduction band and, similarly, 1-F(E) describes 

the probability for holes in the valence band. If the Fermi level Ef is not very close practical 

purposes be replaced by Boltzmann factors 

exp (−
𝐸−𝐸𝑓

𝑘𝑇
) and exp (−

𝐸𝑓−𝐸

𝑘𝑇
)                      (1.2) 

for electrons in the conduction band and holes in the valence band, respectively. 

Semiconductors are classified as n- or p-type depending on whether electrons or holes 

are the majority carriers. The Fermi level can be calculated by the following relations 

𝑛 = 𝑁𝐶  ∙ exp (−
𝐸𝑐−𝐸𝑓

𝑘𝑇
)                          (1.3) 
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and 

𝑝 =  𝑁𝑉  ∙ exp (−
𝐸𝑓−𝐸𝑉

𝑘𝑇
)                        (1.4) 

where 

𝑁𝐶 = 2 (
2𝜋𝑚𝑒

∗𝑘𝑇

ℎ2 )
3/2

 and 𝑁𝑉 = 2 (
2𝜋𝑚ℎ

∗ 𝑘𝑇

ℎ2 )
3/2

            (1.5) 

are the effective densities of states in the conduction and valence band. For semiconductors 

doped either with shallow donor or acceptor levels, n is similar to the donor density and p is 

similar to the acceptor density. All parameters in Equation 1.5 have their usual meaning, 𝑚𝑒
∗ 

and 𝑚ℎ
∗  are the electron and hole effective masses. In equilibrium, the product of n and p is 

constant and depends only upon the temperature, effective masses, and band gap of the 

semiconductor,  

𝑛𝑝 =  𝑛𝑖
2 =  𝑁𝐶  ∙  𝑁𝑉  ∙ exp (−

𝐸𝑔

𝑘𝑇
)                 (1.6) 

1.3.1. Non-Equilibrium 

In non-equilibrium conditions, such as under illumination of under carrier injection due 

to externally applied electric bias, no uniform Fermi level exists. In steady state, however, 

quasi-Fermi levels, 𝐸𝑓𝑛  and 𝐸𝑓𝑝  can be introduced, which are useful in the analysis and 

interpretation of semiconductors. These quasi-Fermi levels are defined by 

n =  𝑁𝐶  ∙ exp (−
𝐸𝐶−𝐸𝑓𝑛

𝑘𝑇
)                        (1.7) 

and  
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p =  𝑁𝑉  ∙ exp (−
𝐸𝑓𝑝−𝐸𝑉

𝑘𝑇
)                        (1.8) 

Assuming that 𝐸𝑓𝑛  and 𝐸𝑓𝑝  in the n- p-type region of a p-n junction diode are in 

equilibrium with the respective electrical contact, the difference between the quasi-Fermi levels 

in the proximity of a diode’s space charge region is given by the applied voltage V, and it 

follows that the np product is voltage dependent 

𝑛𝑝 =  𝑛𝑖
2  ∙ exp (

𝑞𝑉

𝑘𝑇
)                             (1.9) 

1.3.2 Homojunctions 

Intimate contact between n- and p-type semiconductors allows exchange of electrons and 

holes until an equilibrium situation is achieved. Electrons diffuse into the p-type material, 

leaving behind ionized shallow donor levels, and holes diffuse into the n-type material, leaving 

behind ionized shallow acceptor levels. Adjacent to the p-n interface, both semiconductors 

deplete of free carriers and a space charge region (SCR) is established. This is shown in Figure 

1.2a for a p-n homojunction assuming a n and p doping of 1016 cm-3. The diffusion process 

stops once the drift current established by the electric field, Figure 1.2b, exactly cancels the 

diffusion current, and a flat Fermi level is established throughout the device. It is conventional 

to draw the conduction and valence band edges in terms of the electron energy and hence, the 

electrostatic potential Φ =  −𝐸𝐶 + (constant) (figure 1.2c and d). 

Figure 2.2d further illustrates the principle of a p-n junction solar cell. Incident light 

generates additional electron-hole pairs in the solar cell. If the generation occurs within the 

SCR, both carriers are readily swept out by the electric field. The hole quickly reaches the p-

type region and the electron the n-type region; once both carriers are majority carriers, they can 
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then safely traverse the quasi-neutral region (QNR) and be collected at external electrical 

contacts. In case of generation outside of the SCR, either in the n- or p-type bulk material, one 

of the two generated carriers in a majority carrier and must traverse to the SCR before it 

recombines; the success of this diffusion transport depends on the quality of the material and 

is often expressed in terms of a carrier lifetime τ or a diffusion length L.  
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Figure 1.2 Formation of a p-n junction in the Schottky approximation. (a) space-charge 

distribution due to fixed ionized dopant, (b) electric field obtained by integration 

of the Poisson equation, (c) a second integration step results in the electrostatic 

potential. The built-in potential Vbi describes the potential difference between the 

n and p side of the junction in equilibrium. Collection of photo-carriers requires 

that the applied voltage V < Vbi and, therefore, Vbi is an upper limit to the open-

circuit voltage of a solar cell, (d) conduction-band minimum Ec, valenve-band 

maximum Ev, and the Fermi level in equilibrium. Schematically, the generation of 

an electron-hole pair within and outside the SCR is shown. 
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Figure 1.3 Conduction and valence band for a heterojunction solar cell (ZnO/CdS/CIGS) 
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1.3.3. Heterojunctions 

The situation of a p-n homojunction solar cell depicted in Figure 1.2d is far from ideal. 

Light generation of carriers decreases exponentially with the penetration depth and, therefore, 

assuming the light is incident from the n-type side of solar cell, most of the generation would 

occur in the n-type QNR region and not within the SCR where good collection would be 

ensured.  

There are two effective approaches to improve upon this situation: 

(1) thinning of the n-type material, an approach often taken in Si based solar cells, or  

(2) using n-type material with an enlarged band gap energy. The latter shifts the generation 

profile directly into the junction, since the larger band gap energy prevents absorption 

in the n-type layer, and such configuration can form a very efficient solar cell. This is 

the concept of heterojunction solar cells such as ZnO/CdS/CIGS, which will be 

discussed in this work. CIGS is a short-hand for Cu(In,Ga)Se2. The n-type layers are 

often referred to as “window” layers, due to their intended photon transparency. 

The band diagram for a ZnO/CdS/CIGS solar cell is shown in Figrue 1.3 Photons with 

energy 𝐸𝑝ℎ< 3.3 eV will pass through the ZnO window layer. Some photons with energy 2.4 

eV < 𝐸𝑝ℎ < 3.3 eV will be absorbed in the CdS buffer layer, which was introduced into these 

devices for technological reasons, but most will reach the CIGS layer and be strongly absorbed 

in the SCR. CIGS, as well as CdTe, are direct-gap semiconductors with very strong absorption, 

such that the absorption length is very short, 𝛼−1  ≪ 1 𝜇𝑚. The detrimental CdS absorption 

is minimized by thinning this layer or alloying it with other elements to increase its band gap 

energy [6].  
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1.4. Principle of Solar cells 

Solar cells, or photovoltaic devices, are devices that convert sunlight directly into 

electricity. The power generating part of a solid-state solar cell consists of a semiconductor that 

forms a rectifying junction either with another semiconductor or with a metal. Thus, the 

structure is basically a p-n diode or a Schottky diode. In some junction, a thin insulator film is 

placed between the two semiconductors or between semiconductor and the metal, thereby 

forming a semiconductor – insulator – semiconductor or a metal – insulator – semiconductor 

junction. Moreover, p-n junctions may be classified into homojunctions and heterojunctions 

according to whether the semiconductor material on one side of the junction is the same as or 

different from that on the other side. Also Liquid-junction solar cells exit where the junction is 

formed between a semiconductor and a liquid electrolyte. When the junction is illuminated, the 

semiconductor materials absorbs the incoming photons if their energy hν is large than that of 

the band gap of the semiconductor material. The absorbed photons generate electron-hole pairs. 

These photogenerated electron-hole pairs are separated by the internal electric field of the 

junction: holes drift to one electrode and electrons to the other one [7,8]. The electricity 

produced by a photovoltaic device is direct current and can be used as such, converted into 

alternation current, or stored for later use.  
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Figure 1.4 Energy band diagram of a pn-heterojunction solar cell: (a) at thermal equilibrium in 

dark (b) under a forward bias (c) under a reverse bias and (d) under illumination, 

open circuit conditions. 

 

Figure 1.4 presents a schematic energy band diagram of a pn-heterojunction solar cell (a) 

at thermal equilibrium in dark, (b) under a forward bias, (c) under a reverse bias, and (d) under 

illumination, open circuit conditions. Eci and Evi in Figure 1.4 refer to the conduction and 

valence band energies of n and p type semiconductor respectively. Egi and Efi are the band gaps 

and Fermi levels, respectively. In the absence of an allied potential (Figure 1.4a), the Fermi 

levels of the semiconductors coincide, and there is no current flow. A forward bias Vf 

(Figure1.4b) shifts the Fermi level of the n-type semiconductor upwards and that of the p-type 

semiconductor downwards, thus lowering the potential energy barrier of the junction, and 

facilitating the current flow across it. The effect of a reverse bias Vr (Figure1.4c) is opposite: it 

increases the potential barrier and thus impedes the current flow. Illumination of the junction 

(Figure 1.4d) creates electron-hole pairs, causing an increase in the minority carrier 
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concentration. The potential energy barrier decreases, allowing the current to flow, and a photo 

voltage Voc (photo voltage under open circuit conditions, or open circuit voltage) is generated 

across the junction [7,9]. 

Solar cells are characterized by current-voltage (I-V) measurements in the dark and under 

standardized illumination that simulates the sunlight. Figure 1.5 shows an example of diode 

characteristics of a solar cell in the dark and under illumination. The most important parameters 

that describe the performance of a solar cell (open circuit voltage Voc, short circuit current 

density Jsc and fill factor FF) can be derived from the J - V curve measured under illumination.   

 

Figure 1.5 Current-voltage characteristics of a solar cell in dark and under illumination 

 

The open circuit voltage is limited by the band gap energy Eg of the absorber material, 

and its maximum value is calculated by dividing the band gap energy by the charge of and 

electron (Eg/e). Because of electron-hole pair recombination, the open circuit voltages of real 

solar cells are considerably below their maximum limits. The maximum value of short circuit 

current density, in turn, is the photogenerated current density Jph [8] that depends on the amount 
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of absorbed light. Fill factor, which describes the shape of the illuminated I-V curve, is 

expressed according to the following equation 

FF =  
𝑉𝑚𝑝  𝐽𝑚𝑝

𝑉𝑜𝑐  𝐽𝑠𝑐
                           (1.10) 

where Vmp represents the photo voltage and Jmp the photocurrent density at the maximum 

power point Pmax. The conversion efficiency η of a solar cell is simply the ratio of the incoming 

power to the maximum power output 𝑃𝑚𝑎𝑥 =  𝑉𝑚𝑝 𝐽𝑚𝑝 that can be extracted from the device. 

 η =  
𝑉𝑚𝑝  𝐽𝑚𝑝

𝑃𝑖𝑛
                         (1.11) 

Based on the above consideration, the band gap value is one of the most important 

properties of the absorber material of a solar cell. The optimum band gap value for the absorber 

material of a single-junction solar cell is about 1.5 eV, which results in a theoretical maximum 

efficiency of 30% [8]. This is because Voc and FF increase, and Jsc decreases with increasing 

band gap [7]. Even higher efficiencies can be achieved with tandem solar cell structures or by 

using solar radiation concentrators. 

Most commercial solar cells of today are made of mono- or polycrystalline silicon. 

Silicon is a very abundant and well-known material of which a lot of experience has been 

gained over the decades – the first pn-junction solar cell based on crystalline silicon was made 

already in the 1950’s [10]. Silicon photovoltaics owes a lot to the microelectronics industry 

that has gained the knowledge of the material properties as well as developed industry have 

served as a supply for high quality source material that has thus been available at a relatively 

low price [8,11]. However, owing to its indirect band gap, silicon is not an ideal absorber 

material for solar cells. Semiconductor materials with indirect band gaps do not absorb light as 
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efficiently as those with direct band gaps, and therefore a thick layer of material is needed to 

achieve enough light absorption. For example, 100 μm of crystalline silicon is needed for 90% 

light absorption in comparison with 1 μm of GaAs, which is a direct band gap semiconductor 

[11]. An inevitable result of such a large thickness is that silicon used in solar cells must be of 

very high quality to allow for minority carrier lifetimes and diffusion lengths long enough so 

that recombination of the photogenerated charge carriers is minimized, and they are able to 

contribute to the photocurrent. These strict material requirements increase the production costs. 

Moreover, by the current production technologies, material losses during the fabrication of 

silicon solar cells are high. 

The high production costs of crystalline silicon solar cells are compensated by their high 

efficiencies. Moreover, since the 1950’s, an important application of silicon solar cells has been 

as power sources in space vehicles where reliability and high efficiency are far more important 

issues than the cost. Also, other expensive high-efficiency materials, such as GaAs and InP 

have been used in space application [12]. 

1.5 Major Sources of Solar Cell Efficiency Losses 

Early theoretical work on the limits of single-junction solar-cell efficiency was done by 

Shockley and Queisser in 1961 [13]. According to the theoretical calculations, most of the 

efficiency would be lost to temperature effects (40%) and due to non-monochromaticity of the 

solar spectrum (at least 30%). The remaining efficiency depends in the band gap of the 

semiconductor absorber. Maximum efficiency of ~ 30% was predicted for solar cells with Eg 

(absorber) of ~ 1.4 eV operating at room temperature under standard solar illumination. This 

is very consistent with single-crystal GaAs solar cells with near optimum band gap (Eg ~ 1.5 



Chapter 1                                                                                  

- 18 - 

 

eV), which hold the absolute single-junction efficiency record of ~ 28%.   

In addition to non-optimal absorber band-gap values, real-world solar cell efficiency may 

be reduced by several other factors. One type of loss comes from incomplete conversion of 

photons incident on a cell into photocurrent. Figure1.6 shows an example if the Quantum 

Efficiency (QE) curve as a function of photon wavelength λ, which quantifies the photons-

into-current conversion efficiency, for a high-performance thin-film CIGS cell [14].  

 

 

Figure 1.6 Quantum Efficiency losses due to various mechanisms [14]. 
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The graph shows that even for photon energies above the absorber band gap, there was 

a certain fraction of photons of each wavelength that was not converted into photocurrent for 

the various reason shown. In terms of device parameters, such losses result in lower JSC, which 

can be determined by the integral of the QE spectrum. 

The effect of a shunt through a solar-cell diode is shown on Figure 1.7a. The maximum 

power PMAX in this case may be significantly reduced. Whereas moderate shunts mainly reduce 

the FF factor of a device, large shunts will also reduce VOC. Figure 1.7b demonstrates the 

deleterious effect of high overall series resistance of the solar-cell layers on the J-V curves and 

PMAX; FF is mainly affected in this case. This particular loss can be especially large in solar 

modules, where a large number of individual cells are connected in series. 

VOC can also be reduced by excess forward current resulting from electron-hole 

recombination. Figure 1.8 from Ref. [15] show J-V examples for high-efficiency thin-film 

CIGS and CdTe cells, and their single-crystal counterparts of similar band gaps, on a semi-

logarithmic scale and corrected for shunt resistance r and series resistance R. The difference 

between the two curves on each graph indicated by vertical arrows is the excess current flowing 

in thin-film materials, the interfaces, in addition to the boundaries between adjacent layers of 

different materials, may also mean the grain boundaries within layers. 

Existence of secondary parasitic barriers in the energy bands of solar-cell structures may 

also reduce cell efficiency. Whereas the problematic region where barriers form in CdTe thin-

film solar cell is the back contact, in CIGS cells, the secondary barriers may from at the p-n 

junction.  
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Figure 1.7 Effect of (a) diode partial shunting, and (b) high series resistance, on solar cell 

performance. 
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Figure 1.8 Excess forward currents in thin-film solar cells compared to their crystalline 

counterparts of similar band gaps [15]. 
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Chapter 2 Review of CIGS Solar Cells 

2.1 Advantages of Chalcopyrite Thin films 

Photovoltaic research has moved beyond the use of single crystalline materials such as 

Group IV elemental Si and Group III-V compounds like GaAs to much more complex 

compound of the Group I-III-VI2 with chalcopyrite structure. The ternary ABC2, chalcopyrites 

(A = Cu, B = In, Ga, or Al, C = S, Se, or Te) form a large group of semiconducting materials 

with diverse structural and electrical properties. These materials are attractive for thin film 

photovoltaic application for several reasons. 

The band gap of CuInSe2 is relatively low, 1.04 eV, but it can be adjusted to better match 

the solar spectrum either by substituting part of In by Ga or part or Se by S. The flexibility of 

the material system allows in principle the band gap variation from 1.04 eV of CuInSe2 via 

1.53 eV of CuInS2 and 1.68 eV of CuGaSe2 (CGS) to 2.43 eV of CuGaS2 [1].                

The high flexibility in the optical properties of these materials is illustrated in figure 2.1. 

The band gap values of the different copper ternaries with chalcopyrite structure are given in 

Table 2.1. The ternary Cu-chalcogenides crystallize in the tetragonal chalcopyrite structure. 

Sometimes, however, the cubic sphalerite phase, a disordered form of the chalcopyrite is 

observed. The Cu-chalcopyrites exhibit the highest efficiencies among thin film solar cells – 

the present record efficiency is 22.6% for a device with a Cu(In,Ga)Se2 (CIGS) absorber [2].  

An additional advantage of the Cu-based absorber materials is that they do not have the 

acceptability problems associated with CdTe since these materials are less toxic [3].  

Nevertheless, the Cd issue is somewhat shared also by the Cu(In,Ga)(Se,S)2 technology 

because a CdS buffer layer is commonly used. The amount of Cd is, however, much less in the 
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Cu(In,Ga)(Se,S)2 cells than in the CdTe cells since the CdS layer is very thin.  

One would expect that the higher band gap absorbers of the Cu(In,Ga)(Se,S)2 system 

would result in devices with higher conversion efficiencies, but this is not the case – conversion 

efficiencies achieved by CuInS2 or CuGaSe2 absorbers lag far behind those achieved by 

Cu(In,Ga)(Se,S)2 or even CuInSe2. This is partly due to the longer research history of CuInSe2 

and Cu(In,Ga)Se2 solar cells and due to some fundamental differences between the low band 

gap (CuInS2 and Cu(In,Ga)Se2 with a low Ga content) and wide band gap (CuInS2 and 

CuGaSe2) materials [4]. 

 

 

Figure 2.1 Band gap versus lattice constant for various chalcopyrite semiconductors. 
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Ternary Band gap (eV) 

CuInSe2 1.04 

CuGaSe2 1.68 

CuInS2 1.53 

CuGaS2 2.43 

CuAlSe2 2.67 

CuInTe2 0.96 

CuAlTe2 2.06 

CuGaTe2 1.23 

 

Table 2.1 Band gap values of the chalcopyrite Cu-ternaries 

CuInSe2 has the highest optical absorption coefficient (α > 105 cm-1) of all known thin 

film materials (Figure 2.2). This high value implies that 99% of the incoming photons are 

absorbed within the first micrometer of the material. As a result, only 1-2 μm of this material 

is enough to effectively absorb the incoming photons compared to bulk Si where at least 300 

μm of material is required. 

The parameter that depends most strongly on the choice of semiconductor material is the 

band gap energy. The increase in the band gap will cause a decrease in the saturation current 

of the solar cell p-n junction and as a result the open circuit voltage increase.    

Therefore, a maximum in the efficiency exists. Figure 2.3 shows the predicted 

efficiencies as a function of band gap. It shows that the optimum band gap occurs between 1.4 

and 1.6. The band gap value of the CuInSe2 films can be tuned by alloying with Ga to obtain 
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the optimum band gap needed for the high efficiency. CuInS2 have a band gap of 1.53 eV is 

closely matching the requirements to yield high efficiency. 
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Figure 2.2 Absorption spectrum of CuInSe2 compared with the other photovoltaic 

semiconductors [5]. 

 

 

Figure 2.3 Ideal solar cell efficiency as a function of the band gap energy for the spectral                       

distribution AM0 and AM1.5 with a power density of 1 sun, and for AM1.5 with 

1000sun [6]. 
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Table 2.2 shows the highest efficiencies (η) produced by the thin film laboratory-scale solar 

cells of CuInSe2 and its alloys. CuInSe2 based solar cell devices have demonstrated 

good thermal, environment and electrical stability. Preliminary tests have indicated 

that the radiation tolerance of CuInSe2 thin film is superior to that of single crystalline 

Si or GaAs devices when tested under high-energy electron and proton radiation [7]. 

 

Device type Area (cm2) Efficiency (η) 

CuInSe2/CdS/ZnO 0.263 14.8 

Cu(In,Ga)Se2/CdS/ZnO 0.408 19.2 

CuGaSe2/CdS/ZnO 0.38 9.3 

CuInS2/CdS/ZnO 0.38 12 

 

Table 2.2 Reported performances of laboratory-scale solar cells based on CuInSe2 and its alloys. 
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2.2 CIGS Solar Cell Structure 

CuInSe2 and its alloys (CuInSe2: CIS, CuIn1-xGaxSe2: CIGS or CuGaSe2: CGS) belong 

to the family of chalcopyrite. These materials are direct semiconductors [8,9,10], i.e., the 

conduction band minimum and the valence band maximum occur at the same wave vector so 

that band-to-band excitation by photons and recombination of charge carriers by photon 

emission, respectively, are possible, because no absorption or emission of additional phonons 

is necessary to ensure conservation of momentum. Therefore, the probability to absorb photons 

of energy at least as high as the band gap energy is high for this material and the film can be 

made thinner than 1.5 μm. For this reason, the solar cells made of these materials as absorber 

layer have a thickness of only 3 μm and are called “thin film solar cells”. In following, the 

schematic of the CIGS solar cell will be discussed in terms of processing and functionality of 

the different layers. Afterwards some details of the indium-gallium alloy system are discussed.  

2.2.1 General Structure 

The structure of the device is shown in figure 2.4a. On top of a glass substrate there is 

the molybdenum back contact, followed by the p-type CIGS absorber layer. An n-type buffer 

layer which is formed by cadmium sulfide (CdS) in the devices investigated, separates the 

CIGS and the actual window layer. The window layer itself consists of an intrinsic zinc oxide 

(i-ZnO) and an aluminum doped n-type ZnO layer whole cell to facilitate contacting the device.  
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Figure 2.4 (a) Schematic of the Cu(In,Ga)Se2 solar cell, and (b) The chalcopyrite lattices. The 

A sites are occupied by the Cu+ ions and the B places by In3+ and/or Ga3+ ions. The 

Se2- of S2- ions occupy the X sites. The anions show a slight displacement 

compared to the tetrahedral structure which is indicated by the arrows and in-plane 

and out-of-plane direction [11].  

 

2.2.1.1 Glass Substrate 

Usually a sodium containing glass like soda lime glass is taken as substrate. It was 

recognized that, during absorber deposition, sodium diffuses through the Mo layer into the 

absorber and has multiple positive influence on the material [12,13,14]. During growth, sodium 

doping leads to a better morphology [15] by retarding of phase formation to higher 

temperatures [16]. In the materials, it is mostly accumulated at grain boundaries [15]. There, 

the sodium leads presumably to passivation of grain boundaries and increase the p-type 

conductivity [17]. Another option instead of uncontrolled sodium diffusion into the absorber 

layer, is the deposition of a Na diffusion barrier on top of the glass substrate and the providence 
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of a defined amount of sodium in form of a precursor like NaF prior to during deposition of the 

absorber layer [18,19]. 

2.2.1.2 Molybdenum Back Contact 

The molybdenum is deposited on the glass substrate usually by DC magnetron sputtering 

[20]. Considering the Mo/Cu(In,Ga)Se2 interface, the metal does not diffuse into the absorber 

material, but forms thin MoSe2 film in presence of excess selenium during growth of CIGS 

[21,22]. Probably because of this layer, there is only a small potential barrier between 

molybdenum and CIGS, so that the back contact behaves as ohmic at room temperature.  

2.2.1.3 Cu(In,Ga)Se2 Absorber 

The absorber material normally used for CIGS solar cells is an alloy of the two ternary 

semiconductors CuInSe2 and CuGaSe2 with a gallium to gallium plus indium ratio GGI of 0.28. 

The materials in the I-III-VI2 system are often called chalcopyrite because they gave the same 

crystal structure as the mineral chalcopyrite (CuFeS2), a common copper-iron ore. The crystal 

structure is based on the zincblende structure which again is based on the diamond structure. 

The chalcopyrite lattice is obtained from the zincblende structure by introduction of an 

additional ordering into the cation sublattice which requires a doubled primitive cell.  The 

semiconducting properties of the chalcopyrite are due to their electronic and structural 

similarity to the group IV semiconductors like silicon or germanium. The zincblende structure 

is isoelectronic to Si, if the constituent elements are chosen symmetrically from groups to the 

left and to the right of group IV. Prominent examples are the III-V semiconductors like GaAs, 

or II-VI semiconductors like ZnSe. Taking the idea one step further by replacing the Zn in ZnSe 

with the adjacent elements of valency I and III yields the ternary compound CuGaSe2. The 
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band gap is influenced by two mechanisms: In the isoelectronic series Ge, GaAs, and ZnSe the 

decreasing covalency of the bonds increase the band gap from 0.7 to 1.4 and 2.7 eV, 

respectively. Then, going ZnSe to CuGaSe2, the band gap is reduced from 2.7 eV to 1.7 eV by 

the combined effects of spin orbit coupling, the crystal field of the tetragonal structure, and the 

influence of the Cu-3d electrons on the valence band [23].  

CuInSe2 is amazingly tolerant towards off-stoichiometric composition. This effect is 

ascribed to formation of defect complexes like (2𝑉𝐶𝑢
− + 𝐼𝑛𝐶𝑢

+2)0 (𝑉𝐶𝑢
−  : copper vacancy, 𝐼𝑛𝐶𝑢

+2 : 

indium on copper site) which are able to passivate large defect concentration [24]. Addition of 

sodium and replacement of indium by gallium increase this tolerance further [25]. The 

properties of the material are generally dominated by native defects resulting from off-

stoichiometric material composition. One discriminates copper-poor and copper-rich and 

selenium-poor and -rich conditions. The p-type conductivity is mainly attributed to copper 

vacancies 𝑉𝐶𝑢
−   whereas n-type CuInSe2 is probably due to copper interstitials 𝐶𝑢𝑖

+  or 

selenium vacancies 𝑉𝑆𝑒
+  [26,27]. However, the material is highly compensated, i.e., donor and 

acceptor-like doping centers do likewise occur [28,29]. Device grade absorber layers are 

slightly copper-poor and selenium-rich. The selenium content increases the p-type character, 

the copper deficiency is necessary to prevent any phase separation as copper-rich material tends 

to precipitations of Cu2-xSe which a p-type semiconductor is, too [26]. The best solar cells are 

made from overall copper-poor CIGS with a Cu content of typically 22 at% to 24 at%. There 

exist various preparation procedures for the CIGS absorbers [30]. Here, only the two most 

frequently used processes shall be introduced. The first one is the stacked deposition of the 

elementary compounds Cu, In, Ga, and Se on top of the molybdenum covered glass substrate 

and subsequent fast annealing under inert gas [31]. Alternatively, it is also possible to omit the 
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selenium in the deposition step and perform the heating in an H2Se or Se atmosphere [32]. The 

second method to process the absorber layer is the best co-evaporation from elemental sources 

on a heated substrate, so that the CIGS is formed already during deposition [33]. Up to now, 

elaborate processes have been developed like the bilayer or the three-stage process with 

alternating copper-poor and copper-rich deposition phases [34,35] or gallium grading within 

the absorber layer [36]. The Cu-rich step serves to enlarge the grain size of the material as the 

grain size increases with increasing copper content [37]. The investigations presented within 

this thesis are performed on solar cells containing absorbers synthesized by single stage co-

evaporation [38].  

In the CIGS absorber the actual light to energy conversion process takes place. There is 

experimental evidence, that the surface of the CIGS layer is copper depleted compared to the 

composition of the bulk materials [39] and therefore has a larger band gap [40]. Additionally, 

it was found that the deposition of the CdS buffer layer leads to heavy Cd doping within the 

first couple of atomic layers [41]. If the Cd occupied the copper vacancies present within this 

regime therewith formed donor defects 𝐶𝑑𝐶𝑢
−  , the Cd doping would lead to an increased 

electron concentration and might induce the suspected type inversion within the surface region 

[41]. Evidence for such a “buried” homojunction was given by scanning Kelvin probe force 

microscopy investigations [42] and other experiments [43,44].  

2.2.1.4 CdS Buffer Layer 

The n-type CdS buffer is deposited from a chemical bath (CBD process) [45]. As this is 

the only processing step of the solar cell that is not capable of an inline-production, multiple 

attempts have been made to replace it by for instance physical vapor deposition. Moreover, the 
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cadmium as toxic element might out the reputation of CIGS solar cells at risk. At last, the short 

wavelength regime, so that there are several aspects which support its replacement. However, 

the CBD process is still necessary to produce highly efficient solar cells, so that some groups 

who work on replacement of CdS aim at cadmium-free buffer layers but retainment of the 

chemical bath deposition process. There are several materials under investigation, for instance 

ZnS[46], In(OH)xSy [47]. MnS [48], ZnSe or SnO2. The purpose of this intermediate layer 

between the absorber and the window layer is still of current interest in research. Some of the 

beneficial effects of the CBD processed CdS buffer layer identified so far are removal of natural 

oxides from the CIGS surface [49] and protection of the CIGS layer from negative influences 

of the sputtering processes used to deposit the window layer. The cadmium diffusion into the 

CIGS film was already mentioned in section 2.2.1.3.  

2.2.1.5 Window Layer (i-ZnO/Al:ZnO) 

The window layer consists of an n-type aluminum doped zinc oxide film on top of a thin 

layer of an intrinsic zinc oxide. Both ZnO films are commonly deposited by sputtering 

processes. The n-doped zinc oxide provides a highly conductive front contact with a band gap 

large enough to be transparent in the relevant photon energy range [50].  For intrinsic ZnO Eg 

is 3.4 eV [50]. For aluminum doped zinc-oxide the band gap is a little larger [51]. The role of 

the resistive i-ZnO is still a matter of discussion. It was proposed that it reduces the impact of 

lateral inhomogeneities due to varying electrical properties of different crystallites [52,53]. 

Maybe it also prevents the aluminum from diffusion into the absorber layer.   
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2.2.2 Growth Process of CIGS Thin-film 

2.2.2.1 Substrate Preparation 

The cleaning processes of SLG were as follows: 

1) Washing with soap and rinsing with DI water 

2) Cleaning in ultrasonic bath first in DI water, second in acetone, third in methanol 

for10minutes respectively 

3) Rinse with Di water and then blowing with N2 gun  

2.2.2.2 Molybdenum Contacts  

Mo thin film in this work was deposited on the substrate with a dc magnetron sputter 

system by using a high purity 2inch Mo target (99.95%). The base pressure was approximately 

1×10-6 Torr. Firstly, the SLG substrate was loaded substrate holder and heated 300℃ for 10 

min, which was used to remove the native moisture and gas on the SLG surface. After the 

chamber was pumped down 1×10-6 Torr, the Ar gas (99.999%) was injected into the chamber 

at a flow rate of 20 sccm (standard cubic centimeter per minute) using a mass flowing controller 

(MFC). The plasma was generated with DC power supply (SDC 1022A) connected to the Mo 

Target.  

As a back contact, it should have lower resistivity and better adhesion with substrate. 

The pressure is the most important parameter. The Mo film deposited at a higher pressure has 

a better adhesion but has a higher resistivity. On the contrary, the one deposited at a lower 

pressure has a poor adhesion and a lower resistivity. To obtain the Mo back contact with a lower 
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resistivity and a better adhesion, I varied sputtering conditions such as power density and 

pressure to optimize Mo films. For control of Mo thin film property, the sputtering power was 

controlled in the range from 40 to 70 W under fixed working pressure at 3.0×10-3 Torr. 

2.2.2.3 Three-Stage Co-Evaporation Process  

The CIGS devices with the efficiency of 22.6% have been deposited by thermal co-

evaporation from elemental sources [55]. An illustration of a laboratory system for CIGS co-

evaporation is shown in Figure 2.5. While the evaporation temperatures for each metal will 

depend on the specific source design typical ranges are 1300 to 1400℃ for Cu, 1000 to 1100℃ 

for In, 1150 to 1250℃ for Ga and 300 to 350℃ for Se evaporation.  

Cu-rich Cu(In,Ga)Se2 films show the segregation of a binary phase (Cu2-xSe) 

preferentially at the surface of the absorber film. The metallic nature of this phase does not 

allow the formation of efficient solar cells. However, the importance of the Cu-rich 

composition is given by its role during film growth. Cu-rich films have gain sizes more than 1 

μm, whereas Cu-deficient films have much smaller grains [55]. The larger grain size has been 

explained by the presence of a binary Cu2-xSe phase which segregates during growth of a Cu-

rich CIGS film [56]. According to the model shown in Figure 2.7, Cu2-xSe forms a quasi-liquid 

surface layer and leads to a liquid-solid type of growth. Thus, in general, growth processes for 

high quality films have to undergo a copper-rich stage.  

In order to fulfill the requirement of a Cu-rich growth period, different process schemes 

have been developed Figure 2.8 shows the metal flux rates of the typical three-stage co-

evaporation process [57]. Typically, the Se/metal flux ratio is > 5 throughout all evaporation 

periods. In the three-stage process, the sequence is In-Ga-Se deposition, Cu-Se deposition, and 
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again In-Ga-Se deposition. The substrate temperature in the first stage can be 300 ~ 350℃. 

Only for a small time period (the second period), the film is Cu-rich. In this period, where Cu 

is diffusing into the (In,Ga)xSey prepared in the first stage, also the substrate temperature should 

be > 500℃. In this Cu-rich period and shortly before, grain growth takes place by 

recrystallization. As nucleation in the first two-stage process takes place under Cu-excess (with 

Cu2-xSe as a second phase), the films show large grains and large surface roughness. The Cu-

rich period in the three-stage process, however, leads to a recrystallization of small grained 

material (from the first stage) and thus produces large grains with small surface roughness. In 

the third stage, adding some more (In,Ga)2Se3 results in the generation of the slightly Cu-

deficient finial film. Currently, the highest laboratory cell efficiencies are achieved by this 

three-stage process. In addition, the co-evaporation method has been successfully applied in 

the mass production. The primary advantage of co-evaporation for depositing CIGS film is its 

considerable flexibility to choose the process specifics and to control film composition and 

band gap. The primary disadvantage results from the difficulty in control, particularly of the 

Cu-evaporation source, and the resulting need for improved deposition, diagnostic, and control 

technology. A second disadvantage is the lack of commercially available equipment for large-

area thermal evaporation.  
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Figure 2.5 Schematic of the co-evaporation process system of CIGS films. 

 

 

Figure 2.6 The picture of CIGS evaporation system. 
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Figure 2.7 Model of CIGS growth in the presence of CuxSe. 

 

 

Figure 2.8 Flux rates of the typical three-stage co-evaporation process.  
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2.2.2.4 Chemical Bath Deposition of Buffer Layer 

Cadmium Sulphide (CdS) 

During the CdS thin film growth, there are two mechanisms [58,59]. One is cluster-by-

cluster mechanism and the other is ion-by-ion process. The cluster-by-cluster process means 

that, in the ammonia-thiourea system, firstly Cd2+ and S2- ions are released respectively by the 

dissociation of the corresponding ammonia complexes and by the alkaline hydrolysis of 

thiourea. Then CdS particles are created when the product of the free Cd2+ and S2- ion 

concentrations exceed the solubility product of CdS. And the particles of CdS are absorbed on 

the substrate followed by the formation of CdS thin film. As for the ion-by-ion process, there 

steps are contained,  

(1) the reversible adsorption of dihydro-diamino cadmium on the substrate surface, 

(2) the adsorption of thiourea by the formation of a metastable complex, 

(3) the formation of CdS and the site regeneration by the metastable complex 

decomposition. 

In this study, the chemical bath deposition of CdS buffer layer was performed by taking 

132 ml of 0.015M cadmium sulfate (CdSO4), 132 ml of 0.75M thiourea (SC(NH2)2, and 168 

ml of 30% NH3 dissolved in 900 ml of deionized H2O. The sample carried by the sample holder 

is immersed into the beaker containing the precursor solution. The beaker is then immersed 

into a water bath kept at 80℃. The reacting time is about 3min. The schematic of chemical 

bath deposition of CdS buffer layer is illustrated in Figure 2.9. The chemical reaction can be 

expressed as follows,  
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CdSO4 + NH3 → Cd(NH3)4
2+ + SO4

2- 

Cd(NH3)4
2+ → Cd2+ + 4NH3 

CS(NH2) + 2OH- → HS- + H2O + CH2N2 

HS- + OH- → S2- + H2O 

Cd2+ + S2- → CdS 

 

 

Figure 2.9 Schematic of chemical bath deposition of CdS buffer layer. 
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Zinc Sulphide (CdS) 

ZnS thin films were prepared on glass substrates by CBD from an aqueous solution bath 

containing zinc acetate dehydrate (Zn(CH3COO)2∙2H2O) and thioacetamide (C2H5NS, TAA) 

in the case of acidic medium and zinc sulfate heptahydrate (ZnSO4∙7H2O) and thiourea 

(SC(NH2)2) in the case of alkaline medium. The solution pH was controlled by HCl and 

NH4OH to maintain acidic or alkaline bath pH. Prior to deposition, substrates were cleaned 

ultrasonically using acetone and deionized water for 10 min. The cleaned substrates were dried 

under N2 and then introduced into the bath, where they were fixed vertically and immersed in 

reaction solution. Deposition was carried out at 90 °C for the desired duration with stirring. 

After deposition, the substrates were removed from the reaction bath, rinsed with distilled water, 

dried in air at room temperature, and stored in an airtight plastic container. The deposited thin 

films adhered well to the substrates. 

2.2.2.5 Window Layers Deposition 

ZnO and Al:ZnO(AZO) thin films were deposited via RF magnetron sputtering at room 

temperature with ZnO and AZO targets (2 inches in diameter). The CIGS thin film blown dry 

with N2 gas before being loaded into the vacuum chamber. High-purity Ar gas was introduced 

through a mass flow controller after the vacuum chamber bad been evacuated to below 1.0 × 

10-6 Torr. The distance between the target and the substrate was kept constant at 11 cm. RF 

sputter guns with the target materials were mounted facing downward at the top plate, and the 

substrate on the heater was located at the sputter chamber’s base plate. During the growth of 

the films, the process pressure and the flow rate of Ar gas were fixed at 1.0 × 10-3 Torr and 

20 sccm, respectively. In order to obtain uniform films, we kept the substrate spinning 
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sputtering. Figure 2.10 and figure 2.11 shows a schematic diagram of the magnetron sputtering 

system and Table 2.3 shows film deposit conditions on the ZnO and AZO sputtering parameters.  

 

Materials 

Pressure 

(Torr) 

Substrate 

Temperature 

(℃) 

Deposition 

Time (s) 

Argon flow Rate 

(sccm) 

RF power (W) 

ZnO 1.0 × 10-3 RT 3600 20 50 

AZO 1.0 × 10-3 RT 7200 20 120 

 

Table 2.3 Deposition properties by RF sputtering system. 
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2.2.3 Characterization Technologies 

2.2.3.1 Field Emission-Scanning Electron Microscopy (FE-SEM) 

In this study, the field emission SEM system was used to investigate the morphological 

feature of various thin films A schematic diagram of a typical SEM is shown in Figure 2.10.  

An electron beam is generated by a field emission gun at the top of the column. This beam is 

focused by tow magnetic lenses inside the column and hits the sample in the sample chamber 

in a very small spot (~5 nm). Pairs of scanning coil located at the objective lens deflect the 

beam either linearly or in raster fashion over a rectangular area of the sample surface. Electron 

beam having energies ranging from a few thousand to 50 keV, with 15 keV as a common value, 

is utilized. Upon impinging on the sample, the primary electrons decelerate and in losing energy 

transfer it inelastically to other atomic electrons and to the lattice. 

Though continuous random scattering events, the primary beam effectively spreads and 

fills a teardrop shaped interaction volume with a multitude of electronic excitations. The result 

is a distribution of electrons that manages to leave the sample with an energy spectrum. In 

addition, target X-ray are emitted, and other signals such as light, heat, and sample current are 

produced, the sources of their origin can be imaged with appropriate detectors. The various FE-

SEM techniques are differentiated based on what is subsequently detected and imaged. 
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Figure 2.10 Schematic diagram of a typical FE-SEM. 

 

2.2.3.2 Energy Dispersive X-ray Spectroscopy (EDS) 

The energy dispersive X-ray spectroscopy (EDS or EDX), sometimes also called 

electron probe mirco-analysis (EPMA), is one of the most common used technologies for the 

chemical analysis of thin films. Most EDS systems are interfaced to FE-SEM’s, where the 

electron beam serves to excite characteristic X-rays from the area of the specimen being probe. 

There are two common methods to record the spectra of the emitted characteristic radiation. 

The first is to measure the whole energy spectrum simultaneously with an energy sensitive 

detector. The second option is to use a goniometer and analyzing crystal with θ ~ 2θ coupling 

and to assign a measured intensity to a 2θ position. By means of the Bragg equation nλ =
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2d sinθ, the energy of a measured peak can then be determined from the 2θ-position of the 

detector. The first technique, the energy dispersive spectrometry, is known as EDS or EDX, 

while the second approach is called wavelength dispersive spectrometry (WDS or WDX).  

2.2.3.3 X-ray diffraction (XRD) 

X-ray diffraction (XRD) occurs when X-rays with a sufficiently small wavelength 

interact with atoms in a crystal. The reason is the periodic arrangement of the atoms in the 

crystal structure and sufficiently small means here wavelengths comparable to or smaller than 

the lattice parameters concerned. XRD is a standard technique for the determination of the 

crystal structure of the samples. The condition for a constructive interference from two lattice 

planes was formulated by Bragg in 1912 as (Bragg condition, see Figure 2.11)  

∆x = 2d sinθ = nλ                          (2-1) 

here, ∆𝑥  is the path difference between two X-ray beams reflected at subsequent lattice 

planes, θ is the angle between incoming (outgoing) X-ray beam and lattice plane, d is the 

spacing between the lattice planes, n the order of diffraction (a positive integral) and 𝜆 is the 

X-ray wavelength. The Bragg condition determines at which angle (hkl) reflection peaks will 

be found in a measured XRD pattern for a crystal plane with spacing (hkl). 

Rigaku RAD-3D, Japan XRD system was used to analyze the phase and structural 

properties of thin films using 2θ method in the percent study. Typical wide-angle 2θ scans from 

20 to 80° at step size of 0.02° and the incident angle ω was usually kept at 3 to 8° as shown 

in figure 2.12. The Cu-κα radiation that was generated from a sealed Cu tube at the voltage and 

current of 30 kV and 20 mA. Moreover, the measurement was performed at room temperature. 

The measured XRD spectrum were analyzed using the MDI Jade 5 software by taking the Joint 
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Committee on Powder Diffraction Standards (JCPDS) cards are references. 

 

 

Figure 2.11 Schematic of the Bragg condition. 

 

Figure 2.12 Schematic of the XRD measurement using 2θ method. 
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2.2.3.4 Hall-effect Measurement 

The Hall-effect measurement is a technique used to measure the amount and type of 

carriers present in a semiconductor. If an electric current flow through a semiconductor in a 

magnetic field, the magnetic field exerts a transverse force on the moving charge carriers which 

tends to push them to one side of the semiconductor according to the Lorentz force. A buildup 

of charge at the sides of the semiconductor according the Lorentz force. A buildup of charge at 

the sides of the semiconductors will balance this magnetic influence, producing a measurable 

voltage between the two sides of the conductor. The presence of this measurable transverse 

voltage is called the Hall-effect. Figure 2.13 shows the Hall-effect geometry for the n- and p-

type semiconductor. And the Hall voltage (VH) is defined as 

for n-type semiconductor, 

𝑉𝐻 =  
− 𝐼𝑦 𝐵

|𝑞| 𝑛𝑡
                           (2-2) 

for p-type semiconductor, 

𝑉𝐻 =  
+ 𝐼𝑦 𝐵

|𝑞| 𝑝𝑡
                           (2-3) 

here, B: the magnetic field, Iy : the flow current, q : the signed quantity representing carrier 

charge, n/p : the carrier concentration for n/p-type semiconductor, and t : the film thickness.  

The majority carrier type determines the sign of the Hall Voltage (positive for p-type and 

negative for n-type). The Hall coefficient is given 

𝑅𝐻 =  
𝑉𝐻 ×𝑡

𝐼𝑦 𝐵
                          (2-4) 
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If there is only con carrier present, the Hall coefficient can also be written as follows. 

for n-type semiconductor, 

𝑅𝐻 =  
− 1

|𝑞| 𝑛
                          (2-5) 

for p-type semiconductor, 

 𝑅𝐻 =  
+ 1

|𝑞|𝑝
                           (2-6) 

The VH is usually could be measured directly so that the Hall coefficient, carrier 

concentration would be calculated from above equations. In addition, the Hall mobility can 

also be calculated. 

 

Figure 2.13 Schematic of the Hall-effect geometry for the semiconductors. 

 

In this study, the HMS 5000, ECOPIA21 Hall-effect measurement system was used to 

analyze the carrier concentration. Hall mobility, resistivity, Hall coefficient, and type of 

semiconductor film under the room temperature. Prior to the measurement, four indium-points 
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were deposited on each corner of the sample to form good Ohmic-contact. An appropriate 

current was set to flow across the sample to low measurement errors as far as possible.  

  



Chapter 2                                                                                  

- 51 - 

 

2.3 Results and Discussion 

 2.3.1 Optimization of Mo Back Contact 

As mentioned in section 2.2.2.2, the Mo film should have excellent adhesion with the 

glass substrate and have good conduction. According to basic knowledge of thin-film 

deposition and experimental results, both power density and pressure are main parameter, 

which affect the properties of Mo films. The effects of sputtering power and pressure on the 

properties of Mo films were analyzed.  

2.3.1.1 Results and Discussion 

Figure 2.14 shows the X-ray diffraction (XRD) spectra indicating that all the Mo thin 

films have a typical cubic structure, showing a peak at 40.57o and a small peak at 73.37o, which 

correspond to the (110) plane and the (211) plane reflections. The two peaks for the Mo bi-

layer are stronger than those for the Mo single layer. The higher the substrate temperatures are, 

the sharper and stronger the diffraction peaks of the Mo films are, indicating the improved 

crystallinity. This is likely due to the increase of the film thickness. In addition, the full-width 

at half maximum (FWHM) of the Mo (110) peak decreased with increasing substrate 

temperature. The lattice parameter (a) is determined for the cubic structure using the following 

expression 

1

𝑑2 =
(ℎ2+𝑘2+𝑙2)

𝑎2                             (2-7) 

where h, k and l are the Miller indices of the lattice planes. Figure 2.15 shows the lattice 

constants of the Mo thin films as a function of the substrate temperature. The change in lattice 

constant for the thin film deposited on the substrate clearly suggests that the thin film’s grains 
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are under stress; this may be due to a change in the nature and concentration of the native 

imperfections. This causes either tensile strain or compression strain of the lattice parameters. 

The density of the film is, therefore, expected to change in accordance with changes in the 

lattice constants. The lattice constant of the Mo thin film increases with increasing growth 

temperature. The linear thermal expansion coefficient is related to the effects of the anharmonic 

terms in the potential energy on the mean separation of a pair of atoms.  

The strain on the film was evaluated using the following formula 

strain (%) =  
Δ𝑎

𝑎
× 100                        (2-8) 

where a is the lattice parameter (for Mo, a = 0.31472 nm). Lattice constants, grain size, and 

resistivity of the Mo layer at various substrate temperatures are listed in Table 2.5. Figure 2.16 

shows the substrate temperature dependence of the strain in the Mo bi-layer. At low substrate 

temperatures, Mo films have a more porous columnar grain growth causing intergranular voids. 

This happens due to the reduced energy of the sputtered atoms that arrive at the substrate. In 

terms of film properties, these voids make the resistivity higher, but there is no reorganization 

of the arriving atoms. On the other hand, at high substrate temperature, Mo films have the 

tendency to become tightly packed; this tends to form films with a compressive stress and there 

is a decrease in resistivity. The residual strain is changed from tensile to compressive, as the 

substrate temperature increases. Films deposited at lower temperatures tend to be more resistive, 

but these films demonstrate good adhesion between the Mo film and the substrate, because the 

films are subject to a tensile strain, while films deposited at higher substrate temperatures tend 

to be subject to a compressive strain and demonstrate low resistivity and poor adhesion to the 

glass substrate [60]. 
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Figure 2.14 X- ray diffraction spectra of the Mo thin films (a) single layer, and (b) bi-layer. 

XRD spectra indicate that all the Mo thin films have a typical cubic structure, 

showing a peak at 40.46o and a small peak at 73.75o which correspond to the (110) 

plane and the (211) plane reflections. 
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Figure 2.15 Lattice constants of the Mo thin films as a function of substrate temperature. 

 

Substrate temp. 

(℃) 

Deposition 

Time (s) 

Thickness 

(m) 

Deposition 

Rate (nm/s) 

200 
B: 6720 

T: 7200 

300 nm 

1.06 μm 
0.1055 

300 
B: 6720 

T: 7200 

341 nm 

1.13 μm 
0.1095 

400 
B: 6720 

T: 7200 

373 nm 

1.21 μm 
0.1162 

500 
B: 6720 

T: 7200 

422 nm 

1.39 μm 
0.1344 

 

Table 2.4 Deposition parameters of the DC magnetron sputtering for preparation of the Mo 

bi-layer films at 50 W of the power density (B: bottom layer, T: top layer). 

 

FE-SEM images of the Mo bi-layers deposited under various substrate temperatures are 

illustrated in Figure 2.17. Film prepared at 200oC with deposition pressure of 1.4 × 10−2 and 

3.0 × 10−3 Torr showed a smooth surface with fibrous grains of small size, and small size pores, 

as shown in Figure 2.17(a). The inset of the plane-view shows an FE-SEM image of the first 
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Mo layer. As the deposition temperature of the substrate increased, the pore size became larger 

and the fibrous grain size increased. This increase in grain size is likely to be the reason for the 

reduction in the resistivity of the Mo thin films with increasing of the deposition substrate 

temperature, as can be seen in Figure 2.18. 

 

Substrate  

Temperature 

(oC) 

Lattice 

Constant (Å) 

Strain 

(%) 

Grain size 

(nm) 

Resistivity 

(Ω·cm) 

200 3.1423 4.553 68.32 4.49×10-3 

300 3.1494 3.054 75.12 4.08×10-3 

400 3.1635 1.925 86.83 2.69×10-3 

500 3.2258 -1.202 92.35 8.13×10-4 

 

Table 2.5 Parameters and results of bi-layer deposition with 1.4×10-2/3.0×10-3 Torr.  

 

Table 2.5 shows the resistivity of single layer and bi-layer as a function of substrate 

temperature. Resistivity of all layers tended to decrease with increasing growth temperature. 

Bilayer shows that the resistivity is lower than single layer. 

Electrical resistivity, carrier mobility and carrier concentration dependencies for the Mo 

bi-layers at various substrate temperatures, measured by Hall measurements at room 

temperature, are shown in Figure 2.18. resistivity decreased from 4.49 × 10−3 to 8.13 × 10−4 

Ω·cm. The lowest resistivity was 8.13 × 10−4 Ω·cm for the film with the 500℃ substrate 
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temperature. Corresponding mobility increased from 0.023 to 1.05 cm2/V·s, and carrier density 

slightly increased from 6.17 × 1021 to 6.13 × 1022 cm−3. The electrical resistivity of thin films, 

according to the Fuch-Sondheimer (FS) theory, can be expressed as [61] where ρ is the 

resistivity of film, ρo that of an infinitely thick film, λ is the ratio of the film thickness t to the 

mean free path l of the bulk and p is the secularity parameter. The measured ρ can be compared 

with theoretical results due to FS theory; using well-known published data (e.g. ref [64], this 

value was calculated for a mean free path l293K of 39.5 nm [62,63] and a coefficient p from 

the surface of zero. Our experimental data can be interpreted using FS theory, the resistivity of 

the films decreased as the thickness increased from 1.06 µm to 1.39 µm. 

The electrical properties of the Mo films improved as the strain decreased. The effect of 

the various substrate temperatures on the electrical resistivity was studied to find the deposition 

conditions that could be used to obtain low resistivity Mo thin films. Figure 2.19 shows the 

inverse relationships of the strain and the resistivity to the grain size of the Mo films with 

different growth temperatures. We found that, the resistivity of the Mo films decreases with 

increasing substrate temperature, which is accompanied by an increase of the grain size. From 

the above results of Hall measurements of the increase of the grain size with increasing the 

carrier concentration of the Mo film, we can explain this behavior. The increase of the grain 

size of the Mo films induces a reduction of the grain boundary potential barrier height, as well 

as of the number of grain boundaries the carrier must cross during electrical transport, which 

in turn leads to a decrease of the resistivity. And, because the strain is a manifestation of a 

dislocation network in the films, a decrease of strain indicates a decrease of the concentration 

of the lattice imperfections and the formation of high-quality films with increasing grain size 

and improvement in the crystallinity, with fewer defects [65]. 
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Figure 2.16 (a) Substrate temperature dependence of the strain in the Mo bi-layer. (b) The 

direction and sign of applied force by convention. 
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Figure 2.17 Plane-view and cross-sectional FE-SEM images of the Mo bi-layers deposited at 

various substrate temperatures: (a) 200, (b) 300, (c) 400, and (d) 500 oC. 
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Figure 2.18 Electrical resistivity, carrier mobility, and carrier concentration dependencies for 

the Mo bi-layers at various substrate temperatures measured by Hall 

measurements at room temperature.  

 

 

Figure 2.19 The inverse relationship of the strain and resistivity to the grain size of the Mo 

films with different growth temperatures. 
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2.3.1.2 Conclusions 

Molybdenum thin films were grown on soda-lime glass by using the DC magnetron 

sputtering system. The effects of the deposition parameter, such as substrate temperature, on 

the lattice constant, grain size, strain, and resistivity of the Mo thin films have been investigated. 

The main goal of this work was to clearly identify the deposition conditions, lacking in the 

literatures, that ensured the deposition of Mo bi-layers with good adhesion to the SLG, lower 

resistivity, and good reproducibility. The XRD results showed that the crystallites of the films 

are mainly oriented in the (110) direction. Hall measurements using the van der Pauw 

configuration indicated that it is possible to obtain low resistive Mo films by appropriate 

increasing the substrate temperature. From the FE-SEM images, we found that the resistivity 

of the Mo films decreases with increasing substrate temperature, which is accompanied by an 

increase of the grain size. In conclusion, we have deposited the Mo bi-layer film having a better 

crystallinity and a lower resistivity, which could be used suitably for the back-contact layer of 

the CIGS solar cells. 

2.3.2 Optimization of CIGS absorber  

Manufacturing of the CIGS absorber is a key process. Three-stage process have a direct 

effect on the properties of the final CIGS absorber, such as stoichiometry, morphology, and 

electrical properties. In this section, optimization of CIGS absorber was performed by 

optimizing the co-evaporation process. 

2.3.2.1 Results and Discussion 

Thin-film CIGS solar cells were prepared on soda-lime glass. A sputtered Mo layer was 

used as a back contact. Subsequently, a Cu(In,Ga)Se2 absorber layer was deposited onto the 
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Mo-coated substrates.  

 

 

 

Figure 2.20 Substrate temperature of the three-stage co-evaporation process [66]. 

 

 

 

Figure 2.21 The surface and cross section images with different stages during 3-stage 

evaporation: (a) first stage, (b) second stage, and (c) third stage. 
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A Mo back contact layer with a thickness of 1 μm was deposited on a soda-lime glass 

substrate by DC magnetron sputtering. The CIGS absorber layer was grown by a three-stage 

process involving the co-evaporation of In, Ga, Cu, and Se. In first stage, an (In0.7Ga0.3)Se3 

layer with a thickness of 1 μm was grown by co-evaporating In, Ga, and Se elements on the 

Mo back contact layer at 400 oC. In second stage, a CIGS film was formed by evaporating Cu 

and Se on the (In,Ga)2Se3 layer at 600 oC. The end of the second stage was determined by 

measuring the substrate temperature drop. At the point where substrate temperature was 

decreased, the CIGS has slightly Cu-poor composition, Cu/(In+Ga) < 1. After this change, 

more Cu was added and the Cu/(In+Ga) ratio was adjusted over 1 after the second stage. 

Because only Cu and Se are supplied during the second stage, the surface region contains a 

small amount of Cu2-xSe. In the third stage, In, Ga, and Se elements were evaporated on the 

CIGS layer in order to convert Cu-rich film to Cu-poor. The three stage co-evaporation process 

described above is summarized in Figure 2.20 [66]. Figure 2.21 shows plan view and cross-

section images of the CIGS thin film deposited on a Mo/glass substrate using a co-evaporation 

technique during three stages, demonstrating that well-defined columnar grains.  

The figure 2.22 shows the X-ray diffraction spectrum according to the post-annealing 

temperature of the CIGS absorber layer. The (112), (220), and (312) peaks were confirmed, 

and it was confirmed that the chalcopyrite structure was present. (112) peaks were shifted to 

the left from 27.123° to 27.071° depending on the annealing temperature, from 45.080° to 
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44.986° for the (220) peak and from 53.651° to 53.650° for the peak (312) the higher the film 

thickness, the more the CIS film is formed [67,68]. The lattice constant a corresponding to the 

diffraction angle 𝜃 for each miller index was calculated using equation 2-9. 

                        a =  
𝜆√ℎ2+𝑘2+𝑙2

2 𝑠𝑖𝑛𝜃
                        (2-9) 

In this case, the 𝜆 is the wavelength value (1.5416 Å ) of the light source used in the XRD 

analysis, the 𝜃 is the diffraction angle corresponding to each peak value, and (hkl) is the 

miller index corresponding to the 2𝜃 for each peak. Table 2.6 and Figure 2.23 shows the 

lattice constant according to the post-annealing temperature change. As the post-annealing 

temperature increases, the lattice constant increases from 5.683 Å  to 5.729 Å . As the post-

annealing temperature increases, the In composition ratio changes from x = 0 to 1 and the 

lattice constants become close to the CIS. The reason why the lattice constant is large is that 

the ion radius (1.67 Å ) of the substituted In in the chalcopyrite structure is larger than the 

ionic radius of Ga (1.35 Å ). After the post-annealing process is performed, Ga in the upper 

part of the CIGS layer melts into the inside of the thin film layer and changes in the 

composition ratio of Ga and In occur, which can be confirmed in the figure 2.24. It can be 

seen that as the lattice constant increases, the size of crystals also increases with post 

annealing treatment. However, at the annealing temperature of 500 oC, the Se composition 

was abruptly changed and the CIGS thin film was deformed, and the surface was damaged, 

and the lattice constants tended to decrease again.  
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Figure 2.22 (a) The XRD patterns of the CIGS films showing chalcopyrite structure phase with 

(112), (220) and (312) peaks. (b) (112) peak shifts to left like CIS peak. (c) (220) 

and (312) peaks shift to left like CIS peaks. 

 

 

 

Figure 2.23 Lattice constants as a function of annealing temperature. 
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Figure 2.24 Atomic ratios of the Ga and Se as a function of annealing temperature. 

 

 

Post 

Annealing 

temp. (oC) 

Lattice  

Constant (Å) 

Roughness 

(nm) 

Grain 

Size 

(nm) 

Thickness 

(μm) 

R.T 5.683 39.92 495.0 4.95 

200 5.685 31.47 537.6 5.03 

300 5.690 41.57 517.3 4.88 

400 5.729 35.67 652.6 4.72 

500 5.695 38.33 586.8 4.48 

 

Table 2.6 Several structural parameters of the CIGS thin films at various annealing 

temperatures. 
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The figure 2.25 shows the FE-SEM measurement of the cross section according to the 

post annealing temperature. As the post annealing temperature increased, the size of the crystal 

grains increased and the void of the CIGS layer was remarkably reduced. As shown in Table 

2.6, as the post annealing temperature is increased, the thickness is also decreased. It is 

considered that the void is reduced and the CIGS thin film is sintered as a whole. This is 

consistent with the crystal size results using AFM. Figure 2.26 and Figure 2.27 show the 

surface roughness of the CIGS thin films with 2D and 3D AFM images, respectively. The 

thicknesses of the untreated thin films were 39.92 nm, 31.47 nm, 41.57 nm, 35.67 nm, and 

38.33 nm, respectively. The crystallite sizes according to the subsequent post annealing 

temperatures were 585.6 nm, 537.6 nm, 547.3 nm and 652.6 nm, and 586.8 nm, respectively. 

The surface roughness was low at 200 oC and 400 oC and the largest crystal size at 400 oC.  
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Figure 2.25 The cross section images of the CIGS thin films (a) RT, (b) 200 oC, (c) 300 oC, (d) 

400 oC, and (e) 500 oC. 

 

 

 

Figure 2.26 AFM images(2D) for roughness of the CIGS thin films (a) RT, (b) 200 oC, (c) 300 

oC, (d) 400 oC, and (e) 500 oC. 

 

 

 

Figure 2.27 AFM images(3D) for roughness of the CIGS thin films (a) RT, (b) 200 oC, (c) 300 

oC, (d) 400 oC, and (e) 500 oC. 
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2.3.2.2 Conclusion 

A CuIn1−xGaxSe2 light absorber layer that had been deposited on a soda-lime glass 

substrate by using the co-evaporation method was post-annealed at various temperatures by 

using a rapid thermal process method. The structural and the electrical properties of the 

deposited layer, which was annealed at temperatures in the range of 200 ∼ 500 oC were 

investigated. The lattice constant and the grain size were calculated to investigate the structural 

properties. The deposited film had a chalcopyrite structure, and the lattice constant and the 

grain size increased from 5.683 Å to 5.729 Å and up to 652.6 nm, respectively, with increasing 

post annealing temperature.  

 

2.3.3 Optimization of Buffer layer: ZnS buffer layer 

2.3.2.1 Results and Discussion 

ZnS is also attractive due to its elemental abundance, low toxicity, and low cost. CIGS 

cells with ZnS buffer layers have demonstrated high cell efficiencies that are better than or 

comparable to those of cells with CdS buffer layers [69-71]. Chemical bath deposited (CBD) 

ZnS buffer layers must have uniform morphology, good interfacial adhesion, and a high growth 

rate and be pinhole free for application in thin film solar cells for improved conversion 

efficiency [72].  

The quality and stoichiometry of films differ depending on the deposition conditions 

such as solution pH, reaction temperature, stirring, and deposition time, all of which affect the 

resulting structural and optical properties [73]. The pH of the reaction solution is a very 
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important factor in CBD films, and several studies have addressed the effect of this parameter 

on the properties of ZnS thin films [74]. In this work, we studied the synthesis of ZnS thin films 

by the CBD method using HMTA and Na2EDTA as additives to rapidly obtain a good quality 

film. The purpose of this study was to grow stoichiometric ZnS film and to improve the growth 

rate of ZnS thin films by CBD in acidic and alkaline media at 90°C while ensuring uniform 

morphology. The effects of reaction solution pH on morphology, chemical composition, and 

optical properties of the ZnS thin film are reported herein.  

Figure 2.28 shows FE-SEM images of ZnS thin films grown at 90 ℃ at pH 4, 7, and 11. 

The surface morphologies of the films differed greatly according to reaction pH. The thin film 

deposited at pH 11(Figure 2.28c) exhibited low surface compactness and consisted of spherical 

grains of various sizes, indicating that the deposition process occurs cluster-by-cluster. This 

process corresponds to a higher concentration of OH− ions and thus faster generation of S2− 

ions by thermal hydrolysis of thiourea. The subsequent growth of precipitates by addition of 

more ions from solution results in formation of stable clusters in solution that can subsequently 

be deposited on the film. The coverage range was found to increase with decreasing pH, leading 

to a more compact morphology. Figures 2.28a and 2.28b show that fully covered and uniform 

films with both additives were successfully deposited on soda-lime glass, whose growth rate 

was 2 times faster than that of the film with Na2EDTA only.   
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Figure 2.28 FE-SEM images of ZnS thin films grown from in various bath pH solutions: (a) 4, 

(b) 7, and (c)11. 

 

Figure 2.29 shows AFM images of a 25 μm × 25 μm area of ZnS thin film. AFM analysis 

indicated that the grains in the films deposited at pH 11 were not uniformly distributed over 

the substrate surface (Figure 2.29c). A relatively high OH- concentration will produce, prior to 

completion of ion exchange, new particles of Zn(OH)2, and Zn(OH, S) will nucleate and grow 

on the surface of the previous particle, avoiding continuation of the ion exchange. The RMS 

surface roughness values of the films prepared at pH 4, 7, and 11 were 11.68, 32.38, and 56.10 

nm, respectively. Figures 2.29a and 2.29b show that the surfaces of grown ZnS thin films are 

uniform, compact, and well covered by fine spherical grains. This result is caused by a clear 

increase in the quantity of aggregates on the surface, which is usually attributed to involvement 

of a cluster-by-cluster mechanism in the grown films. The concentration of suspended particles 

is sufficiently high that the probability of collisions among them becomes high. This situation 

can result in aggregation. We conclude that increasing the reaction pH increases the film 

thickness and roughness.  
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Figure 2.29 (a–c) 2D and (d–f) 3D images of ZnS thin films fabricated in various pH baths: (a, 

d) 4, (b, e) 7, and (c, f) 11. 

 

To identify the chemical composition and states of the ZnS thin films, XPS analyses were 

carried out. Binding energies of the peaks were calibrated using the C 1s peak (284.7 eV) as a 

reference. Figure 2.30 illustrates typical XPS spectra obtained for the Zn 2p and S 2p regions. 

All XPS spectra of the ZnS thin films were fit well with Gaussian functions. The spectral 

signatures at the binding energy (BE) of Zn 2p3/2 (Figure 2.30a-c) for the films formed at pH 

4, 7, and 11 included the Zn–S bond position at ca. 1021 eV [75], which demonstrated that 

some amounts of ZnO and Zn(OH)2 in the ZnS buffer were included, which can lead to poor 

quality thin film. Figure 2.36c revealed that the Zn 2p peak were deconvoluted into three 

Gaussian peaks centered at 1023.18 eV Zn(OH)2 [76], 1022 eV (ZnO) [77], and 1021 eV (ZnS). 
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Differences between Zn(OH)2 and ZnS were manifested by the difference in solubility products 

between the respective hydroxide and chalcogenides. Considering, for example, the sulfides, 

the relevant Ksp values are as follows [78] 

Zn(OH)2: 8 × 10−14, ZnS: 3 × 10−25                             (2-10) 

The Ksp of Zn(OH)2 is higher than that of ZnS, meaning that the former is more easily 

decomposed in solution. The OH− concentration increases with increasing pH and increasing 

access to OH− favors chemical deposition over cluster-by-cluster deposition. Deposition purely 

by the ion-by-ion process should solve this problem at low pH because little hydroxide is 

present. At pH7 (Figure 2.30b), the combination TAA and HMTA decreased the OH- 

concentration and the Zn-OH peak, indicating that a good quality thin film was deposited. The 

reduction of OH- generated a thin film with a stoichiometric ratio of 1:1 atomic% of Zn and S. 

Table 2.6 presents the obtained atomic% of Zn and S for thin films prepared under various 

reaction pH condition. Moreover, the S 2p XPS regions of the ZnS thin films prepared at 

various pH (Figure 2.30b) each showed a peak at BE 161.5 eV, which is attributed to Zn–S 

bonds. The S 2p spectra could also be deconvoluted into two distinct components with a lower-

BE component at ca. 161.5 eV for S 2p3/2 and a higher-BE component at ca.163 eV for S 2p1/2 

(Figure 2.30b inset). The S 2p core level peak of ZnS is known to contain S 2p1/2 and S 2p3/2 

orbit splitting, which is separated by 1.2–1.3 eV, and the intensity ratio of the S 2p1/2 peak to 

the S 2p3/2 peak was 1:2 [79]. 
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Figure 2.30 XPS spectra of (a)-(c) Zn 2p3/2 peaks and (d) S 2p peak of ZnS thin films 

deposited pH 4, 7, and 11. (d inset) S 2p core-level peak of ZnS, including 

deconvolution; this peak is known to contain S 2p1/2 and S 2p3/2 orbits. 

 

The optical band gap of a film can be evaluated by extrapolating the linear portion of the 

αhν2 ~ hν curve to the axis, as shown in Figure 2.31 these straight-line fits give band gap values 

ranging from 3.81 to 3.93 eV. These band gaps were all higher than the average value for bulk 

ZnS (3.8 eV). Optical band gaps of the ZnS thin films were calculated from optical absorption 

spectra by straight-line extrapolation of the plot of (αħν)2 versus energy (ħν) according to the 

following equation [80,81] 

α = 𝐴(ℏ𝜈 − 𝐸𝑔)𝑛                           (2-9) 

where α is the absorption coefficient, ħ is Planck’s constant, Eg is the absorption band gap, A 
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is a constant, and n depends on the type of transition and has values of 1/2 (for allowed direct 

transition), 2 (allowed indirect), 3/2 (nonradiative direct), or 3 (nonradiative indirect) [82]. As 

shown in Figure 2.37, the band gaps of ZnS thin films were higher than that of bulk ZnS (3.68 

eV) [83], and the difference increased with decreasing pH, indicating a reduction in particle 

size. In fact, increasing the pH leads to changes in the growth conditions, thereby shifting the 

absorption edge to lower wavelengths. Thus, absorption spectra show a blue shift due to the 

quantum confinement effect [84] of ZnS nanoparticles. The quantum confinement effect allows 

one to tune the emission and excitation wavelengths of nanoparticles by tuning the particle size. 

The band gaps calculated for all thin films in this manner decreased from 3.69 to 3.80 eV as 

pH increased from 4 to 11.  

Figure 2.32 shows the optical transmittance of ZnS thin films fabricated under various 

pH conditions. Transmission measurements were performed at room temperature over the 

spectral range of 300–800 nm to obtain information on the optical properties of ZnS thin films 

fabricated at various pH, and the optical transmission was maximized at ~60% for all pH 

regions.  
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Figure 2.31 Plots of (αhν)2 versus photon energy (hν) for ZnS thin films fabricated under 

various pH conditions. 

 

 

Figure 2.32 Optical transmittance spectra of ZnS thin films fabricated under various pH conditions. 
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Figure 2.33 shows the photon energy the grain size of the ZnS films versus solution pH 

used during deposition. The grain size increased from 169.8 to 208.8 nm upon increasing the 

pH from 4 to 11. This change probably arises because increasing pH promotes diffusion of 

hydroxide colloidal particles to the substrate, where they adhere and react with S ions. This 

reaction results in exchange of hydroxide by sulfide, probably starting at the surface of the 

colloid and proceeding inward. The exchange continues until most of the hydroxide is 

converted to sulfide; eventually, the primary particles of ZnS adhere to each other to form an 

aggregated film. The band gap of ZnS thin film is a function of size under the tight binding 

approximation (TBA) and the effective mass approximation (EMA). Therefore, the observed 

hypsochromic shift is caused by the quantum confinement size effect. Brus [85] used the EMA 

to explain the theory of hypsochromic shift, and the photon energy of nanoparticle size (NPS) 

as a function of particle radius (R) is given by the Brus equation as follows [86] 

𝐸𝑔
𝑛𝑝 =  𝐸𝑔

𝑏𝑢𝑙𝑘 + 
ℏ2𝜋2

2𝑅2
(

1

𝑚𝑒
0 +

1

𝑚ℎ
0) −

1.8𝑒2

4𝜋𝜀0𝜀𝑟𝑅
              (2-10) 

where ħ is Planck’s constant, R is the radius of the nanoparticle, 𝑚𝑒
0 is the effective mass of 

the electron (𝑚𝑒
0 = 0.19 𝑚𝑒 ), 𝑚ℎ

0  is the effective hole mass (𝑚ℎ
0 = 0.80 𝑚𝑒  ), 𝑚𝑒  is the 

mass of the electron, 𝜀𝑟 is the dielectric constant of the particles, and 𝜀0 is the permittivity 

of free space[87,88]. The terms in the equation represent the photon energy of bulk ZnS, the 

electron–hole pair confinement kinetic energy, and the Coulomb interaction energy between 

the electron and hole, respectively. Using this equation, we estimated the crystallite sizes of 

ZnS nanoparticles for each reaction pH. Table 2.7 presents the obtained band gap and estimated 

particle size for thin films prepared under various reaction pH values. These results agree with 

the particle sizes observed by FE-SEM.  
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Figure 2.33 Photon energy and grain size of ZnS thin films versus reaction solution pH. 

 

 

 

Table 2.7 Calculated roughness, grain size, and photon energy of CBD-ZnS thin films deposited 

under various pH conditions. 

 

2.3.3.2 Conclusion 

 ZnS thin films were prepared using an improved chemical bath deposition method. The 

most crystalline ZnS thin films were formed at pH 7 AFM images showed that these films were 

Sample RMS (nm) 
Grain size 

 (nm) 

Photon energy 

 (eV) 
Atomic% Zn Atomic% S 

pH 4 11,68 169.8 3.80 59.15 40.85 

pH 7 32.38 196.7 3.71 50.63 49.37 

pH 11 56.10 208.8 3.69 61.02 38.98 
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uniform, had smaller crystals, and completely covered the surface of the substrate. XPS 

analysis revealed the formation of only Zn–S bonds (1021.8 eV) for ZnS film grown in pH 7 

solution. The transmission spectrum showed good maximum transmission of 60% in the 

spectral range of 300 to 800 nm and a photon energy of approximately 3.93 eV. When the two 

additives were added simultaneously, and the pH of the bath was neutral, the atomic% of Zn 

and S was most stable at 1:1. Keeping the bath neutral, reduces the negative effect on the other 

layers and is suitable for CIGS solar cell fabrication. This knowledge could be useful for 

choosing appropriate variant conditions to prepare ZnS thin films for optoelectronic, 

semiconductor, and photovoltaic devices. 

 

2.3.4 Optimization of TCO layer: ZnO, AZO, GZO  

The window of a CIGS solar cell consists of two layers, the high resistivity (HR) layer 

which is deposited onto the buffer layer and the low resistivity (LR) transparent conductor 

oxide (TCO) layer. A typical combination is the high resistance (HR) ZnO and the LR Al:ZnO 

(AZO). The window layers usually are deposited using sputtering method.  

The role of the i-ZnO in the CIGS solar cell is not completely clear. But the gain in 

performance is related to the CdS thickness [89-93]. The thin CdS buffer layer (~50 nm) usually 

cannot over coverage all the surface of the CIGS which is relative uneven and has many pinhole 

(Figure 2.40), so that it caused poor diode characteristics and results in poor performance of 

CIGS solar cell. The i-ZnO layer can create parallel diode with CIGS/i-ZnO junction and 

improve the performance as illustrated in Figure 2.35. 
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Figure 2.34 Surface morphology of the CIGS absorber with some pinhole. 

 

 

Figure 2.35 Role of the i-ZnO prevent the shunt path. 
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Another potential reason for using an HR i-ZnO buffer layer is to add protection of the 

interface region from sputter damage induced during deposition of the TCO layer that typically 

requires harsher conditions.  

The function of the LR TCO is obvious. It shall provide maximum electrical conductivity 

at minimum optical absorption [70]. The most common TCO materials are SnO2:F (FTO), 

In2O3:Sn (ITO), and highly doped ZnO, namely with gallium (GZO), aluminum (AZO), or 

boron (BZO) [71]. However, as the deposition of FTO requires deposition temperatures higher 

than 200℃ is not used in chalcopyrite-based devices. ITO and doped ZnO can both be used, 

but the most common material used is the doped ZnO because of its lower material cost [72]. 

The most commonly used low temperature deposition method for these films is sputtering. 

However, various other deposition methods have been tested, including MOCVD [73,74], PLD 

[75], sol-gel method [76], and electrodeposition [77,78]. Though the obtained material quality 

may be high, some of these techniques are not yet of industrial relevance, because of high 

process temperatures needed or poor homogeneity on large areas.  

For economic and ecological reason, magnetron sputtering of ZnO doped with Al or Ga 

is the industrial standard today, allowing for high efficiencies at moderate cost.  
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 2.3.4.1 i-ZnO layer 

The structures of the c-plane and the a-plane ZnO single crystals were analyzed by using 

XRD, and the results are shown in Figure 2.36b. The crystal structure of the grown single 

crystal was hexagonal with the cell parameters a = 0.3249 and c = 0.5206 nm (JCPDS card 

number 36-1451). No characteristic peaks of metallic Zn or impurities were observed, which 

reveals that the samples had a high-quality crystalline structure. In Figure 2.36b, we find that 

the intensity of the diffraction peak from a-plane ZnO is stronger than that from c-plane ZnO. 

The fundamental properties of the wide-band-gap semiconductor ZnO have been studied over 

several decades. Despite many years of extensive studies, some of the fundamental properties 

of the luminescence in a-plane ZnO are still not fully understood. Figure 2.47 shows the PL 

spectra at 15 and 300 K for the a-plane ZnO single crystal. Three group bands are observed in 

the yellow (YL), green (GL), near-band-edge (NBE) regions, respectively. In order to judge 

the optical quality of a-plane ZnO, we calculated the ratio of the PL intensity of the NBE to 

that of the visible broad-band emission (D: GL and YL) by using R (= INBE/ID) for the ZnO 

crystal. The ratio of the a-plane sample was found to be 22.15, which is greater than the c-plane 

ZnO value (not shown) [95]. Lin et al. deduced that an increase in the relative R ratio led to a 

reduction in the conductivity of ZnO [96]. According to Ref. 97, an increase in GL means an 

increase in singly-ionized VO. Interestingly, the R ratio and the electron concentration are 

increased by increasing singly-ionized VO. This can be explained by the number of electrons 

produced by ionized Zn ionize and singly-ionized VO [96].  

The origins of the GL and the YL in ZnO are generally attributed to various types of 

point defects. The YL peaks at∼2.14 eV (15 K) can be attributed to the band acceptor (eA) 

transition [96]. The GL peak at ∼2.40 eV is a VO-related emission [98,99]. Kang et al. 
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suggested that the energy level of VO is located at 0.8 − 1.0 eV below the conduction band 

edge (EC) and that the GL transition is from the deep donor level (VO) to the valence band 

edge (EV) [99]. For NBE emission, a dominant emission peak observed at 3.360 eV can be 

assigned to neutral donor bound excitons (D0X) [100]. On the higher energy side, an emission 

peak was also observed at 3.373 eV. The origin of that transition can be attributed to the free A 

(FXA) due to the energy position being very close to the FXA observed in optical reflectance 

spectra of bulk ZnO crystals [101,102]. On the other hand, on the lower energy side of NBE 

four groups of equidistant PL lines. The peaks at 3.307, 3.239, 3.168, and 3.096 eV can be 

attributed to 1LO, 2LO, 3LO, and 4LO phonon replicas of FXA [101], respectively, which is in 

good agreement with the reported value of the LO phonon in ZnO (72meV) [103]. A total of 

four LO phonon replicas of FX can be distinguished at different temperatures. 

 

Figure 2.36 (a) Schematic Drawing of the a and the c planes of ZnO single crystals, and (b) X-

ray diffraction patterns of c-plane and a-plane ZnO single crystals. 
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Figure 2.37 PL spectra with dominant FXA, DoX, LO phonon-assisted FXA and visible (GL and 

YL) peaks at 15 and 300 K for the a-plane ZnO single crystal. 

 

Figure 2.38 shows the temperature-dependent PL spectra of a-plane ZnO at temperatures 

from 15 to 300 K. The positions of the PL peaks shift with increasing temperature, and their 

intensities gradually decrease. Typically, the interaction between FX and D0X becomes weaker 

as the temperature is increased, until finally the D0X are freed; that is, increasing the 

temperature raises the probability that the bound excitons will be ionized and eventually 

becomes free excitons [104,105]. On the other hand, at room temperature (in Figure 2.36), the 

stronger FX and the appearance of the three-phonon replicas of FX strongly indicate the high 

quality of the a-plane ZnO single crystal. In addition, in Figure 2.38, we can see that both the 

NBE and GL luminescence decrease with increasing temperature. This means the NBE center 

is not related to the GL center [96]. In Figure 2.39, we find that the YL and the GL peaks shift 

toward the higher energy side with increasing temperature, which agrees with other results 

[96,106]. This behavior is attributed to two types of transitions: one from the conduction band 
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to the VO level and the other from the Zni level to the VO level [106]. However, the proper 

process for that transition is still not clear. A more detailed study of the origins of the PL 

emission peaks for the ZnO crystal is currently in progress, and the results will be published in 

the future. Furthermore, the YL and the GL bands show anomalous temperature-dependent 

behaviors that differ remarkably from the monotonic band-gap shrinkage with increasing 

temperature. Therefore, they could be associated with the defect-related levels in the ZnO 

single crystals. Figure 2.39 shows the PL peak energies of the a-plane ZnO single crystal as 

functions of the temperature. Also, the peak positions of A0X and D0X were fitted to Varshni’s 

[107] empirical formula for the variation in the bandgap energy with temperature: 

𝐸𝑔(𝑇) =  𝐸𝑔(0) −  
𝛼𝑇2

𝛽+𝑇
                      (2-11) 

where Eg (0) is the bandgap energy at T = 0 K, and α and β are constants referred to as Varshni 

coeffcients for a-plane ZnO; represents the linear shift of Eg (T) at high T, and accounts for the 

quadratic variation of Eg (T) at low T and should be related to the Debye temperature (ΘD) after 

the correction due to the thermal-expansion effect of the lattice [108]. As shown in Figure 4, 

the Eg (0), the α, and the values obtained from fitting the FXA in a-plane ZnO are 3.374 eV, 5.7 

× 10−4, and 410 K; the value for β is close to the value obtained for free excitons in ZnO [109].  

The Eg (0), the α, and values obtained from fitting the D0X are 3.361 eV, 5.8×10−4, and 

405 K. The variation of the peak positions for β the 1LO, 2LO, 3LO, and 4LO phonon-assisted 

FXA transitions as functions of the temperature are identical because these peaks have the same 

origin. However, the variation of the transition energy for the LO phonon with temperature 

may differ from that of the exciton-related peak [110]. From the energy positions of the FXA 

and the D0X emissions, the exciton localization energy is about 13 meV, which is close to that 
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of the a-plane ZnO film [111], but is in contrast to a recent study in which a higher localization 

energy of 34 meV was obtained for an a-plane ZnO film grown by using plasma-assisted 

molecular beam epitaxy [112].  

 

Figure 2.38 Temperature-dependent PL spectra of the a-plane single crystal at temperatures 

from 15 to 300 K. 

 

 

Figure 2.39 The temperature dependences of the PL emission peaks. The solid lines represent 

the fitting result for Equation 2-11. 
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2.3.4.2 Al doped ZnO layer 

The XRD patterns of ZnO:Al films on soda-lime glasses are shown in Figure 2.40a as a 

function of nitrogen annealing temperature. The XRD patterns were only observed with a 

hexagonal ZnO (002) and (004) peak, respectively. No characteristic peaks of metallic Zn or 

Al were observed. It shows that the films have highly crystalline structure with a c-axis 

preferred orientation. Annealing up to 450 ℃ resulted in a decrease in the grain size along the 

[001] direction calculated using the Scherrer formula [113], as shown in Figure 2.40b. It is 

known that the grain size can be characterized by the full width at half-maximum (FWHM) of 

XRD peaks generally reflects the change in the grain size of crystallites, an increase in FWHM 

corresponding to a decreasing grainsize [113]. Wemeasured the lattice constant. The lattice 

constant decreases with nitrogen annealing temperature, as shown in Figure 2.40b. A decrease 

in lattice constant means an increase in diffraction angle. Ellmer et al. [115] suggested that the 

increase of internal stress in the films could shift the diffraction peak toward low angle. Actually, 

the as deposited ZnO:Al films prepared by sputtering have a large amount of internal 

compressive stress. According to Puchert et al. [116], the residual stress of the films can be 

reduced by annealing that resulted in a peak-shift of XRD patterns toward high angles, as 

obtained in this work. The dependence of the electrical resistivity, carrier mobility, and carrier 

concentration of the films on the nitrogen annealing temperature is shown in Figure 2.41. The 

electrical properties of the ZnO:Al films improved with increasing annealing. The resistivity 

of the nitrogen-annealed films decreased from 9.0 × 10−3  to 3.0 ×  10−3  Ωcm . The 

corresponding mobility increases from 4.1 to 16.5 cm2/Vs and the carrier concentration 

increases from 1.64 × 1020  to 3.02 ×  1020 cm3. The main reason for this increase of 

mobility and carrier concentration is attributed to desorption of the negatively charged oxygen 
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species from the grain boundaries during the nitrogen annealing treatment. This suggests that 

the oxygen can make the resistivity increase [117,118]. It was thus concluded that the enhanced 

electrical characteristics of the nitrogen-annealed ZnO:Al films were induced by the increased 

carrier mobility and concentration due to the elimination of the absorbed oxygen species by the 

nitrogen annealing treatment [119,120]. 
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Figure 2.40 (a) XRD patterns of the as-grown and nitrogen-annealed ZnO:Al films at various 

temperatures. (b) Grainsize and lattice constant along the [001] direction as a 

function of nitrogen annealing temperature for the ZnO:Al films. 

 

The optical constants play an important role in optoelectronic devices. In this study, 

Tauce Lorentz (TeL) model is tentatively used to fit the experimental SE data. The TeL 

dispersion model was obtained from the Tauc joint density of states and the quantum 

mechanical Lorentz oscillator model in order to describe the spectral dependence of the 
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dielectric function [121]. Figure 2.42a and b shows the changes of refractive index (n) and 

extinction coefficient (k) of the ZnO:Al films as a function of nitrogen annealing temperatures. 

In the n spectra shown in Figure 2.42a, the n index increases in the wavelength range of 260 ~ 

360 nm, but decreases in the wavelength range of 360 ~ 1000 nm. It can be attributed to the 

increase and decrease of optical absorption in the wavelength range of 260 ~ 360 nm and the 

wavelength range of 360 ~ 1000 nm, respectively. In addition, the k reduces to zero when the 

wavelength is larger than 400 nm region, consistent with the results of transmittance spectra 

shown in the inset of Figure 2.42b. These results indicate that the ZnO:Al films are transparent 

in the wavelength range 400 ~ 1000 nm. The ZnO:Al films exhibited an average optical 

transmittance of 85 ~ 95% in the visible range and a sharp fundamental absorption edge. On 

the other hand, the refractive index decreases gradually as the annealing temperature increases 

further. It is well known that Al doped ZnO films can act as effective n-type donors to generate 

free carriers. With the increased annealing temperature, the carrier concentration in the ZnO:Al 

films increases (seen in Figure 2.41). The increase of the carrier concentration results in the 

decrease of the refractive index [122]. Therefore, we can control the refractive index of the 

ZnO:Al films by varying the annealing temperatures in nitrogen ambient, which is important 

for the applications in designing integrated optic devices. In Figure 2.42b, the k spectra have 

been used to derive the absorption coefficient by mean of  α = 4π𝑘/λ. The variation in the 

absorption coefficients (α) with photon energy (ℎ𝜈) near the fundamental absorption edge for 

direct allowed transitions is determined by using the relation (𝛼ℎ𝜈)2 − (ℎ𝜈 − 𝐸𝑔). From the 

SE results, we made a plot of (αhν)2 versus (hν). 
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Figure 2.41 Resistivity, carrier mobility, and carrier concentration as a function of nitrogen 

annealing temperature for the ZnO:Al films. 

 

 

 

Figure 2.42 The calculated wavelength dependence of (a) refractive index (n) and (b) extinction 

coefficient (k) variation as a function of nitrogen annealing temperature for the 

ZnO:Al films. The inset of (b) shows the optical transmittance spectra of ZnO:Al 

films as-grown and nitrogen-annealed for various annealing temperatures. 
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2.3.4.4 Ga doped ZnO layer 

Figure 2.43a - 2.43d show the XRD patterns of 200-nm-thick ZnO:Ga thin films grown 

on sapphire, Si, quartz, and glass substrates, respectively. The XRD patterns indicated a single 

phase of ZnO with a hexagonal wurtzite structure for all the films. The XRD patterns for 

ZnO:Ga films on sapphire, Si, and quartz show only the (002) and (004) peaks of ZnO 

indicating a strong orientation along c-axis. This shows that the films have a high-quality 

crystalline structure with a preferred c-axis orientation. Conversely, the XRD pattern of 

ZnO:Ga film on the glass substrate (Figure2.43d) shows the presence of (002), (101), and (004) 

peaks indicating a different orientation of the hexagonal crystallites in the polycrystalline film. 

Ghosh et al. [123] suggested that for oriented ZnO films on crystalline substrates, nucleation 

and crystal growth are initiated near the substrate surface due to the good lattice compatibility. 

The XRD Φ-scans for ZnO:Ga films grown on different substrates were also examined to 

investigate the in-plane orientation and the epitaxial relationship between the films and the 

substrates. The Φ-scans for ZnO:Ga films were done at a 2θ angle of 47.2° while the Φ angle 

ranged from 42.66° to 42.79°. This region corresponds to the (102) peak of ZnO. The ZnO:Ga 

films grown on the quartz and glass substrates showed a random distribution of the {102} plane 

without any certain peaks indicating random in-plane orientation of the thin film. Conversely, 

the films grown on the sapphire and Si substrates showed well-defined peaks with six-fold and 

four-fold symmetrical ZnO:Ga {102} diffraction pattern (Figure 2.44) indicating that the films 

have in-plane orientation. Therefore, we believe that the ZnO:Ga films must have an epitaxial 

relationship with the sapphire (0001) and Si (001) substrates. This is consistent with previous 

results for ZnO films [124-126]. The changes in the lattice parameters of ZnO:Ga films 

evaluated from the XRD data for various substrates are listed in Table 2.7. The strain (ε) along 
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the c-axis in the ZnO:Ga thin films can be defined as ε = (Cfilm – Cbulk)/Cbulk, where Cbulk 

(5.206Å) is the strain-free lattice constant and Cfilm is the lattice parameter of the strained films 

[143]. The biaxial stress (or plane stress) σ is related to the measured c-axis strain by the 

following formula, which is valid for a hexagonal lattice [127] 

σ = [2𝐶13 − (𝐶11 + 𝐶12) (
𝐶33

𝐶13
)] × 𝜀                 (2-12) 

For single crystalline ZnO, elastic constant values Cij of C11=208.8, C12 = 119.7, C13 = 

104.2, and C33 = 213.8 GPa have been used [127]. Equation 2-12 can be solved to show that, 

σfilm = -233∙ ε (GPa). According to equation 2-12, the stress can be negative (compressive) or 

positive (tensile). The biaxial stress values for ZnO:Ga thin films grown on various substrates 

are also summarized in Table 2.8. These findings exclude effects from the temperature of the 

substrates (temperatures are kept constant at 300℃). Tensile stresses were observed for the 

samples grown on the sapphire, Si, and quartz substrates, while a compressive stress was 

observed for the sample on glass. Previous reports showed that the residual stress is compared 

of a combination of intrinsic stresses that are induced during ZnO films growth and extrinsic 

stresses caused by the differences in the thermal expansion coefficients between the film and 

substrate. According to the literature, the intrinsic stresses for both pure and doped ZnO films 

grown at a low substrate temperature are compressive [128,129]. During the thin film 

deposition process, an intrinsic stress is generated. Several grown conditions, such as 

temperature, pressure, and ambient gas, have the potential to contribute to this intrinsic stress. 

However, if the growth temperature is increased, a tensile stress is exhibited due to the increase 

in the thermal mismatch stress. Because the thermal expansion coefficient of ZnO (α11 = 

6.05×10-6K-1 and α33 = 3.05×10-6 K-1) is larger than that of the sapphire (α = 5.3 ×10-6 K-1), 
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Si (α = 2.5 ×10-6 K-1), and quartz (α = 0.5 ×10-6 K-1) substrates, the substrates exert a tensile 

stress on the ZnO:Ga films as they cool from a high temperature to room temperature [130,131].               

In Contrast, since the thermal expansion coefficient of glass (α = 8.5 ×10-6 K-1) is larger 

than ZnO, the glass substrate exerts a compressive stress in the ZnO:Ga film. This is consistent 

with previously observed results [132,133]. However, in order to fully understand the role of 

thermal energy on the substrate-induced stress for ZnO:Ga thin films, a more systematic study 

is necessary.  

 

 

Figure 2.43 θ-2θ XRD patterns of the 200-nm-thick ZnO:Ga thin films grown on (a) sapphire, 

(b) Si, (c) quartz, and (d) glass substrates. 

 



Chapter 2                                                                                  

- 94 - 

 

 

Figure 2.44 Φ-scans of the ZnO (102) plane of ZnO:Ga films grown on sapphire (0001) and Si 

(001) substrates. 

 

 

Table 2.8 Data determined from the XRD pattern and AFM images of ZnO:Ga films grown on 

different substrates. 

 

Substrate 

Cfilm 

(Å) 

FWHM 

(deg.) 

Stress 

(GPa) 

Grain Size 

(nm) 

Roughness 

(nm) 

Glass C = 5.208 0.385 -0.089 76.43 8.43 

Quartz C = 5.205 0.326 0.044 86.67 9.27 

Silicon C = 5.201 0.306 0.223 95.77 9.35 

Sapphire C = 5.198 0.285 0.358 97.58 10.26 
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Figure 2.45 shows the surface roughness and topography of ZnO:Ga films on the 

sapphire, Si, quartz, and glass substrates as collected by AFM. The mean grain size and surface 

roughness are summarized in Table2.8. The grain size increased with increasing biaxial stress. 

This may be caused by retarded crystal growth caused by the stretched lattice which can 

increase lattice energy and diminish the driving force for growth [123]. 

To evaluate the crystallinity, Figure 2.46 shows the FWHM of the (002) refection peaks 

and the crystallite sizes of the films (averaged from the surface morphologies) plotted against 

the biaxial stress values of the respective films. The FWHM decreased with increasing biaxial 

stress. This may be due to the grain growth and improvement in crystallinity. According to 

previous studies, residual stress enlargement is consistently accompanied by an improvement 

in crystallinity, which is manifested by larger grains [130,134]. 

 

Figure 2.45 AFM images of ZnO:Ga films on different substrate: (a) sapphire, (b) Si, (c) 

quartz, and (d) glass. 
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Figure 2.46 The full width at half maximum (FWHM) of the (0002) peak in XRD patterns 

and crystallite sizes versus the biaxial stress (σ) along the c-axis of ZnO:Ga 

films. 

 

 

 

Figure 2.47 Biaxial stress versus electrical resistivity, carrier concentration, and Hall mobility 

for the ZnO:Ga films. 
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Figure 2.47 shows a plot of the biaxial stress versus resistivity, carrier concentration, and 

Hall mobility for ZnO:Ga films grown on different substrates. The electrical transport 

properties of ZnO:Ga films changed as function of biaxial stress. Similar behavior was between 

the resistivity and the particle size in ZnO film. The decrease in the resistivity is probably due 

to decrease in the grain boundary-related barriers and the surface states. The growth in grains 

with biaxial stress as explained leads to reductions in grain boundary scattering due to charge 

carriers, thus decreases the resistivity for the obtained films and eventually reduces the film 

resistivity [135]. The resistivity of the films decreased with increasing biaxial stress, which is 

inversely proportional to the product of the carrier concentration and Hall mobility. As the 

biaxial stress increased, both are the carrier concentration and Hall mobility increased. The 

maximum carrier concentration and Hall mobility values of 3.3 × 1020 cm-3 and 15.5 cm2/V∙

s , respectively, were obtained for the film that was grown on sapphire. This resulted in a 

minimum resistivity value for the film (1.0 × 10-3Ωcm). The increasing carrier concentration 

was accompanied by an increasing Hall mobility, which is attributed to the improved 

crystallinity and larger crystallite size, as shown Figure 2.44, and Figure 2.45. Improvement 

crystallinity, resulting from larger grains, will reduce the scattering from negatively charged 

interface states along grain boundaries and lead to enhanced mobility [136]. 

2.4 Conclusion 

- We have investigated the luminescence properties of a-plane ZnO single crystals by using 

temperature dependent photoluminescence. XRD measurements reveal a high-quality 

crystalline structure. We observed three distinct features in the NBE range for the a-plane ZnO 

crystal. These three features were assigned to FXA, D0X, and LO phonon-assisted FXA 

transitions, respectively. The temperature-dependent PL spectrum shows the interplay of the 
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bound-to-free exciton transition as the temperature is varied from 15 K to room temperature. 

The bound exciton transition dominates at temperatures up to 85 K. Beyond 90 K, the free 

exciton transition dominates the PL spectrum and its emission can be observed at temperatures 

up to room temperature. 

- In this work, the effects of nitrogen annealing on the structural, electrical, and optical 

properties of ZnO:Al films have been studied. The grown ZnO:Al films showed crystalline 

structure with a c-axis preferred orientation. The resistivity decreased with increasing nitrogen 

annealing temperature. The most improvements in the electrical and optical properties of the 

ZnO:Al film were obtained by nitrogen annealing, where the film resistivity decreased from 

99.0 ×  10−3 to 3.0 ×  10−3 Ωcm and the an average optical transmittance of 90 ~ 95% 

in the visible range and a sharp fundamental absorption edge. As the carrier concentration was 

increased by proper nitrogen-annealing, which is accompanied by the increase in the optical 

absorption edges. The resultant controllability for electrical and optical properties of ZnO:Al 

films by varying the nitrogen annealing temperature will be useful to understand the optical 

properties of optoelectronic devices. 

- We have investigated the effect of substrate induced stresses in the structural, electrical, 

and optical properties of ZnO:Ga thin films grown by RF sputtering. All of the films grown 

on various substrates were highly c-axis oriented and in a state of stress. The electrical 

transport properties of ZnO:Ga films changed as function of the biaxial stress. The resistivity 

of the films decreased with increasing tensile stress; this is inversely proportional to the 

product of the carrier concentration and Hall mobility. 
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Chapter 3 Organic Solar Cells 

3.1 Current Status of organic solar cells 

A solar cell, or PV cell, is a device that converts light into electric current using the 

photovoltaic effect. This photoelectric effect was first noted by Alexande-Edmund Bequerel, 

in 1839, who found that certain materials would produce small amounts of electric current 

when exposed to light [1]. During the energy crisis in the 1970s, photovoltaic technology 

gained recognition as one promising renewable energy source which generates no pollution 

and operates without any moving parts.  

 

Figure 3.1 Best Research-Cell Efficiencies Chart by National Renewable Energy Laboratory 

(NREL) of the United States. 

 

As with other emerging photovoltaic technologies, organic solar modules are thin, 

lightweight, flexible, ease of manufacturing using roll-to-roll printing methods, and the ability 
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to produce devices on low-cost plastic substrates [2]. These advantages making Organic solar 

cell (OSC) well suited to being placed on the outsides of buildings and on irregularly shaped 

products, such as fabrics for backpacks and tends. Current research focuses on improving the 

efficiency, as current state-of-the-are efficiency of OSC are just reaching about 10% [3]. This 

estimate must be taken with a grain of salt, however, as recent evidence exposed the widespread 

mischaracterization of solar cell power conversion efficiencies, where nearly half of all 

publication misreport or overestimate solar cell efficiency [4]. Figure 3.1 shows the best 

research-cell efficiencies for various device architectures and the highest efficiency OPVs have 

efficiency values that are less than half of the best inorganic cells. Nevertheless, several 

companies are actively pursuing OSC applications [5]. 

      Thomas Bickl, Heliatek’s vice president for sales and product development, notes that 

the company’s current photovoltaic module production capacity is roughly 10,000 ~ 20,000 sq 

meters per year. Heliatek is gearing up quickly to produce more. Infinity PV – a Danish organic 

photovoltaics start-up company founded by Frederik C. Krebs of the Technical University of 

Denmark – currently sells solar cells and modules for educational use, testing, and 

manufacturing analysis. Krebs and coworkers caught the media’s attention in 2013, when they 

developed a large-scale roll-to-roll printing technique and used it to make a record-setting 

string of 16,000 organic solar cells connected in series. Infinity PV also makes a solar charger 

for photons. The device features a hand-sized case with a retractable organic photovoltaic panel 

and a built-in-lithium-ion battery. 

3.2 Operation Principle of OSC 

Organic photovoltaic devices rely on a mixture of light-sensitive polymers or small 
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molecules and fullerene-like compounds to absorb light and set their electricity-generating 

events in motion [6]. The compounds are typically blended in a nanoscale network known as a 

bulk heterojunction that sort of resembles a coarsely stirred mixture of peanut butter and jelly. 

That arrangement mediates efficient charge separation by providing a large area of contact 

between the organic molecule (an electron donor) and the fullerene (an electron acceptor). 

 

 

Figure 3.2 Illustration of a band alignment and the charge separation principle in a typical 

P3HT:PCBM-based solar cell. 
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The overall operation of solar cells is summarized in four steps as follows: 

(1) Photon absorption leading to exciton generation 

(2) Exciton diffusion to a donor/acceptor heterojunction 

(3) Exciton dissociation at heterojunction to form geminate pairs 

(4) Carrier transport and carrier extraction at the electrodes 

The four steps are illustrated in Figure 3.2. The efficiency of the four steps is represented 

by ηA, ηdiff, ηdiss, and ηc respectively. The EQE is defined as 

                      𝜂𝑒𝑞𝑒 =  𝜂𝐴 ∙  𝜂𝑑𝑖𝑓𝑓 ∙  𝜂𝑑𝑖𝑠𝑠 ∙  𝜂𝑐                      (3-1) 

The EQE represents the percentage of photon that are eventually converted to charge 

carriers collected at the electrodes. Generally, there are two major factors which limit the EQE: 

(1) Incomplete absorption of the solar spectrum, either due to narrow absorption band or 

a thin active layer, leads to a reduction in ηA. 

(2) Recombination of excitons due to various reasons such as quenching at metal 

electrodes and limited phase separation in active layer lead to a loss of photo-generated 

excitons and a lower EQE.  
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3.3 Organic Solar Cell Configurations: Single Junction OSC 

The formation of the heterojunction by Tang et al. [7] in 1986 was first demonstrated in 

the form of a bilayer solar cell. As shown in Figure 3.3a, the common structure of a bilayer 

solar cell consists of an anode (ITO layer), HTL, active layer composed of donor and acceptor. 

ETL, and cathode (Aluminum metal) fabricated sequentially. A significant drawback for 

bilayer solar cell is that the short exciton diffusion length of organic materials limits the 

thickness of the donor and acceptor layers. If the donor or acceptor layer is too thick, the 

excitons generated far away from the heterojunction may recombine before reaching the 

heterojunction [8]. Also, the donor and acceptor layers are limited to tens of nanometers which 

lead to weak absorption. 

In the mid1990s, one of the most important breakthroughs in the field of OSCs is 

arguably the discovery of the BHJ [9]. The BHJ structure is shown in Figure 3.3b. Although 

thermal co-deposition methods can be used to fabricate a BHJ, the junction is commonly 

formed by intermixing donor and acceptor materials in a solution, then forming the active layer 

by spin coating on a substrate. The resulting film is an interpenetrating nanoscale network of 

donor and acceptor materials. The phase separation within the film is commonly 10 ~ 20 nm, 

which is within the exciton diffusion length of many organic semiconductors. Consequently, 

nearly internal quantum efficiency has been achieved for BHJ solar cell, which means that 

nearly all photogenerated excitons are dissociated. Carrier are then transported through 

percolated pathways within the active layer toward the respective contacts for collection. Due 

to the small nanoscale phase separation in BHJs, a thicker active layer can be fabricated in 

these cells when compared to bilayer solar cells. 
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Figure 3.3 Structure of (a) a bilayer solar cell, and (b) a bulk-heterojunction solar cell with the 

active layer including P3HT and PCBM polymer.  

 

Among various materials, P3HT:PCBM BHJ is the most commonly used and well-

optimized active layer used in OSCs. Using these blend materials, Schilinsky et al. 

demonstrated a short-circuit current of 8.7 mA/cm2, which was the highest current at that tine 

[10]. Within a year, the efficiency of P3HT:PCBM solar cells was pushed to 3.5% efficiency 

and the P3HT:PCBM came under intense research. Due to the consistency and simple 

fabrication process of this material, P3HT:PCBM OSC has become a benchmark solar cell for 

investigating various device mechanisms in solar cells. 

3.3.1 P3HT:PCBM 

The bulk heterojunction (BHJ) solar cells have been very attractive research topic 

because of the advantages of the so-called plastic cells, which include low fabrication cost, 

lightness, simple fabrication process and flexibility. Because of these practical device 
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advantages, studies have focused on stability [11-17], large area processing [18-22], indium tin 

oxide (ITO) free transparent electrodes [23-26], etc. [27-32]. Although their photovoltaic (PV) 

performances were very poor in the early stage, recent studies have reported remarkably 

improved PV performances of the BHJ solar cells up to 5% in single device structure though 

studies of annealing time, temperature and electrical treatment [33-36], molecular weight of 

electron donor material poly(2-hexylthiophene) (P3HT) [27,28], ratio of electron donor 

(P3HT), acceptor [6,6]-phenyl C61 butyric acid methyl ester (PCBM) [37,38] and adhesive 

layer on or under anode or cathode layer [39]. Especially, as annealing is indispensable for 

complete drying of solvent, phase separation for the BHJ formation, evolution of the film 

morphology and device efficiency have been investigated at different temperatures. An optimal 

PV performance could be obtained through de-mixing of P3HT and PCBM constitution and 

self-organization of BHJ materials, though the details of the annealing effects are not clearly 

elucidated yet. In organic thin film transistor (OTFT), chloroform and toluene are widely used 

solvents to dissolve P3HT [40,41]. Chlorobenzene is the most favored one in the BHJ solar 

cells due to better solubility for PCBM and crystal packing structure [35,42]. In the several 

reports concerning solvent, and authors of [42-44] reported that the different morphology of 

active layer is determined by solubility and phase segregation process.  
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3.3.2 Overview of Transparent Conduction Electrode (TCE) materials 

Trans Conduction Electrodes (TCEs) are an important component affecting on the 

optoelectronics like organic light emitting diode (OLED), touch-screen panel, organic solar cell 

(OSC), flat panel displace, light emitting diode (LED) and transparent heater [45-49].  

Many kinds of TCEs are existent such as transparent conductive oxide (TCO). Metal 

nanowire, oxide nanoparticle, carbon nanotube (CNT), graphene and metal mesh. Today, the 

TCEs could be deposited by chemical vapor deposition (CVD), magnetron sputtering, atomic 

layer deposition (ALD), roll-to-roll system and bar/blade coating system and so on [49-53].  

To reach a high device efficiency, the TCE has a high conductivity, optical transparency 

and flexibility. Conductivity and transmittance are critical parameters that are generally the 

characteristic of optoelectronic devices using TCE materials. Requirement of TCEs are low 

sheet resistance (<100 Ohm/square), high transmittance (> 80% in visible range (400 ~ 800 

nm)), wide band gap energy (> 3.2 eV) and superior chemical and thermal stability. Recently, 

flexible devices are in the limelight so mechanical flexibility being essential factor for applying 

flexible devices. 

3.3.2.1 Electrical and Optical Properties of TCEs 

The resistivity of TCEs with low resistivity and high optical transparency range can be 

expressed as follows [54] 

      
1

𝜌
 (Ohm∙cm) =  σ (Ohm∙cm)-1 = q (C/ea) ×  μ (cm2/V∙s) × n (ea/cm3)    (3-2) 

where q is the electrical charge, n is carrier concentration, μ is carrier mobility. In this 

expression, the resistivity of TCEs can be decreased when the carrier mobility and 
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concentration of TCEs are increased. The above equation relates the conductivity to the number 

of carriers and their mobility. 

In the doped metal oxides, carrier concentration and mobility cannot be increased 

concurrently. High carrier concentration can be reached through dopant doping. While, the 

carrier mobility is decreased because donor ions induce scattering for the movement of carriers. 

Also, the high doping concentration decrease the transmittance. When the carrier concentration 

is increased, the plasma wavelength shifts to short wavelength. The correlation between 

conductivity and the long wavelength transmittance limit is indicated in next equation. 

𝜆𝑝  ∝  
1

√𝑁
                             (3-3) 

It can decrease the visible wavelength transparency at very high electron concentration. 

Therefore, we can observe that the carrier concentration and mobility are the fundamental 

factors influencing the properties of TCE materials. 

 

3.3.2.2 Transparent Conductive Oxide (TCO) materials 

The first transparent conducting oxide (TCO) was reported by Badeker et al. including 

CdO, Cu2O, and PbO [55]. The TCO materials are widely used in optoelectronics device as 

anode such as light emitting diode, organic solar cells, thin film transistor and liquid crystal 

display [45-47]. Generally, the TCO electrodes are n-type semiconductor that has defects like 

impurity and oxygen vacancy [56-57]. The commonly used TCO electrode is a Sn doped In2O3 

which have wide band gap, high transparency, and superior conductivity [58-63]. However, 

indium elements are depleted so researchers have investigated new TCO materials has 
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excellent conductivity and transparency. Dopant doped TCO electrodes are consist of binary or 

ternary compounds. The advantage of binary compound TCO materials is easily control 

chemical composition during film deposition than ternary compounds. Binary compound TCO 

materials are developed such as dopant SnO2, In2O3, and ZnO [64]. Ternary compound TCO 

materials could be prepared by combination of binary compound TCOs.  

3.3.2.3 Metal Nanowire Electrodes 

The recent dramatic progress in the electronics on flexible substrates has prospected in 

the next generation electronics. These electronics should be bendable, stretchable, and 

deformable to complex shape maintaining good characteristics. Flexible conductors have been 

reported in various new nanomaterials such as conducting polymers [65], carbon nanotubes 

(CNTs) [66], graphene [67], as well as metal nanostructures [68-73]. Especially, the metal 

nanowires (NWs) may be very promising candidates for flexible electronics. In this thesis, the 

Ag nanowire is employed for fabrication of transparent electrode. The Ag nanowire started 

from Ag nanoparticles. Ag nanoparticles have some directions of crystal face. These directions 

indicate that have a different reactivity, so we could choose growth direction of the Ag 

nanowires. 
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3.4 Characterization of Organic Solar Cell 

  3.4.1 J -V Characteristics 

One of typical characterization methods of organic solar cell is to measure their J -V 

characteristics with and without illumination. A functional organic solar cell exhibits a typical 

diode behavior in dark, i.e. the electric current is supposed to pass through the device when a 

certain forward bias, higher than threshold voltage is applied. When the applied forward bias 

is lower than threshold voltage or a reverse bias is applied, the current that passes through the 

device should be as low as possible. Under illumination, photocurrent is generated within the 

solar cell. In the ideal case that J -V characteristic of a solar cell is thus the additive of the dark 

characteristic and photocurrent [2]. The typical J -V characteristics of a single organic solar cell 

with and without illumination are presented in Voc, Jsc, FF and η extracted from the J -V 

characteristics under illumination, are the important photovoltaic parameters for solar cells. Voc 

and Jsc represent the open circuit voltage and short circuit current density, respectively. MPP 

stands for the point at which maximal power can be extracted from a solar cell. The FF is 

defined by  

𝐹𝐹 =  
𝐽𝑀𝑃𝑃 × 𝑉𝑀𝑃𝑃

𝐽𝑠𝑐 × 𝑉𝑜𝑐
                         (3-4) 

Therefore, the η of a solar cell is described as 

η =  
𝐽𝑠𝑐 × 𝑉𝑜𝑐 × 𝐹𝐹

𝑃𝑜
                         (3-5) 

where Po is the incident power, e.g. solar power. Moreover, serial resistance Rs and shunt 

resistance Rsh are the important parameter extracted from the J -V characteristics in dart, which 

directly reflect the performance of the diode behavior of a solar cell. The Rs and Rsh of a solar 
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cell should be zero and infinite respectively for an ideal solar cell. High Rs or Rsh of a solar cell 

directly leads to a reduced photovoltaic performance, especially in FF.  

 

 

Figure 3.4 J -V characteristics of a single-junction organic solar cell with and without 

illumination. 

 

3.4.2 Incident Photon to Electron Conversion Efficiency 

J -V Characteristics alone are not enough to fully characterize a solar cell, as they do not 

illustrate optical factors in detail. To further study the efficiency of our solar cell at each 

wavelength, the measure of incident photon to electron conversion efficiency (IPCE) is 

important [8]. IPEC represents the percentage of incident photons that are converted to carriers 

that are finally collected at the electrodes under short circuit conditions and is equivalent to 

EQE. Hence, the integration of an IPCE spectrum is proportional to the short circuit current.  
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The shape of IPCE curve is highly dependent on the absorption curve of the active layer. 

The IPCE is useful evidence when allying techniques to improve absorption in particular 

wavelength positions (e.g. using plasmonic structure) can be reflected as improvements in 

IPCE at the corresponding wavelengths. Other than optical effects, electrical effects such as 

enhanced charge collection is reflected as shifts of an entire IPCE curve as electrical 

characteristics are largely wavelength independent.  

For the tandem devices, measuring EQE of these cells using the standard EQE 

characterization method for single cells is not enough, since the sub-cells work in a 

collaborative way to utilize different parts of solar spectrum. The optical response of each sub-

cell in the tandem structure should be balanced over the entire solar spectrum and not 

necessarily at a specific wavelength. The inorganic solar cell community has adopted a 

modified EQE measurement technique that requires additional light biasing to short one of the 

sub-cells [74,75]. Recently, NREL installed a major solar simulator upgrade for tandem 

measurement. The so-called one-sun multi-source simulator (OSMSS) uses nine separate 

wavelength bands of light to build a spectrum such that the ratio of current for the front cell 

under the reference spectrum and the simulator spectrum is the same as the ratio of current for 

the rear cell under reference spectrum and the simulator spectrum.  

However, the present tandem devices have two identical sub-cells with very similar light 

response, and EQE measurements using bias light method do not fit in such a structure. To 

circumvent this challenge, the total absorption of the device was calculated by (100-R)%. The 

reflection was performed using a NIR-UV-Vis spectrometer with a reflection accessory. Then, 

the total EQE is estimated (calculated) based on the total absorption and sub-cell’s OQE [76]. 
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3.5 Experimental  

Regioregular P3HT and PCBM were used as active layers without any further 

purification. The P3HT and PCBM (1:1 weight ratio) were dissolved in chlorobenzene to 

make 1 weight (wt%) solution and stirred at 30℃ for 24h. Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was used as anodic buffer 

layers. The ITO (15 Ω/square) coated glass substrate was cleaned in ultrasonic bath with 

acetone and isopropyl alcohol for 10 min and then cleaned with UV-ozone for 1h. The stirred 

anodic buffer solution PEDOT was spin coated at 5000 rpm for 40s and baked at 150℃ for 

10 min. Photoactive layer (P3HT:PCBM) solution was spin coated at 800 rpm (1 wt%) for 

60s to form 100 (±5) nm thick film. Its thickness was measured using surface profiler (alpha-

step; bruker dektakXT) cathode was thermally evaporated through shadow mask defining 

active area of 0.1 cm2. Figure 3.5 shows schematic diagram of the BHJ solar cell and its energy 

band structure. The current density versus voltage (J-V) characteristics were measured with J-

V curve tracer with solar simulator (Newport Co., Oriel) under AM 1.5G (100 mW/cm2) 

irradiation intensity. UV/visible spectrophotometer (Varian, Cary5000) was used to study 

absorption spectra of the P3HT:PCBM films on PEDOT-coated ITO glass substrates. Surface 

morphology and phase separation of the active layer were measured using atomic force 

microscope (AFM; NanoNavi II, SII Nano Technology Inc.) in tapping mode and field-

emission transmission electron microscope (FE-SEM; JEM-2100F, JEOL).  
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Figure 3.5 (a) Energy level diagrams of device components referenced to the vacuum level,  

(b) Typical P3HT:PCBM BHJ OPV with a PEDOT:PSS hole transport layer. 

 

 

 

 

Figure 3.6 Fabrication process of the conventional solar cell using Ag NW electrode. 
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3.6 Results and Discussion  

 Ag nanowires 

Ag nanowires (NWs) are regarded as a promising transparent electrode for TCO because 

of low resistivity, high transmittance, and surpassing flexibility. However, Ag NW network 

electrode has corrosion problems by ingredient in the air. Generally, corrosion of metal is 

widely known as occurring by combination of metal and oxygen atoms in the atmosphere. 

Unlike other general metals, silver is corroded by formation of silver sulfide. Silver sulfide is 

formed by hydrogen sulfide (H2S) and carbonyl sulfide (OCS) in the atmosphere. And silver is 

corroded by sulfur corrodents in nanoscale silver structures like silver nanoparticle and 

nanowire. To solve the problem ag Ag NW electrode, passivation layer can be solved on Ag 

NW such as graphene, ZnO, AZO and polymer thin film layer. These passivation on Ag NW 

electrodes improve impermeable characteristic against sulfur corrodents. Also, it has a better 

flat surface morphology characteristic compare to bare Ag NW electrode for fabrication of thin 

film solar cell devices. In this thesis, we have investigated P3HT:PCBM thin film on Ag NW 

electrode using spin coating system.  

Figure 3.7 shows the surface FE-SEM images of the spin coated Ag NW network anode 

with different rpm speeds. The Ag NW network fabricated by 1000 rpm spin coated film 

showed a lower Ag NW density than the Ag NW network fabricated by 5000 rpm spin coated 

film. Due to the shear stress of the coating bar, the Ag NW electrode had a connected wire-wire 

junction and a smooth surface unlike observed image. It was showed that the wire width of Ag 

NW spin-coated at 1000 rpm was thicker than Ag NW wire spin-coated at 5000 rpm. 

 



Chapter 3                                                                                  

- 126 - 

 

 

Figure 3.7 The surface morphology of Ag Nanowire electrode as 1000 rpm and 5000 rpm. 

(The figure on the right is a 3x magnification of the wire of Ag NW). 

 

Figure 3.8 shows transmittance of the Ag NW electrode as rpm speed measured by UV-

vis spectroscopy. In the 5000rpm spin coated film, film thickness was thinner than 1000 rpm 

spin coated film so Ag NW has a high transmittance at shown as Figure 3.8 Two experimental 

condition has similar transmittance in visible range (550 nm). However, about 700 nm peak 

indicating Ag peak shows a difference of peak intensity. It was revealed that quality of Ag NW 

film is different as spin coated speed. Ag NW electrode deposited by 5000 rpm spin coated film 

that measured lowest sheet resistance. 
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Figure 3.8 The optical transmittance change of the Ag nanowire as function of spin coated 

speed. 

Structures 

Voc  

 (V) 

Jsc (mA/cm2) F.F. 

η  

(%) 

Ag NW (1000rpm 3times)/ P3HT : PC61BM / PEDOT:PSS / ITO 0.299 8.13 0.37 0.79 

Ag NW (1000rpm 3times) / ZnO NP/ P3HT : PC61BM / PEDOT:PSS / ITO 0.304 8.48 0.26 1.28 

Ag NW (5000rpm 3times)/ P3HT : PC61BM / PEDOT:PSS / ITO 0.27 8.55 0.26 1.24 

Ag NW (5000rpm 3times) / ZnO NP/ P3HT : PC61BM / PEDOT:PSS / ITO 0.219 8.82 0.26 1.24 

 

Table 3.1 Performance parameters of the Ag NW electrode-organic solar cells based with the 

P3HT:PCBM active material. 
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3.7 Conclusion 

In this chapter, we evaluated electrical, optical, and performance of the fabricating 

conventional structure solar cells. Compare to the Al electrode, the Ag NW electrode has a 

higher transmittance in near infrared (NIR) range. And the conventional solar cell using Ag 

NW electrode shows excellent performance relatively. 
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Chapter 4 Inorganic – Organic Tandem Solar Cells 

4.1 Introduction 

Thin film solar cells with the advantages of low cost, easy fabrication process, and 

flexibility, can be great prospects of commercial applications. In order to reduce the cost of thin 

film solar cells and overcome the Shockley-Queisser limit [1] of the single junction solar cell, 

the thin film tandem structure becomes an emerging technology. CIGS solar cells with highly 

efficient silicon solar cells or thin film solar cells is an extraordinarily attractive option for the 

potential investment for new solar energy technologies. Recently, experimental attempts have 

been made to mechanically stack crystalline silicon (c-Si) and perovskite sub-cells into 4-

terminal tandem cells or to make monolithic perovskite/silicon or thin film solar cells [2-4]. 

All method required sub-cells with suitable energy band gap in order to optimize harvesting of 

the solar spectrum. One important thing is to adjust the band gap of the photovoltaic materials 

of the sub-cells. The light of short wavelength will be utilized by the front sub-cells while the 

light of long wavelength will be used by the near sub-cell. 

For monolithic tandem cells, the practical PCE limit is higher than that of a mechanically 

stacked tandem because the latter has thick transparent conductive oxide (TCO) electrodes in 

the stack that can absorb approximately 5 ~ 10% of the incident light per electrode. However, 

a monolithic tandem requires the engineering of inter-connection layer (ICL), the planarization 

of the surface of the bottom cell to build the CIGS cell, and photon management.  

Considering the advantage of monolithic tandem solar cells, some monolithic tandem 

solar cells were designed in this thesis, as shown in Figure 4.1. An ideal fully transparent 

interconnection layer placed between the two sub-cells was assumed to ensure a loss-free 
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recombination of charge carriers. The Voc of tandem devices is the sum of the typical Voc of the 

two sub-cells in theory. 

𝑉𝑜𝑐,𝑡𝑛𝑎𝑑𝑒𝑚 =  𝑉𝑜𝑐,𝑏𝑜𝑡𝑡𝑜𝑚 + 𝑉𝑜𝑐,𝑡𝑜𝑝                 (4-1) 

The Jsc of tandem devices is equal to the smaller Jsc of the single sub-cells as Kirchoff’s Low 

predicts: 

𝐽𝑠𝑐,𝑡𝑎𝑛𝑑𝑒𝑚 = min[𝐽𝑠𝑐,𝑏𝑜𝑡𝑡𝑜𝑚, 𝐽𝑠𝑐,𝑡𝑜𝑝]                (4-2) 

The sub-cells, such as CIGS sub-cell and organic sub-cells, are well studied in chaper 2, and 3.  

 

Figure 4.1 The tandem device structure of (a)organic/organic tandem cells, and (b) 

organic/CIGS solar cells.  
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4.2 Experimental 

The structure of our hybrid organic-inorganic tandem is shown in Figure 4.1b. The 

thickness of the active layers of the organic photovoltaic (OPV) front subcell and that of the 

copper-indium-gallium-selenide (CIGS) back subcell is varied in order to obtain the respective 

short-circuit current densities JSC. By varying thickness of front subcell while keeping that of 

the other fixed and repeating this for different thicknesses of the later subcell, the respective 

thicknesses for best efficiency can be found. Relatively-wide bandgap OPV subcell, poly(2-

hexylthiophene) and [6,6]-phenyl C61 butyric acid methyl ester (P3HT:PCBM) with bandgap 

of 1.84 eV [5,6] and a narrow bandgap CIGS subcell with a bandgap of 1.2 eV [7] were used 

owing to its being an optimal bandgap combination and its having a balanced spectral 

absorption. The optimal bandgap for a CIGS back subcell is approximately 1.8 eV, depending 

on the CIGS bandgap, has been previously reported [8]. By taking into consideration the 

commercial availability of the organic material, we opted for a P3HT based organic front 

subcell. The internal quantum efficiency (IQE) of P3HT:PCBM for different active layer 

thicknesses was extracted from experimentally obtained value of JSC for various thicknesses. 

The reported value of IQE for CIGS was obtained for various thicknesses [9]. CIGS show, in 

general, a thickness-invariant IQE within the used thickness range due to its high transport 

property and collection efficiency. Individual subcells can achieve power conversion 

efficiencies (PCE) of ∼3% for P3HT:PCBM and ∼15% for CIGS subcells [5,10]. 
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4.3 results and discussion 

The figure 4.2 shows the tandem structure of organic solar cell and inorganic solar cell. 

The structure of the bottom cell is glass/Mo/CIGS/CdS/ZnO, and the structure of the top cell 

is ITO/PEDOT:PSS/P3HT:PCBM/ZnO NP/Ag NW.  

 

 

Figure 4.2 The tandem device structure of organic/CIGS solar cells. 

The bottom cell was deposited by sputtering, evaporation and chemical bath deposition method, 

and the top cell was deposited by spin coating in the glove box.  
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Figure 4.3 The cross section images of the CIGS/organic tandem solar cell. 

 

 

Figure 4.4 The FESEM cross-sectional image and the structure of tandem solar cell. 

(glass/Mo/CIGS/ZnS/ZnO/ITO/m-PEDOT:PSS/P3HT:PCBM/ZnONP/AgNW) 
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As shown in the figure 4.3, the CIGS solar cell structure was changed to CdS instead of ZnS 

in the buffer layer. All thin films were well deposited without voids and all of the films were 

found to be well connected to the upper and lower layers without voids and show good adhesion 

to the substrate. Figure 4.4 showed a cross-sectional image to the one in the previous image, 

and organic solar cell was also deposited well. Organic solar cells have to be treated with UV 

to produce hydrophilicity. To prevent physical damage to the bottom cell, organic devices are 

made using m-PEDOT, which is well deposited even in non-hydrophilic environments without 

UV treatment. 

 

 

 

Figure 4.5 J-V characteristics measured under AM 1.5G at 100mW/cm2. 

(glass/Mo/CIGS/ZnS/ZnO/ITO/m-PEDOT:PSS/P3HT:PCBM/ZnONP/AgNW) 
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Voc [V] Jsc [mA/cm2] F.F Efficiency [%] 

0.0687 0.657 0.154 - 

 

Table 4.1 Performance data of performing hybrid tandem device. 

(glass/Mo/CIGS/ZnS/ZnO/ITO/m-PEDOT:PSS/P3HT:PCBM/ZnONP/AgNW) 

 

Although the overall device efficiency did not have a good effect, the combination of 

organic-CIGS solar cell devices was confirmed, but a low Voc was identified and a weak 

current flow was observed. This seems to be due to the structure of the recombination layer 

between the ITO and the PEDOT: PSS layer, and the flow of current and voltage are not 

doubled. 

 

 

Figure 4.6 The FESEM cross-sectional image and the structure of tandem solar cell. 

(glass/Mo/CIGS/CdS/ZnO/PEDOT:PSS/P3HT:PCBM/ZnONP/AgNW) 
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In order to improve the recombination layer between ITO and PEDOT: PSS layer, the 

ITO layer was removed and the organic solar cell was directly deposited on the ZnO layer. In 

order to achieve higher efficiency, the structure of CIGS solar cell changed the buffer layer 

from ZnS to CdS.  

 

 

Figure 4.7 J-V characteristics measured under AM 1.5G at 100mW/cm2. 

(glass/Mo/CIGS/CdS/ZnO/PEDOT:PSS/P3HT:PCBM/ZnONP/AgNW) 

 

Voc [V] Jsc [mA/cm2] F.F Efficiency [%] 

0.070 0.249 0.204 - 

 

Table 4.2 Performance data of performing hybrid tandem device. 

(glass/Mo/CIGS/ZnS/ZnO/PEDOT:PSS/P3HT:PCBM/ZnONP/AgNW) 



Chapter 4                                                                                 

- 143 - 

 

In this structure, which is different from the previous structure, it was confirmed that the 

Voc was slightly increased, but the lower Jsc and efficiency were confirmed. The relationship 

between the ZnO layer and the PEDOT: PSS layer should be further improved, and the structure 

of the conventional organic solar cell should be improved to continue the research. 

 

4.4 conclusion 

Organic solar cells and CIGS solar cells have been studied and experimented with series 

solar cells. This is the first attempt at the structure of organic-inorganic solar cell, it is a field 

of research where it is difficult to connect organic material with inorganic material. However, 

research is being carried out to make the devices work with various structures. In the future, 

efforts are being made to improve the structure of the organic solar cell to achieve higher 

efficiency. Voc and Jsc have been measured and confirmed to be the first step in the study of 

organic-inorganic solar cells in the future, although devices of all structures did not achieve 

high efficiency. 
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5. Future Work 

Although several works have been done in this thesis, there are still attractive topic should 

be focused in next time as follows 

◈ Improve efficiency of organic-CIGS tandem solar cell. 

◈ Investigate of organic-CIGS tandem cell on flexible substrate. 

◈ Aalyzing impedance spectrums and developing an equivalent circuit for tandem solar cells. 

◈ Investigate on the recombination layer between organic and CIGS cells. 
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