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ABSTRACT 

The environmental challenges are increasing, and so is the need for renewable 

energy. For photovoltaic applications, thin film Cu(In,Ga)(S,Se)2 (CIGS) and 

CuIn(S,Se)2 (CIS) solar cells are attractive with conversion efficiencies of more 

than 20%. However, the high-efficiency cells are fabricated using vacuum 

technologies such as sputtering or thermal co-evaporation, which are very costly 

and unfeasible at industrial level. The fabrication involves the uses of highly toxic 

gases such as H2Se, adding complexity to the fabrication process. The work 

described here focused on non-vacuum deposition methods such as printing. 

Special attention has been given to printing designed in a moving Roll-to-Roll 

(R2R) fashion. The results show potential of such technology to replace the 

vacuum processes. Conversion efficiencies for such non-vacuum deposition of 

Cu(In,Ga)(S,Se)2 solar cells have exceeded 15% using hazardous chemicals 

such as hydrazine, which is unsuitable for industrial scale up. In an effort to 

simplify the process, non-toxic suspensions of Cu(In,Ga)S2 molecular-based 

precursors achieved efficiencies of ~7-15%. Attempts to further simplify the 

selenization step, deposition of CuIn(S,Se)2 particulate solutions without the Ga 

doping and non-toxic suspensions of Cu(In,Ga)Se2 quaternary precursors 

achieved efficiencies (~1-8%). 

The contribution of this research was to provide a new method to monitor printed 

structures through spectral-domain optical coherence tomography SD-OCT in a 

moving fashion simulating R2R process design at speeds up to 1.05 m/min. The 

research clarified morphological and compositional impacts of Nd:YAG laser 
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heat-treatment on Cu(In,Ga)Se2 absorber layer to simplify the annealing step in 

non-vacuum environment compatible to R2R. Finally, the research further 

simplified development methods for CIGS solar cells based on suspensions of 

quaternary Cu(In,Ga)Se2 precursors and ternary CuInS2 precursors. The 

methods consisted of post deposition reactive annealing for performance 

enhancement up to 2.0% solar cell conversion efficiency. Chemical treatment 

using metal salt solutions and Na2Se4 for Na and Se incorporation provided 

efficiencies up to 1.1%. 
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CHAPTER 1: Introduction 

1.1 Non-vacuum deposition in printed electronics 

Non-vacuum printing technology is emerging in the fabrication of printed 

electronics. As a technology, it is not new and has been utilized for printing 

circuits since the 1950s (Fig. 1. 1) [1]. 

 

Figure 1. 1: History of printed electronics (ink transfer using roll in printed circuit 

board industry). 

With the advancements in materials and process automation, monitoring, and 

control, tiny chip components are being manufactured today (Fig. 1. 2) [1].  
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Figure 1. 2: Printing of functional materials (left) and R2R printing process 

(right). 

The frontiers of assembly and manufacturing have evolved to include robotics, 

machine intelligence, and information communication. This evolvement enabled 

setting up the printers in an integrated fashion. The integrated printers make up a 

continuous process, typically referred to as Roll-to-Roll (R2R) process (Fig. 1. 3). 

The R2R setup doesn’t mandate printing technology and can allow the 

advancement in different technologies (such as vacuum deposition and other 

monitoring tools) to support the parallel advancements in printing. The 

applications are also broadening to include more products such as solar cells, 

organic light-emitting diodes (OLEDs), transistors, sensors and radio frequency 

identification (RFID) tags [2]. 

 

Figure 1. 3: Chalcogenide-based solar cell R2R process design. 

The advantages of the printing technology in comparison to vacuum technologies 
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(such as sputtering and co-evaporation) include efficient material utilization, 

simpler and therefore cost effective. The printed electronics are thin, lightweight, 

and, in some cases, flexible. The demand for wearable devices has led to the 

development of fabrication methods for printed electronics mass production [1, 

2]. Wearable devices can also support medical research for sensors and 

integrated smart systems. Building-integrated Photovoltaics (BIPVs) require that 

the solar cells be integrated with building materials through a tiny, lightweight, 

and inexpensive setup. These features are achievable using an eco-friendly and 

low-energy printing technology. In conventional electronic production, the waste 

of material due to complex processes is high in comparison to printing. Printing 

does not only replace current manufacturing capabilities but expands the horizon 

of applications and markets [1, 2].  

In research, the printing technology selection is a difficult task. As there is no 

single selection for a particular application. The selection of the deposition 

method is heavily dependent on the desired layer features and dimensions. For 

example, the thickness range is different from one printing method to another. 

For higher thickness ranges, screen-printing may be chosen over other printing 

methods. Screen-printing is capable for wider range of layer thickness than 

flexography and gravure printing methods. The ink/paste compatibility with the 

substrate is another selection criteria [1, 3].  

The substrate material of the printed device limits the fabrication process steps, 

specifications, or integration requirements. The cross section may exhibit 

different morphological structures, such as coffee-ring effect in ink jet printing 
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(Fig. 1. 4). Such phenomenon can cause electrical resistance within the printed 

layer, which is not desired for device performance. A square shape cross-section 

maybe desirable, which can be achieved by screen-printing. The morphology of 

the printed layer depends on the wettability of the ink/paste on the substrate. 

Viscosity and surface tension of the ink/paste is adjusted to reach to desired 

printed pattern cross sections. Also, surface energy increase using pre-treatment 

methods such as plasma treatment can promote higher wettability [1]. 

 

Figure 1. 4: Printing ink properties. 

Screen-printing is common in printed electronics. The thickness adjustment in 

screen-printing is one of the main factors for commonality of this printing method. 

The thickness can range from as low as 0.5 µm to 100 µm by different 

adjustments of process and material properties. For this reason, screen-printing 

was selected in this research. Another reason was its compatibility of this method 

with R2R process design (Fig. 1. 5). The R2R compatible screen-printing is 

referred to as rotary screen-printing [1, 3]. 
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Figure 1. 5: Rotary screen-printing. 

 

Figure 1. 6: R2R process application. 

R2R process design is one of the most active areas of research in printed 

electronics technology (Fig. 1. 6). It is considered the target design for printed 

electronics. This is due to its large-scale expandability and high throughput 

capability. Web handling, accurate positioning and inspection methods are hard 

to integrate into one process system. R2R process technology is still not yet 

mature. Research areas related to its design and printing deposition for printed 

electronics are important for the future of printed electronics manufacturing [3]. 
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1.2 Online monitoring of printed electronics by spectral-domain optical 

coherence tomography 

Online monitoring for printed structures is examined in the context of SD-OCT 

utilization and integration to R2R processes. Printing technology is now being 

utilized to fabricate electronics, referred to as printed electronics. Rotary printing 

techniques such as rotogravure, rotary screen, and flexography have been 

advantageous due to their ability to integrate with other rotary techniques to form 

what is referred to as R2R process. In the R2R process, a roll of the base 

material (referred to as substrate) is un-winded, and functional materials are then 

printed on top of the substrate to form the structures of the electronic device, 

then dried and re-winded back to rolls or cut into device size. Most of the current 

characterization of a printed device is done off line and requires the interruption 

of the R2R process, which is not feasible when scaling up to a manufacturing 

level. 

There are few camera-based or microscope-based methods capable of providing 

spatial information about the printed structure, even at relatively high speeds. 

However, such techniques do not provide any information in relation to depth, 

especially, when the imaged structure is hidden below other layer. Industry 

requires integrated tools that can online monitor the fabricated device quality and 

structure. It is demonstrated, in this thesis, the use of Spectral Domain Optical 

Coherent Tomography (SD-OCT) to monitor printed device structural properties 

in motion to simulate the R2R process. An interdigitated electrode structure of 

screen-printed silver nanoparticles on a flexible PET substrate was used as an 
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example. Electrodes were first measured by an optical profilometer to get a 

reference for online OCT measurements and information about the dimensions of 

the print. R2R process was simulated using a DC-servo motor-based translation 

stage, where the speed was varied from 0 to 1.50 m/min with 0.15 m/min steps to 

demonstrate the dynamic imaging capability. The pattern was measured by OCT 

and was clearly recognizable. 1.50 m/min was the highest speed attainable by 

the translation stage used in this study. Electrode and gap widths dimensions 

were resolved up to speed of 1.05 m/min, after which the pixel pitch becomes too 

large in MD compared to the measured feature size causing inaccurate 

measurement. Comparison between OCT and optical profilometer data was 

performed by overlaying OCT image by profilometer image with varying opacity 

from 0% to 100% to illustrate the correlation of data sets. The pattern measured 

by OCT matches well with the optical profilometer data.  

Spectral-Domain Optical Coherence Tomography (SD-OCT) is an optical method 

capable of 3D imaging of an object’s internal structure with micron-scale 

resolution. Modern SD-OCT tools offer the speed capable of online monitoring of 

printed devices. This chapter describes the use of SD-OCT in a simulated roll-to-

roll (R2R) process through monitoring some structural properties of moving 

screen-printed interdigitated electrodes. It is shown that structural properties can 

be resolved for speeds up to ca. 1 m/min, which is the first step towards 

application of this method in real manufacturing processes, including roll-to-roll 

(R2R) printing.  

High speed printing, including R2R, have gained significant attention in recent 
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years due to their potential in fabrication of low cost electronics, photonics, and 

energy harvesting devices [4, 5]. Printing techniques such as screen printing [6], 

gravure printing [7], and ink jet printing [8-13] have been successfully used in the 

fabrication of flexible solar cells, light emitting diodes, and other devices. It is 

important to have a real time capability that allows a noninvasive inspection of 

structural properties of printed features, without interrupting the printing speed. 

Among such properties are thickness, line width, roughness, homogeneity, and 

defects such as voids, which need to be evaluated frequently in a device 

manufacturing process. The thickness and line width of different layers depend 

on the intended function of the layer and the material at hand. In research-based 

R2R printing, thickness ranging from 0.01 to 100 micron, minimum line width 

from 10 to 100 micron and printing speed from 0.02 to 25 m/min have been 

reported [14-18]. Table 1. 1 summarizes such parameters.  

Currently, the evaluation of some structural properties of printed devices is done 

by analyzing images taken either by a high-speed camera (noninvasive) or by 

traditional characterization tools that require a full interruption of the process for 

physically removing the sample. Among the candidates that may be suitable for 

online inspection in a R2R process is the powerful and promising OCT.  

OCT is a broad technique including time-domain [19], spectral-domain [20], 

swept-source [21], full-field [22], etc. The majority of OCT applications are in 

medical fields such as ophthalmology [23], dermatology [24], and 

gastroenterology [25]. Several nonmedical applications of OCT have been 

recently reviewed by Stifter [26]. Such applications include characterization of 
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ceramics, glasses, optical components, polymers, fiber composites, paper, 

archaeological science, art diagnostics and microfluidics. Fujiwara et al. used 

swept-source OCT to perform cross-sectional online imaging of security features 

in paper-based documents [27]. Electrical components characterization by OCT 

was first introduced by Schmitt [28] who demonstrated the use of OCT in imaging 

of GaAlAs LED encapsulated in epoxy. Recent study by Cho et al. [29] shows the 

offline application of OCT in printed functional materials and printed electronics 

was published by Czajkowski et al. in 2010 [30]. The authors applied ultra-high 

resolution time-domain OCT (UHR TD-OCT) to evaluate the internal structure of 

epoxy embedded RF-antenna. The same group published later the use of UHR 

TD-OCT to study encapsulation quality of Parylene C-coated organic field effect 

transistor [31]. Thrane et al. demonstrated the use of TD-OCT in imaging the 

multilayer structure and identifying defects of R2R coating in polymer solar cells 

[32]. 

For device applications, 3D structural imaging in R2R process requires relatively 

fast (video-rate) and accurate (micron resolution) capturing of images. It is 

difficult to combine these two parameters in one tool, especially for a resolution 

approaching one to few micrometers. While fast video-rate SD-OCT has been 

demonstrated in ophthalmology [33, 34], its use in printed electronics and 

photonics does not exist. In this work, we demonstrate for the first time, the use 

of SD-OCT to monitor printed device structural properties of a moving sample. 

We will show that it is possible with this approach to obtain several structural 

properties of silver-based printed interdigitated electrodes.  
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Table 1. 1: Printing methods along with typical research and pilot line-type 

relevant parameters [14-18, 35, 36]. 

Method	  

Minimum	  line	  width	  

(µm)	  

Ink	  layer	  thickness	  

(µm)	  

Printing	  speed	  

(m/min)	  

Flexography	   30	  -‐	  80	   0.04	  -‐	  8	   1	  –	  25	  	  

Gravure	   10	  -‐	  50	   0.02	  -‐	  12	   0.2	  –	  25	  	  

Rotary	  

screen	  

50	  -‐	  100	  
1	  -‐	  100	   0.04	  –	  2	  

Inkjet	   10	  -‐	  50	   0.01-‐	  0.5	   0.02	  –	  5	  

 

1.3 Non-vacuum deposition for Cu(In,Ga)(S,Se)2 solar cell absorbers 

Recently, printing was proposed as a vision for fabrication of printed electronics 

and explained its product advantages [37]. Some of printed electronics 

advantages are: High mechanical flexibility, integratable with different product 

designs due to its thin and lightweight characteristics, durable, and friendly with 

the environment. The objective is to upgrade the processing technique to a R2R 

process, which has the advantages of low energy requirement and high 

throughput compared to conventional fabrication techniques [37]. On the other 

hand, current research has also pointed out that chalcogenide-based thin film 

solar cells are leading the way to sustainable solar energy in terms of material 

efficiency [38]. The fabrication process, on the other hand, is disabling the 

feasibility of the technology and requires further improvements to become 

industrial [38]. Efforts by Nanosolar Corporation [39] to print Cu(In,Ga)(S,Se)2 

(CIGS) on aluminum and Flisom AG [40] to vacuum deposit (through co-

evaporation or sputtering) on polyimide are leading the state-of-the-art solar cells 
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to prove some balance between high efficiency chalcogenide material and 

process ability in a simplified non-vacuum deposition fashion. However, both 

processing techniques assume the need for substrate that can sustain 

temperatures of approximately 500 ºC annealing or selenization. Utilizing printing 

process ability learned by organic photovoltaic (OPV) using chalcogenide 

inorganic material leader in thin film technology, allow for a new combination of 

efficient process and material. This combination may lead to efficient device 

through efficient process. 

There is still some gap in how a non-vacuum deposition process should be 

designed to produce efficient, commercial, and flexible chalcogenides based 

solar cells. What kind of process technology and unit operations is required? 

What substrates and related material classes along with chalcogenide absorber 

layer can make a printable solar cell? And what kind of measurements and 

process control design are required for the most integrated R2R printing 

process? The answers to these questions may assist the initiation of a solar 

energy market, which is still struggling due to unfeasibility. 

The research is to investigate non-vacuum deposition steps for chalcogenide 

solar cell applications. This work focused on overcoming the current challenges 

in recrystallization of ternary CuIn(S,Se)2 and quaternary Cu(In,Ga)(S,Se)2 

chalcogenide particles. Laser and furnace annealing approaches of 

chalcogenide-based solar cells were examined. By utilizing a printing deposition 

technique and layer annealing, preparation of a recrystallized absorber layer for 

solar cell device completion and efficiency testing was carried out.  Molybdenum 
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(Mo)-coated Soda Lime Glass (SLG) was utilized as a substrate. Other related 

materials were also examined for the treatment of the layer to reach the layer 

photovoltaic effect. 

An emerging high-speed continuous (R2R compatible) screen-printing 

technology was examined as a chalcogenide layer deposition technique. For the 

other layers required to complete the device, Zentrum Fur Sonnenenergie- und 

Wasserstoff- Forschung (ZSW), Germany standard process was used. In 

addition, real time online monitoring requirements were clarified. New post 

deposition treatments (PDTs) using laser, polyselenides, and Cu-In-Ga salts 

were examined. The development of printing and post deposition treatment 

technology serves other research groups. Examples of other research areas 

include chalcogenide based solar cells (such as CZTSe), other devices such as 

OLEDs, printed electronics and displays, and other energy related devices such 

as fuel cells, charge storage devices, and thin film batteries.  

The main objective of this research was to simplify the chalcogenide layer 

deposition process using non-vacuum deposition methods and to enhance the 

recrystallization technique of the absorber layer. If printing, along with post 

deposition treatments, can be utilized to form the chalcogenide-based absorber 

layer of the solar cell, the process steps can be integrated in a unique R2R 

setup. This setup expands the research in this field and adds forward steps 

towards non-vacuum processed chalcogenide solar cells. 
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Figure 1. 7: Best research-cell efficiencies. 
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1.3.1 Solar cell technologies 

Fig. 1. 7 shows the latest best research-cell efficiencies from NREL [5]. It 

explains the different generations of solar cell technologies, materials, and their 

progress through the years. In 1975, the solar cell concept received the R&D 

attention after the support of the space industry during the 60’s and the invention 

in the 50’s. Fig. 1. 7 explains two sides of solar cell research that have been in 

progress since 1975. Multi-junction cells are strong in efficiency but very costly 

(shown in purple) and emerging photovoltaic are strong in process ability but still 

not as efficient (shown in red). Crystalline silicon technology (shown in blue) is 

struggling from cost unfeasibility due to high energy consuming process. Thin-

film technology (shown in green) shows potential to lead the future market from a 

material point of view with a small number of key players [37, 41, 42]. 

Current state-of-the-art in multi-junction solar cells are the new structures of III-V 

multi-junction solar cells with Ga0.50In0.50P/Ga0.99In0.01As/Ge triple-junction. They 

are leading the way to 45-50 % solar cell efficiency for use in concentrating 

photovoltaic technologies [43-45]. Optimized single junction solar cells are not 

exceeding the Shockley-Queisser limit of a single p-n junction (35 %, known as 

the theoretical limit of a single p-n junction solar cell) [46]. Crystalline silicon solar 

cells achieved 25 % and dominates the more than 85 % of the market share [47]. 

Thin film technologies have been led by CIGS and CdTe with efficiencies 

exceeding 20 % [48, 49]. Finally, emerging photovoltaic technologies are led by 

perovskite solar cells reached 14 % and competing with thin film technologies 

[50]. The balance between high efficiency and process ability is not found in 
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multi-junction solar cells as they are hard to process [51, 52]. On the other hand, 

the emerging perovskite solar cells suffer from short life time, instability, and 

degradation to low efficiency [50, 53-55]. CIGS  technology is reliable and 

provides potential for a balance between high efficiency and process ability [49]. 

 

Figure 1. 8: Standard CIGS solar cell structure. 

 

1.3.2 Printed solar cells 

A printed solar cell is a thin-film photovoltaic device fabricated using a printing 

technology. This technology was leveraged and improved for the use of 

functional materials. Researchers recently have capitalized on this modified 

technology to print photovoltaic devices that are solution processed. The 

solutions consist of micro-structured or nano-structured materials dispersed in 

applicable solvents to form what is referred to as “ink” [37].   

Most of the research on printed solar cells are for organic [5] and dye sensitized 

solar cells [56]. Attention has been given to solution processable inorganic 

materials. They reached higher efficiencies, light absorption, and stability [57] 
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[58] as shown in Fig. 1. 7. The thin-film inorganic technologies are reaching 

efficiencies of ~20%, which competes with those reached by crystalline Si Cells, 

yet with better material utilization. 

The solar cell device consists of different several carefully engineered layers. 

The layers make up the device-required functions to absorb the light, and convert 

it to electrical current. The focus in this research is thin films that consist of 

chalcogenide-based material as the absorber layer. A typical structure of a 

chalcogenide Cu(In,Ga)(S,Se)2  (CIGS) solar cell device is made of the following 

major layers [59]: 

1. Soda Lime Glass: The substrate or the base of the device. 

2. Molybdenum: The metal back contact and forms the (positive holes) anode of 

the cell. 

3. CIGS: P type semiconductor that forms the active layer of the cell. 

4. CdS: N type semiconductor that forms the PN Junction with CIGS Layer. 

5. ZnO or TCO: The front contact and forms the (negative electron) cathode of 

the cell. 

The materials can be replaced by selected other materials to form different 

structural designs. Fig. 1. 8 is a demonstration of conventional CIGS solar cell 

device layout [60]. 

To reach the most industrially suitable fabrication process of CIGS based solar 

cells, the process has to be designed as continuous and automated. The R2R 

process continuity, simplicity, and scale up flexibility makes it one of the best 

fabrication candidates for thin film solar cells industry [61] [62]. 
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Research is still focusing to move the fabrication of chalcogenide solar cells from 

rigid materials to solution-based inks [63]. It is also focusing on understanding 

the possible deposition methods and materials [64]. But, there is a gap in 

understanding the overall process integration and automation. A high-speed, 

lower energy than conventional solar cell fabrication, newspaper-printing 

technology is leveraged to fabricate solar cells and other printed electronics at a 

lab-scale speed range of 0.2-25 m/min as indicated in Table 1. 1 [11, 13-16, 65].   

Also, a mature automation technology can be leveraged as well to control the 

process and enable its continuity and real time feedback adjustments. The 

integration of the different pieces of deposition methods and characterization 

used to fabricate and optimize efficient CIGS solar cells is important for this area 

of research. There seems to be an opportunity to industrialize this process more 

efficiently by designing an integrated process from bottom up [66].  

1.3.3 Solar cell operational fundamentals 

The conversion of light to electrical current and voltage occurs after four 

successful steps of solar cell physics as shown in Figure 1.9 [59, 67, 68]: 

1. Light absorption, which excites the absorber material. 

2. Conversion of excited state to negative and positive charge carriers. 

3. Transport electrons (negative charge carrier) to cathode and holes (positive 

charge carrier) to anode. 

4. The electron travels through external circuit to power a load, loses its energy, 

and returns to anode to combine with holes. This process returns the absorber to 

ground state. 
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Figure 1. 9: Operation of solar cells 

In a standard CIGS based solar cell, the CIGS layer makes up the (p type) 

positive side, and CdS makes up the (n type) negative side of the semiconductor 

p/n junction. When solar light is exposed to the semiconductor, the hv energy of 

photon exceeding the band gap energy of the semiconductor, the above steps 

occur and electricity is generated [60].  

1.3.4 Cu ( In, Ga ) (S, Se)2 material 

Inorganic chalcogenide thin films are great candidates for sustainable renewable 

photovoltaic-based energy [69]. Among the materials used for inorganic thin film 

solar cells is the I-III-VI2 chalcopyrite copper indium gallium selenide (Cu(Inx,Gax-

1)-Se2) (CIGS) (0 < x < 1) shown in Fig. 1. 10. CIGS has high light absorption 

coefficient of > 104 cm-1 and adjustable composition and therefore adjustable 

band gap between 1 and 1.7 eV (can absorb wavelength of 1240 nm or less). It 
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is stable and was proved to provide sufficient efficiency for commercial utilization 

of 19% [70] [38]. 

 

Figure 1. 10: a) Zinc-blend structure and b) double zinc-blend CIS chalcopyrite 

structure [71]. 

In addition to the above advantages of CIGS materials, the different components 

of chalcogenide material provide a structure that is defect tolerant and self 

adjustable. The issues in process ability lie in the engineering of surface 

chemistry, device diagnostics, and quality control while maintaining 

chalcogenide-based solar cell stat-of-art performance [38]. 

1.3.5 Current CIGS printing process perspective 

The current fabrication process perspective in a typical CIGS manufacturing 

layout is shown in the Fig. 1. 11 [72]. It is the intention to transfer such processes 

to a simplified form of R2R compatible with maximum utilization of printing 

techniques. Therefore, a closer look at material, process, and characterization 
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requirements for a suitable R2R and printing techniques is important for this 

research. 

 

Figure 1. 11: CIGS solar cell current printing perspective. 

Fig. 1. 11 shows schematically the current processing techniques and 

manufacturing unit operations of CIGS based solar cells. The scribing steps are 

part of the process to allow integration (monolithically) of the cells into modules. 

First, sputtering is the deposition of molybdenum atoms ejected from a target 

source through plasma energy into the substrate. Second, printing is used for the 

deposition of CIGS or chalcogenide layer. Third, annealing is performed on the 

chalcogenide layer. Fourth, chemical bath deposition is performed as a 

deposition for the buffer layer. Fifth, sputtering is again used for the transparent 

conductive oxide layer, front electrode and anti-reflective coating. Finally, 

packaging of the cell or module is done with encapsulation and barrier materials 

[68]. 

Good understanding of the requirements to enable printing and post deposition 

treatments to fabricate the researched solar cell is required: 
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To enable non-vacuum deposition using the screen-printing technique, the 

materials used for printed solar cells must be in a form of solution or suspension. 

Recent research has focused on preparing nanoparticles or sub-micron particles 

suitable for printing processes from materials that already has been used for 

electronics; such as copper [73]. The selection of materials has to abide by 

certain rules that allow the solar cell to work efficiently. Work function and 

energetic alignments studies should be part of the research for applicable 

materials [74]. 

It is important to understand the material side of this research to design an 

efficient chemical process. Nanomaterials and nanotechnology is very useful in 

preparing inks for the roll-to-roll compatible processes. Preorganization of the ink 

nanostructures allows improved morphology and surface compatibility. These 

properties are important for the process and device fabrication and will be the 

core of quality assurance done through characterization [75]. Materials with 

decreased reactivity, with thermodynamically stable morphology, and 

compatibility need to be examined to overcome the current challenges faced in 

degradation due to moisture and oxygen penetration [76]. Interfacial phenomena 

and surface engineering are very important aspects of this research. 

Fundamentals of surface tension, the use of surfactants to lower the surface 

tension, contact angle, surface roughness, adhesion, repulsion, attraction, and 

adsorption may be studied to improve fabrication process design [77]. The layer-

structured devices have important mechanical properties and stability concerns.  

As different layers react differently to changes in temperature, humidity, and gas 
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exposure, concepts such as fracture repairs and fracture energy, post treatment, 

curing, and post deposition annealing [78], link to the process side of this 

research. 

The process requirements include important R2R compatible deposition 

parameters such as: temperature, speed, pressure, automation measurements, 

and if necessary registration of the different layer depositions. During the first 

printed layer deposition, qualities such as thickness, roughness, homogeneity, 

overall visual quality and conductivity are inspected. The imaging tools that are 

online/inline and need to cope with the speed of the process are limited. During 

the second or multilayer deposition, in addition to the above mentioned 

parameters, registration (alignment of layers on top of each other), wetting, 

spreading, and surface chemical compatibility are inspected. In addition, printing 

conditions such as nip pressure, speed, drying, and process parameters, such 

as, web tension, and straightness are tuned for desired layer properties. Finally, 

throughput, yield, time, area, length, and process speed, which is currently 

between 1 and 25 m/min need to be examined. Usually, drying is the limiting 

factor as a slowest process step [79]. 

To enable online characterization, instrumentations and tools must be designed 

in a manner that is semi-portable so they can be fixed on a R2R line. The tools 

have to be aligned in the process to measure the required quality parameters 

without interruption of the continuity of the process. The capability of these tools 

must not be a limiting factor to the speed of the process. Understanding of the 

required feedback control to adjust the process automatically is the goal of such 
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online design of characterization. Experiments will examine the ability of such 

design and feasibility [79]. The absorber layer will need to be examined by 

scanning electron microscopy (SEM) for surface and cross section morphology, 

energy dispersive x-ray spectroscopy (EDS or EDX) for composition quality, 

powder x-ray diffraction (PXRD) for crystallinity and phase identification, and 

raman spectroscopy for vibration modes and phase confirmation. 

Fig. 1. 12 shows the different steps that are required to develop a crystalline film 

from starting precursors and solvents. Furthermore, examinations required to 

make the film suitable for device development are indicated. 

 

Figure 1. 12: Process improvement stages and requirements. 

During ink formulation, several experiments can be conducted to develop the 

correct solid-solvent composition, the correct viscosity for printing, and 

homogeneity. For screen-printing, the paste should be in a viscosity range of 1-
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700 Pa.s. Rheology meter tools should be available during ink formulation. The 

standard steps to prepare the ink for printing is as follows [80-82]: 

a. Mix Chalcogenide material powder in IP: iso-propanol (or equivalent organic 

solvent). The chalcogenide material composition is usually in the range of 5-10%. 

b. Dissolve EC: ethyl cellulose as a binder in IP (or equivalent organic solvent). 

The EC composition is usually in the range of 2-10%. 

c. Stir for 5-7 hours. 

d. Mix with ratios of the solutions prepared in steps a and b. Usually 5:1 for a : b, 

respectively.  

e. Add 0.1% by weight of terpineol while milling to increase the viscosity. A 

dispersion agent of phosphate ester could be added in 50% of terpineol during 

milling. 

Good understanding of the chemical compatibility between the substrate and ink 

in terms of surface energy and wetting is required. The rule of thumb is that the 

surface energy of the substrate should be higher than the surface tension of the 

ink (by 10 dyne difference) [83-86]. 

In case the substrate has a low surface energy and require treatment, optional 

treatment method such as plasma treatment can be examined to increase the 

surface energy of the substrate (Fig. 1. 13) [83-86]. The use of plasma treatment 

can add unnecessary costs if not required. Therefore, it is only recommended to 

use if the ink does not wet the substrate due to incompatibility in surface energy. 
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Figure 1. 13: Plasma treatment. 

The contact angle between a drop of ink and the substrate can provide important 

information about the wetting and surface interfacial tension. Examining the 

contact angle of ink drops will be part of the preparation for the printing process 

(Fig. 1. 14) [83-86]. 

 

Figure 1. 14: Contact angle of ink on PET film. 

After pre-treating the substrate, deposition of the different layers takes place. 

Molybdenum and other solar cell layers will be deposited using conventional 

methods such as sputtering and chemical bath deposition. Screen-printing can 

be used to deposit the absorber material on top of molybdenum-coated substrate 

[83-86]. 
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The screen-printing main advantage for this research is its ability to reach to the 

layer thickness required by the standard structure of the solar cell: 1-3 microns 

[5]. Screen printing fundamentals are described by Fig. 1. 15 [83-86]. 

 

Figure 1. 15: Screen-printing process. 

The thickness of the CIGS solar cell layers is important in the fabrication of the 

CIGS solar cells [87, 88]. The absorber layer (CIGS layer) thickness is very 

important for material utilization, photovoltaic effect, and achievement of an 

acceptable solar cell performance. A minimum thickness of about (1-3) micron is 

required to fabricate a CIGS device [48]. There are many parameters that affect 

the thickness of CIGS layer. The deposition method is one important parameter, 

which also mandates the raw material used for fabrication. For screen-printing of 

CIGS, the raw material is formed into paste or ink with particles of CIGS 

dispersed in applicable solvents. Therefore, the parameters that affect thickness 

are divided into two parts: screen-printing parameters and ink properties. 

Screen-printing parameters such as squeegee pressure, speed, and snap-off 

distance are major parameters that impact the print thickness [89-92]. Ink 

parameters such as dispersion and aggregation of particles, rheology of ink, 

particle size, and solid composition are even more important players in reaching 
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a specific thickness for CIGS layers during printing [93-97]. 

CIGS belongs to I-III-VI2 semiconductor family. It crystallizes to form a stack of 2 

FCC tetragonal chalcopyrite structure with preferred diffraction at 112. This 

crystal is stable from room temperature to around 800 ºC. The phase diagram of 

the ternary compound CuInSe2 shows different phases that can be reached at 

different temperatures (Fig. 1. 16). 

 

Figure 1. 16: CuInSe2 phase diagram [98]. 

Thickness plays a role in the recrystallization of CIGS layers after deposition 

treatment. The thicker the layer, the harder it is to recrystallize, especially when 

using top laser treatment, which recrystallizes the top layer and makes it harder 

to recrystallize the lower cross-section of the layer. Thickness depends on 

particle size. Recrystallization is also dependent on particle size (at nano level) 

2. CIGS absorber layers
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Crystal structure

The crystal structure of ↵–CIS is chalcopyrite. The chalcopyrite unit cell is
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and is harder to achieve a full recrystallized layer when particle size is large 

particle diameter. Optimizing the CIGS layer thickness using screen-printing 

parameters is balanced by optimization using ink properties. Screen-printing 

parameters cannot be optimized to achieve lower thickness if the solid 

composition in the ink is high. And vise versa, ink properties (i.e.: solid 

composition, particle size, ..etc.) cannot be the only optimized properties to 

achieve thin film if the best combination of screen-printing parameters (i.e.: 

speed, pressure, and snap-off distance) are not selected [99].  

The adhesion of the different layers within the CIGS thin film solar cells is an 

important parameter as it could lead to device performance issues and reliability 

issues (Fig. 1. 17) [100]. The different layers within the solar cell go through 

diffusion of impurities during the fabrication processing steps. To prevent 

diffusion of impurities from other cell layers, barrier layers are often used. Some 

impurities are beneficial dopants to the layers such as the sodium diffused 

through the molybdenum layer to the CIGS layer. Other impurities are harmful to 

the solar cell. An example of such harmful diffusion is the diffusion of impurities 

(such as Fe and Cr) from steel substrates to back contact layers [101, 102]. 

The coefficient of thermal expansion (CTE) can give a good indication for the 

selection of interfacing layers. The CTE of the interfacing layer should be close to 

CIGS to minimize thermal expansion mismatch within the device (i.e. 

Molybdenum contact layer with CTE value of 5.04x10-6 K). Other parameters 

such as surface roughness, chemical composition and surface energy play roles 

in adhesion of the layer. Failure of adhesion causes delamination and occurs as 
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a result of flaking and contamination. Chemical treatments are also used to 

eliminate effects of adhesion failure on device performance [103]. Temperature 

treatments are one way to densify the deposited layer on substrate and enhance 

the adhesion of this layer on the substrate. 

Surface roughness can act in two different ways in regards to adhesion. A 

smooth surface with low roughness is good to prevent consequences that lead to 

shunts between the layers and therefore degrade the performance of the device. 

On the other hand, surface roughness can enhance adhesion due to its ability to 

attract settlement of particles on the layer, growth, crystal orientation of the 

subsequent layer. Roughening the layer is sometimes used as a way to improve 

adhesion. An example would be acid baths used for smooth metal surfaces to 

roughen them for adhesion of next layer. Curvature in the substrate and 

stretching (when the film is thick) may or may not lead to poor adhesion factors 

such as de-bonding, flaking, and delamination. Plasma treatment is considered 

one of the processes that improve adhesion when applied to substrates before 

deposition of the next layer. Usually the contamination eliminated by the plasma 

treatment is a contamination that comes from the exposure of the substrate to air 

which results in absorbed hydrocarbon contaminating layer. Cleaning of 

substrates requires the use of ultrasonic solvent cleaning and rinses in acetone 

or equivalent solvent and DI water. 

Generally, best values of adhesion come when sharing electrons between the 

interfacing layers occurs. An example of this phenomenon is the formation of 

MoSe2 layer as an interfacing layer (or interlayer) between the CIGS and Mo. 
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MoSe2 interlayer plays a big role in the adhesion between CIGS and Mo layers. 

The formation of such layer is also associated with high temperature treatment 

causing the reaction between Mo and Se. 

 

Figure 1. 17: Microscope images (a, b, and c) and picture image (d) of 

adhesion caused peeling. Scratch test (a, and b) of good adhesion (a) and poor 

adhesion (b). 

Annealing is the heat treatment process of metals or glass to change their 

properties such as hardness, strength, and deformation. In general, it is a 

process of heating the metal or glass to a high, uniform re-crystallization 

temperature (goes up to ~700 ºC) followed by natural cooling. The application of 

annealing in the solar research is to recrystallize a stable semiconductor phase 

with photovoltaic properties. It also treats point defects within the annealed layer.  

Fig. 1. 18 shows SEM images of the material modification done to the absorber 

layer after annealing. Annealing diffuses atoms to remove concentration gradient, 

removes defects to grain boundaries, and grows grain boundaries [104-107]. 
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Figure 1. 18: SEM images showing CIGS cross sections a) before annealing 

and b) after annealing.  

Conventionally, a two-zone furnace is used for the reactive annealing, referred to 

as selenization, of CIGS layer. This set up is industrially costly and requires an 

offline or batch type process design. The setup of a two-zone annealing furnace 

with constant N2 flow is shown in Fig. 1. 19. 

 

Figure 1. 19: A two-zone furnace for reactive annealing of CIGS layer. 
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When polymers such as poly(ethylene terephthalate) PET are utilized as 

substrate of the solar cell device, annealing tools should be carefully examined. 

Conventional methods of annealing the absorber layer include heating up the 

absorber layer, molybdenum layer, and substrate in an oven at temperatures that 

reach 550 ºC, which is beyond the glass transition temperature of the PET (67 to 

81 ºC) and decomposition temperature (~250 ºC). To avoid such PET exposure 

to high temperature, layer annealing is examined [104-107]. 

Light sources such as laser is a recent method to anneal layer by layer, which 

solves the problem of having to anneal the whole wafer consisting of material 

and substrates that could degrade by the high temperature annealing process. 

Excimer laser has been used for semiconductor layer annealing but not on R2R 

setup. New developments are taking place in Germany by 4JET Technologies 

GmbH to develop flexible R2R laser processing for annealing of semiconductor 

layers [104-107]. 

This research examined layer annealing to preserve the PET from heat exposure 

and test the development of a recrystallized absorber layer while maintaining cell 

flexibility and process ability [104-107]. 

The power conversion efficiency of the cell is quantified by [108]:  

𝑃𝐶𝐸 =
𝐽!"    𝑉!"𝐹𝐹

𝑃!"
 

JSC: short circuit current (mA/cm2) 

VOC: open circuit voltage (V) 

FF: fill factor (%) 

Pin: the incident light power, which is standardized as 100 mW/cm2 (1000W/m2). 
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Temperature, incident light intensity, and cell area are parameters that impact the 

performance of the cell. In terms of device fabrication parameters, defects, grain 

boundaries, and traps (or recombination centers) are deficiencies that impact the 

performance of the device. The quantum efficiency is another efficiency measure 

of the cell performance. The efficiencies of the exciton diffusion process, the 

hole–electron separation process, the carrier transport process and the charge 

collection process represent internal quantum efficiency (IQE) [108]. 

A solar simulator is used [109] to characterize the solar cell using the above-

mentioned parameters through an I-V curve as shown below in Fig. 1. 20 [68, 

110]. 

Material and Layer characterization is considered a prerequisite to device 

characterization. Examples of material and layer characterization are: Light 

trapping of textured surfaces through optical microscopy, imaging for quality 

through electron microscopy, and photoluminescence analysis [109]. 
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Figure 1. 20: I-V curve characterization of solar cells 

The results of the work above enabled a preliminary design of the process steps 

used to develop the researched solar cell. Evaluation of the different process 

steps was carried out and confirmed recrystallization improvements. 

Collaboration with ZSW, Stuttgart, Germany is an important element of this 

research and sets the stage for future work between the solar groups within 

KAUST and ZSW. The results of this thesis recommend the use of specific 

methods to fabricate the solar cell device and online monitoring concept (Fig. 1. 

21).  
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Figure 1. 21: Future outlook to integrate wet chemistry to processing and 

characterization of printed thin-films. 

1.4 Aim of research 

The aim of this research was to investigate and apply non-vacuum printing 

deposition concepts that are compatible as much as possible with the R2R 

process design. In addition, the inspection through real-time monitoring methods 

within a R2R process design was investigated using optical coherence 

tomography. The development of inorganic chalchogenide-based solar cell 

absorbers using screen-printing technique followed by different post treatment 

was investigated and applied. 

The first section of the thesis introduces printing for electronics and focuses on 

examining online monitoring for printed structures in the context of SD-OCT 

utilization and integration to R2R processes. It was demonstrated that with the 

use of spectral-domain optical coherence tomography (SD-OTC), dimensions of 

printed structures could be resolved up to speed of 1.05 m/min, after which the 

pixel pitch becomes too large in MD compared to the measured feature size 

causing inaccurate measurement. This indicated the potential of SD-OCT as a 

fast speed R2R compatible imaging system employed to monitor and control the 

quality of the printed electronics. 
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The second section of this work focused on novel Nd:YAG laser heat-treatment 

methods of the Cu(In,Ga)Se2 absorber layer, which may lead to simpler 

annealing or sintering of deposited particles in non-vacuum environment. Such 

layer heat treatment could be integrated into a R2R process design. No evidence 

of device efficiency or diode behavior was obtained using this method. Further 

work was recommended using different precursor types and laser sources. 

The third section of this work focused on the fabrication of CIGS solar cells 

based on non-toxic suspensions of quaternary Cu(In,Ga)Se2 precursors and 

ternary CuInS2 precursors. This section tackled the challenges in the post 

deposition treatments steps of the CIGS solar cell manufacturing processes, 

which deal with incorporating Na and Se into the absorber layer. The use of 

solution deposited Na2Se4 to replace and integrate the current Na addition and 

selenization steps produced solar cells with efficiency up to 1.1%. Higher 

selenization temperature up to 550 ºC enhanced solar cell efficiency up to 2.0% 

using quaternary commercially available Cu(In,Ga)Se2 precursors. 
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CHAPTER 2: Experimental procedures 

2.1 Deposition equipment 

Some of the required processing equipment were not available as part of an 

integrated R2R process. A stand-alone screen printer and R2R printer were used 

for examining deposition of functional materials. 

Although a sputtering tool is available at KAUST core labs, we utilize a standard 

commercial grade Mo coated SLG from Saint Gobain, UK. KAUST has a 3-

Target-Sputter from Equipment Support Co. Ltd, Cambridge, England (model 

number: ESCRD4) that could be utilized for sputtering of Mo on SLG. 

Fig. 2. 1 shows a picture from KAUST solar center lab of the R2R printer 

uniquely designed to test different deposition methods such as flexography, 

gravure, hot embossing, and lamination. The objective is to utilize such printer 

after the first proof of concept has been completed (using stand alone deposition 

equipment). Therefore, the R2R equipment was utilized to examine monitoring 

tools for inspection of printed structures. 
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Figure 2. 1: Sueomen Optomekaniikka (SOM-100) R2R equipment. 

Although the R2R equipment could have been used for printing of the 

chalcogenide layer, the printing units designed in this equipment were not the 

best suited for the thickness required for the solar cell. The flexography and 

gravure units were not designed to produce layers of thickness above 1 micron. 

So, several depositions are required to reach to the required layer thickness. 

To select the best printing method for the researched CIGS based cell, the 

available screen-printing technology seems to fit the most for the required 

thickness and its ability to integrate to a R2R process. Currently, the screen 

printer in KAUST (Aurel Automation, model number: VS1520A) is a stand-alone 

and is not part of the R2R printer mentioned above. A picture of the screen 

printer in KAUST is shown in Fig. 2. 2. 
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Figure 2. 2: Aurel Automation screen printer. 

2.2 Characterization instrumentation 

The main instrumentations used in characterization of samples are: 

2.2.1 Spectral-domain optical coherence tomography (SD-OCT) 

Thorlabs Hyperion SD-OCT tool was used in the acquisition of the 3D images of 

stationary and moving electrodes. 

2.2.2 Thermo-gravimetric analysis (TGA) 

The TGA measurements were performed on a NETZSCH STA 449 F3 Jupiter 

thermo-gravimetric analyzer using AI Pan under N2 flow (20 mL/min) with heating 

rate 20 K/min. 

2.2.3 Scanning electron microscopy (SEM), focused ion beam 

(FIB) and energy dispersive spectroscopy (EDS) 

The SEM images and EDS analysis were carried out using FEI Quanta 3D.  
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2.2.4 Powder x-ray diffraction (XRD) 

The powder diffraction patterns were measured with a STOE STADI MP powder 

x-ray diffractometer, equipped with a Mythen 1K silicon strip detector using Cu-

Kα1 radiation. The samples were analyzed at 293 K and the calibration was done 

with a silicon NIST standard.  

2.2.5 Raman spectroscopy 

The Raman spectra were recorded using a Horiba Aramis Raman spectrometer 

equipped with a Diode-pumped solid-state (DPSS) 473 nm laser with a resolution 

of 1 cm-1.  

2.3 Online monitoring of printed electronics 

 

Figure 2. 3: Measurement sequence for 3D image reconstruction. 

 2.3.1 Image scanning and recording 

An interdigitated electrodes structure with 40% of silver nanoparticles screen 

printed on a flexible PET plastic substrate was obtained from PChem. Thorlabs 
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Hyperion SD-OCT tool was used in the acquisition of 3D images of stationary 

and moving electrodes. A-scan (one scan in the vertical direction) is performed 

with a frequency of 127 kHz. In the case of 125 A-scans (1 mm depth/367 pixels) 

in the cross-sectional image, recording was performed with 283 Hz frame rate 

based on time taken to record spectral data, apodization cycles, and resetting the 

galvanometric scanners for stable operation.  

 2.3.2 Image resolving 

Depth resolution (z direction) of the tool is 5.8 µm/n, where n is the refractive 

index of the imaged material. This value is calculated from the coherence length 

of the light source and defines the resolving capability of two scatterers close to 

each other in z direction. On the other hand, resolving the position of a single 

scatterer in depth, e.g. an interface, is determined by the pixel spacing in the 

vertical direction which is in this case 2.73 µm/n. Transversal resolution (xy 

direction) is 8 µm which is defined by the imaging optics. The printed 

interdigitated electrode sample was mounted on a DC-servo motor based 

precision translation stage driven by a high-performance motion controller. The 

stage has a maximum speed of 25 mm/s. The sample was tilted 6o in CD to avoid 

saturation of the camera, and to achieve highest sensitivity. The sample was 

moved at constant speed in machine direction (MD) during image recording. SD-

OCT tool was set to scan a length of 3.625 mm line with 125 A-scans in CD, 

which gives 29 µm pixel pitch. Fig. 2. 3 shows 3D measurement sequence used 

in this study. 283 Hz frame rate was achieved with this approach which yields 8.8 
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µm – 88.4 µm pixel pitch in MD when the stage speed was varied between 0.15 

m/min – 1.50 m/min. 

2.4 Nd:YAG laser annealing investigation of screen-printed CIGS layer on 

PET 

2.4.1 Materials 

American Elements (Merelex Corporation, USA) CuIn0.7Ga0.3Se2 powder was 

used to formulate CIGS ink/paste for screen-printing. The formulated ink consists 

of 45 wt% CIGS solid and 55 wt% organic solvent including terpineol/PVB, KD-1. 

Fig. 2. 4 shows a flow chart of the experimental procedure including milling of 

CIGS powder, ink formulation, printing, and annealing. 

 

Figure 2. 4: Flow chart of the experimental procedure. 

2.4.2 Milling 

Reduction in particle size of CIGS powder was carried out in a Planetary Micro 

Mill Pulverisette 7 premium line along with beaker (size = 45 mL) and extraction 

set. The commercial CIGS powder was mixed with dispersant and zirconia 
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milling balls of 5mm and 1mm size. One third of the beaker was filled with 

ethanol (for wet milling) and sealed in a glove box under nitrogen atmosphere to 

avoid oxidation of the CIGS powder during milling. The milling run sequence was 

programmed so that it starts with 10 minutes of grinding at 1000 RPM (solution 

heats up to 40ºC) and 50 minutes of pause time cycles. The powder is then 

cooled down to room temperature in 50 minutes. Next, the milling is started in a 

reverse cycle of 10 minutes. It has been observed that 36 hours (cycles) of 

milling time yielded CIGS particles in the range below 1 micron of 200-400 nm. 

2.4.3 Ink formulation 

Two solutions were prepared to formulate the ink: The solvent solution, which 

contains the terpineol as the solvent media and polyvinyl butyral (PVB) as a 

binder (solution A). Solution A was prepared on a hot plate of 40 ºC and stirred 

until PVB is dissolved (~24 hours). 

The CIGS solution contains the CIGS powder, KD-1 (KD-1 is a co-polymeric 

dispersant made of polyester/ polyamine polymers), and ethanol (solution B). 

After milling, solution B is mixed with solution A to formulate the ink. Ink is stirred 

until ethanol is evaporated (~24-48 hours). 

2.4.4 Screen-printing 

Aurel Automation VS1520A non-vacuum, R2R compatible, screen printer was 

used to deposit the formulated ink onto the PET substrate. The major printing 

parameters in these experiments were speed, pressure, and snap-off distance. A 

2x2 cm pattern was printed using a 400-mesh count screen with a speed of 100 

mm/sec, applied pressure of 2.5 Kg/cm2, and a snap-off distance of 1.5 mm.  
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2.4.5 Laser annealing treatment 

The laser annealing treatments were the major part of this section. Spectra-

Physics Quanta-Ray Lab170-10 Nd:YAG laser (repetition rate 10Hz, pulse width 

10ns) with harmonic generator was used at different energy densities, 

wavelengths and pulse amounts. XRD measurements have been utilized to 

compare as deposited layer with laser annealed layers in reference to the CIGS 

powder. The objective is to achieve recrystallization of the CIGS layer using 

localized heat treatment by pulsed Nd:YAG laser. Different setups were used as 

follows: in-air annealing, in-confinement annealing, and in-vacuum tube 

annealing. 

In-air annealing was performed with exhaust ensuring safe route of produced 

gases. In-confinement annealing was performed using two layers sandwiching 

the absorber layer. The confinement was used to further pressurize the absorber 

layer during the annealing process and prevent the leakage of selenium at the 

same time [111]. In-vacuum tube annealing was also performed to process the 

annealing in inert environment. Although we understand that this method cannot 

be used in a roll-to-roll continuous process, we checked the impact of laser 

annealing in inert environment on morphology. We were able to split the laser 

beam and add a selenium pellet to simulate the selenization process similar to 

pulsed laser deposition process. Fig. 2. 5 shows the different setups: 
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Figure 2. 5: a) In-air annealing; b) In-confinement annealing; c) In-vacuum 

annealing. 

2.5 Effects of post deposition annealing, selenization, and sodium addition 

on printed Cu (In, Ga) Se2 absorber 

2.5.1 Materials and ink formulation 

The same starting milled material (American Elements, Merelex Corporation, 

USA) CIGS powder was used to formulate CIGS ink/paste for screen-printing. 

The CIGS particles were mixed with terpineol as the proper solvent, ethyl 

cellulose (EC) as the binder material, and KD-1 as the copolymeric dispersant to 

make the suitable paste with rheology good for the screen-printing deposition 

method (viscosity > 400 cp). Two solutions were prepared to formulate the ink: 

Terpineol (100 mL) and EC (1.0 g) were stirred together on a hot plate at 40ºC 

for ~24 hours to form the first solution (solution a). The second solution (solution 
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b) was made of the milled CIGS powder (9.0 g, 27.88 mmol), KD-1 dispersant 

(0.12 g), and excess ethanol. After milling, solution (b) was mixed with solution 

(a) to formulate the ink. Ink was stirred until ethanol was evaporated (~24-48 

hours). The formulated ink consists of ~15 wt% CIGS solid, and ~85 wt% 

organics consisting terpineol/ethyl cellulose and KD-1.  

2.5.2 Screen printing 

The same screen-printing parameters were used as explained in section 2.3.4. In 

this case, the solid content was 15% instead of 45% in an effort to reduce the 

layer thickness.  

2.5.3 Post deposition treatments (PDT) 

The post deposition treatments of the layers include NaF addition, drying, 

annealing, and selenization as explained by Table 2. 1:   
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Table 2. 1: Post deposition treatments. 

Sample NaF PDT Dried Annealed Selenized 

 1 Mo SLG Substrate 

2 As Deposited CIGS Layer 

3 No Yes No No 

4 No Yes Yes No 

5 No Yes Yes Yes 

6 0.5M Yes Yes Yes 

7 1M Yes Yes Yes 

8 2M Yes Yes Yes 

 

The NaF addition was done by soaking the samples in different NaF 

concentrated distilled water solutions. The annealing was done by placing the 

samples in a vacuum sealed tube in a tube furnace. The insertion of the tube was 

done at 500 ºC for 20 mins. The selenization was done during annealing by 

adding selenium elements in the annealing tube allowing the vaporization of 

selenium and reacting with the sample during annealing. Sample 9 was named 

for the NaF Ink sample containing 1 wt% NaF in the ink formulation and went 

through drying, and annealing without selenization. 

2.6 Post deposition treatments of printed Cu (In, Ga) Se2 using solution 

deposited Na2Se4 and metal salt precursors 

The same starting milled material (American Elements, Merelex Corporation, 
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USA) CIGS powder was used to formulate CIGS ink/paste for screen-printing. 

Other materials such as copper (I) chloride (97% purity), indium (III) chloride 

(99.99% purity), and gallium (III) chloride were sourced from Alfa Aesar. 

2.6.1 CIGS sample preparation 

The general five steps are involved the ink preparation, screen-printing, and post 

deposition treatment PDT as shown in the Fig. 2. 6.  

 

Figure 2. 6: Fabrication process for the CIGS layer. 

The first step for CIGS ink followed the same procedure as explained by section 

2.5.1. The ink/paste prepared in the previous section 2.5.1 was squeezed 

through a screen with properties suitable for the desired thickness in the same 

manner as in section 2.5.2. Aurel Automation VS1520A screen printer was used 

to deposit the formulated ink onto the Mo soda lime glass (SLG) substrate.  

2.6.2 PDT solution preparation 

The following sections explain the various steps, which are involved in the 

preparation of salt solutions used for post deposition treatments: 

2.6.2.1 Na2Se4 synthesis and ink preparation with CIGS 

The binary phase Na2Se4 was prepared according to a literature procedure [112]. 

0.60 g (1.66 mmol) of Na2Se4 powder was used in the formulation of new CIGS 

ink. In this case, solution b contained 8.40 g (26.02 mmol) of milled CIGS 
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powder, 0.60 g (1.66 mmol) of Na2Se4 powder, KD-1 dispersant (0.12 g), and 

excess ethanol. Another solution prepared for PDT was Na2Se4 with different 

concentrations in ethanol as shown in Table 2. 2. 

2.6.2.1 CIG solution preparation 

The CIG-based salt solution used for PDT consisted of 99 mg (1mmol) of copper 

(I) chloride (97% purity), 221 mg (1 mmol) of indium (III) chloride (99.99% purity), 

111 mg (0.63 mmol) of gallium (III) chloride mixed in 10 mL ethanol. 

2.6.2.2 CIGS solution preparation 

The CIGS-based salt solution used for PDT consisted of the same amounts of C-

I-G mentioned above in 2.6.2.1 with the addition of elemental selenium in the 

amount of 155 mg (2 mmol). 

2.6.3 PDT 

The PDT was divided into a drying step (step 3 in Fig. 2. 6), a chemical treatment 

step (step 4 in Fig. 2. 6) by polyselenide or salt, and a recrystallization step (Step 

5 in Fig. 2. 6) through annealing or selenization as explained in Table 2. 2. The 

drying, annealing, and selenization steps were carried out under vacuum at 

300ºC for 1-2 minutes. The PDT chemicals were deposited on top of the dried 

layer using simple drop casting in N2 atmosphere. The recrystallization step was 

performed at 500ºC for 20 minutes. 
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Table 2. 2: Post deposition treatments of as deposited CIGS on Mo SLG 

substrate. 

Sample  PDT Variable (mL or M) Dried Annealed Selenized 

1 - - - X - - 

2 - - - X X - 

3 - - - X X X 

4 CIG 1mL - X X X 

5 CIG 2mL - X X X 

6 CIG 3mL - X X X 

7 CIG 4mL - X X X 

8 CIGS 1mL - X X - 

9 Na2Se4 - 0.06M X X X 

10 Na2Se4 - 0.03M X X X 

11 Na2Se4 - 0.004M X X X 

12 Na2Se4 - 0.002M X X X 

 

2.6.4 Selenization 

The selenium was incorporated into the sample in three different ways: 1. By 

heating selenium shots as selenization step (samples 1-7) step 2. By 

incorporating  elemental selenium as part of the PDT solution (sample 8) and 

annealing the deposited layer, and by heating Na2Se4 (as it is for Na2Se4 in the 

CIGS ink and samples 9-12). The completion of the device and I-V analysis were 

carried out by the ZSW standard process. 
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2.7 Effects of annealing and selenization parameters 

The same milled CIGS powder (American Elements, Merelex Corporation, USA) 

was used to formulate CIGS ink/paste for screen-printing. This material was used 

for the effects of temperature and time experiments. The following materials were 

used to synthesize CuInS2 particles used for the effect of selenization pressure 

experiment: Copper (II) chloride (99%, Acros Organics), and indium (III) chloride 

(99.99%, Alfa Aesar) were used as received. K2S5 was synthesized according to 

a literature procedure by direct combination reaction [113, 114]. 

2.7.2 CIGS and CIS sample preparation 

Sub-micron particle precursors were deposited using screen-printing on 

Molybdenum coated glass and processed for annealing and selenization at 

different temperatures, times, and pressures. Two precursor types were used. 

Commercial CIGS quaternary particles from American Elements were used for 

the temperature and time tests. Synthesized CIS particles were used for the 

selenization pressure test. 

The CIGS quaternary particles sample preparation was carried out by following 

the same procedure as explained by sections 2.5.  

2.7.2.1 Synthesis of CIS particles 

The solution of CuCl2 (0.5 mmol) in 2.0 mL of ethanol was slowly added to an 

solution of K2S5 (0.5 mmol) in 4.0 mL of formmamide. Then, a solution of InCl3 

(0.5 mmol) in 2.0 mL formmamide was added to the obtained brown mixture, 

shaken very carefully (Fig. 2. 7), and left for 30 minutes without disturbance. The 

resulting dark brown mixture was transferred to a 20 mL Teflon-lined stainless 
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steel autoclave and heated at 160ºC for 19 hours. The sample was taken out of 

the furnace and cooled down to room temperature, naturally. The black solid 

powder product was collected by centrifugation, and then washed 3 times with 

absolute ethanol and 3 times with deionized water.  

   

Figure 2. 7: Synthesis of CIS particles. 

  2.7.2.2 Preparation of CIS ink 

The obtained CIS powder (~300 milligrams) was mixed with 4.0 milligrams of KD-

1 copolymeric dispersant in excess ethanol. 20 milligrams of ethyl cellulose (EC) 

in 2.0 mL of terpineol was added to the CIS solution and stirred until ethanol is 

evaporated (~48 hours). 

In the same manner as in section 2.5.2, the inks/pastes prepared in the previous 

steps (2.7.2.2 and 2.5) are squeezed through a screen with properties suitable 

for the thickness and particle size to be deposited on the substrate.  

2.7.2.5 Drying, annealing, and selenization 

The drying was carried out by placing the samples in a vacuum tube and heating 

for 1-2 minutes at 300ºC in horizontal tube furnace. Then, it was allowed to cool 

down to room temperature. The annealing temperature was carried out at 500ºC 
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and 550ºC for 20 and 40 minutes. Selenization was carried out by adding 0.5 

grams of selenium shots to the sample in the vacuum tube. For the effect of 

pressure, the sample was confined in a graphite sheet to prevent the selenium 

from escaping to the cold side of the tube. The completion of the device and I-V 

analysis were carried out by ZSW standard process. 

2.8 Na2Se4 post deposition treatment for Na and Se incorporation into 

printed CuIn(S,Se)2 absorber 

The same procedure for sample preparation in section 2.7.2.2. was carried out 

for the samples in this section. After the layer was formed, drying was carried out 

by placing the samples in a vacuum tube and placed in the furnace for 1-2 

minutes at 300ºC. Then, it was left to cool down to room temperature. Annealing 

was carried out at 500ºC for 20 minutes for all samples. Selenization was carried 

out by two methods: 1. Adding 0.5 grams of selenium shots to the sample in the 

vacuum tube while annealing, or 2. Treated post deposition using drop casting of 

solution of Na2Se4 in ethanol followed by annealing. In both methods, the sample 

was confined in graphite sheets to prevent the selenium from escaping to the 

cold side of the tube during annealing. The completion of the device and I-V 

analysis were carried out by ZSW standard process. 
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CHAPTER 3: Results and discussion 

3.1 Online monitoring of printed structures 

3.1.1 Reference profilometer measurements 

Electrodes were first measured by Bruker Contour GT-X optical profilometer to 

get a reference for online SD-OCT measurements and information about the 

dimensions of the print. Fig 3. 1 shows the 3D topography including X- and Y- 

profiles of the electrodes. X- profile stands for machine direction (MD) i.e. the 

direction of sample, or web movement in case of R2R, while Y- profile represents 

the cross direction (CD), i.e. perpendicular to the movement. 

3.1.2 Translation stage measurements 

Translation stage speeds from 0 to 1.50 m/min, with 0.15 m/min steps, were 

used to demonstrate the dynamic imaging capability of SD-OCT. Fig. 3. 2 shows 

3D reconstruction of the electrodes including slice images in MD and CD taken 

from an actual measurement for speeds of 0, 0.45, 0.75, and 1.50 m/min. Avizo 

software was used to reconstruct 3D volumes from raw data. Data or image 

processing e.g. smoothing or correction of pixel positions due to target 

movement during image recording was not involved in the reconstruction phase. 

Fig. 3. 3 shows a comparison between SD-OCT and optical profilometer data. 

SD-OCT image is overlaid by profilometer image with varying opacity from 0% to 

100%, from left to right, to illustrate the correlation of data sets.  
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Table 3. 1: Average width of electrodes and gaps with standard deviations for 

different speeds. 

Speed  

(m/min) 

Average width of 

electrode  

(µm) 

Average width of gap  

(µm) 

0 231 +/- 13 124 +/- 13 

0.15 232 +/- 13 121 +/- 13 

0.30 232 +/- 16 122 +/- 14 

0.45 228 +/- 17 125 +/- 16 

0.60 233 +/- 22 121 +/- 21 

0.75 231 +/- 31 125 +/- 29 

0.90 227 +/- 27 126 +/- 29 

1.05 232 +/- 33 119 +/- 21 

1.20 209 +/- 26 145 +/- 22 

1.35 216 +/- 44 140 +/- 46 

1.50 261 +/- 18 93+/- 19 
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Figure 3. 1: 3D topography and SD-OCT video image of electrodes (left). 
Substrate has a little curvature in MD and tilt in CD, which are corrected on the 

profiles (right) to enhance the visibility of single electrode. Average electrode 

thickness is 1.5-2.5 µm and width 230 µm. Total length of a given electrode is 

6.85 mm in MD and width is 2.77 mm in CD. 

As can be seen, the pattern measured by SD-OCT is clearly recognizable for all 

four speed values and matches well with the optical profilometer data. It is worth 

mentioning that 1.50 m/min is the highest speed attainable by the translation 

stage used in this study. However, image quality deteriorates with further 

increase in speed due to increasing pixel pitch in MD, which is already 88.4 µm 

at 1.50 m/min speed, causing the structure to become blurred and dimensions in 

MD less accurate. Electrode and gap widths derived from the slice in MD 

direction (turquoise line in Fig. 3. 2) and two adjacent slices on opposite sides +/- 

280 µm apart, give an average value with standard deviation shown in Table 3. 1. 

We can see from the data that after 1.05 m/min, the pixel pitch in MD becomes 

too large (61.8 µm) compared to the size of the measured feature, rendering it 

difficult to resolve the dimensions accurately. However, the data in CD do not 

change for all speeds. In the z-direction, measurements are taken continuously 

with a frequency of 127 kHz enabling high speed surface detection with depth 
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resolution of 2.73 µm and 2.73 µm/n for buries surfaces where n is the refractive 

index of the imaged material. 

 

Figure 3. 2: 3D reconstruction of the printed interdigitated electrodes moving 

with varying speed. (a) Stationary sample has 700 X 346 X 123 pixels in 3D, 

each pixel has a size of 10.4 µm X 10.4 µm X 2.73 µm, (b) sample moving at a 

speed of 0.45 m/min has 276 X 123 X 131 pixels in 3D, each pixel has a size of 

26.5 µm X 29 µm X 2.73 µm, (c) sample moving at 0.75 m/min has 166 X 123 X 

131 pixels in 3D, each pixel has a size of 44.2 µm X 29 µm X 2.73 µm and (d) 

electrodes moving at 1.50 m/min has 83 X 122 X 129 pixels in 3D, each pixel 

has a size of 88.4 µm X 29 µm X 2.73 µm. Violet and turquoise boxes represent 

slice images in CD and MD direction, respectively. The slice images were taken 

from the actual 3D data and not measured separately.  
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Figure 3. 3: Comparison of data acquired by SD-OCT and Bruker ContourGT-X 

optical profilometer. A) Top view of SD-OCT tomography data at 0 m/min 

speed, b) top view of the ContourGT-X profilometer data. Profilometer data 

overlaying SD-OCT results with 0%, 50% and 100% opacity at speeds, c) 0 

m/min, d) 0.45 m/min, e) 0.75 m/min and f) 1.5 m/min, respectively. 

3.1.3 SD-OCT as non-invasive 3D inspection tool 

As demonstrated, SD-OCT is a promising method for noninvasive 3D inspection 

of moving sample of printed devices. As an example, a flexible PET plastic 

substrate with screen printed silver-based interdigitated electrodes was 

translated at various speeds while under inspection by SD-OCT, simultaneously. 

We showed that the printed structures could be resolved with a resolution of 29 

µm in CD (pixel pitch used). Moreover, depending on speed, an 8.8 µm – 88.4 

µm resolution in MD was obtained. Resolution in MD is a result of multiplying the 
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translational speed of the stage by the time taken to record one image in CD, 

which was ca. 3.5 ms. Due to the limited depth resolution of the setup used, the 

topography of the electrodes could not be evaluated.  

As presented in Table 3. 1, dimensions can be resolved up to speed of 1.05 

m/min, after which the pixel pitch becomes too large in MD compared to the 

measured feature size causing inaccurate measurement. 

3.1.4 Conclusions 

As a conclusion, the use of 3D SD-OCT to image moving interdigitated 

electrodes at speeds ranging from 0 to 1.50 m/min was demonstrated and 

proved that device structural properties can be obtained online with high 

resolution up to ca. 1 m/min. For higher speed process, our current SD-OCT 

demonstration can be extended by incorporating relatively higher acquisition rate 

camera, faster beam deflection optomechanics, as well as faster ability to 

process and save large amount of data in shorter time frame. In addition to 

speed, high resolution is important when imaging printed structures. To enhance 

the resolution into submicron region, high power ultra-broadband light source 

based on super continuum generation (wavelength from 400 nm to 2 µm) can be 

used. Furthermore, the results presented in this work can be viewed as first step 

towards demonstrating the potential of SD-OCT as an online structural inspection 

tool in R2R printed process of functional layers and devices. 
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3.2 Nd:YAG laser annealing investigation of screen-printed CIGS layer on 

PET 

Cu(In, Ga)Se2 (CIGS) ink was formulated from CIGS powder, polyvinyl butyral 

PVB, terpineol and polyester/polyamine co-polymeric dispersant KD-1. Thin films 

with different thicknesses were deposited on PET substrate using screen printing 

followed by heat treatment using a Nd:YAG laser. The structure and morphology 

of the heated thin films were studied. The characterization of the CIGS powder, 

ink, and film was done using TGA, SEM, FIB, EDS, and XRD. TGA analysis 

shows that the CIGS ink is drying at 200 ºC, which is well below the 

decomposition temperature of the PET substrate. It was observed by SEM that 

20 pulses of 532 nm and 60 mJ/cm2 Nd:YAG laser annealing cause atomic 

diffusion on the near surface area. Furthermore, FIB cross section images were 

utilized to monitor the effect of laser annealing in the depth of the layer. Laser 

annealing effects were compared to as deposited layer using XRD in reference to 

CIGS powder. The measurement shows that crystallinity of deposited CIGS was 

retained while EDS quantification and atomic ratios resulted in gradual loss of 

selenium as laser energy increased. The laser parameters were tuned in an 

effort to utilize laser annealing of screen-printed CIGS layer as a layer annealing 

method for solar cell fabrication process. 

The fabrication of flexible CIGS layer cells is an active area of research [115]. 

Lowering the cost of fabricating, producing, and utilizing CIGS cells has shifted 

the focus from rigid substrates to flexible substrates [116]. Polymer substrates for 

CIGS solar cells are investigated by several research groups [116, 117]. Polymer 
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substrates, however, have decomposition temperatures below the typical 

process temperatures used in CIGS solar cell fabrication. For example, polyimide 

substrate cannot be processed at a temperature above 500 ºC [117]. Lower 

temperatures are required for polymers like polyethylene terephthalate (PET), 

which this paper is targeting as a substrate for CIGS solar cell devices. The 

motivation is to enable the use of low-cost polymer substrate by modifying the 

heat treatment of the absorber layer using lasers. Novel heat-treatment methods 

of the absorber layer may lead to simpler non-vacuum based deposition that 

could be integrated into a Roll-to-Roll (R2R) process. 

In this context, shorter heat treatment of Cu(In, Ga)Se2 layer and lower substrate 

temperatures Tsub has been studied in detail [118, 119]. Tsub in state-of-the-art 

processes ranges between 450 ºC and 600 ºC [118, 120] at which the Cu(In, 

Ga)Se2 layer microstructure, the electronic properties and device performance 

were improved [120, 121].  

3.2.1 Laser as annealing heat source 

It was reported that lowering the annealing temperature of CIGS results in 

decreased device quality due to incomplete recrystallization or chalcogen 

reaction [118]. In this section, we are using laser heat treatment of the 

chalcogenide layer to ensure that the PET substrate temperature remains below 

its decomposition temperature while the microstructure of the deposited CIGS is 

improved. The formation of a dense CIGS layer through laser heating of CIGS 

particles is challenging because of potential ablation of CIGS at high energy 

densities. Also, the sintering proceeds from the top of the layer and slows down 
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the sintering of the lower part of the layer. 

Light sources such as lasers have the potential to anneal layers in photovoltaic 

cells. Several attempts have been made to use lasers in CIGS solar cell 

fabrication [119]. However, most of the studies have focused on using lasers for 

scribing or deposition [122], and in some studies, they were used for sintering 

and optimizing the surface quality [119] without investigating the layer in depth. In 

this work, the use of Nd:YAG laser was studied with different parameters in 

annealing of a CIGS layer on PET for its potential in mass production and 

compatibility with R2R process. 

The milling of the American Elements CIGS powder revealed particle size below 

1 micron as shown on the SEM image of Fig. 3. 4. 

 

Figure 3. 4: SEM images of CIGS particles before (a) and after (b) milling. 

The characterization of the CIGS ink before annealing was important to 

understand how this material behaves during processing. TGA measurement of 

the CIGS ink in N2 condition revealed ~ 56% mass loss which corresponds to the 

mass fraction of the organics in the ink and no weight loss between 400-600 ºC 

(Fig. 3. 5).  
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Figure 3. 5: Thermogravimetric analysis of the prepared CIGS ink (20 ml/min 

N2, 20 K/min). 
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 3.2.2 Composition, crystallinity and morphology 

Table 3. 2: Nd:YAG laser parameters and EDS component atomic percent. 

Sample Laser energy 

density 

(mJ/cm2) 

Laser 

wavelength 

(nm) 

Laser 

number of 

pulses 

at % 

Se Cu In Ga 

1 Non Annealed 47.7 24.9 19.9 7.6 

2 60 1064 20 47.1 25.4 20.1 7.5 

3 60 1064 500 47.1 26.1 19.6 7.3 

4 60 1064 1000 47.3 25.7 19.1 7.9 

5 80 1064 20 44.3 26.7 21.0 7.9 

6 80 1064 500 45.7 25.1 21.1 8.0 

7 80 1064 1000 43.8 26.5 21.6 8.2 

8 60 532 20 48.1 25.9 19.0 7.0 

9 60 532 500 47.5 25.6 19.2 7.8 

10 60 532 1000 47.6 26.0 19.0 7.4 

11 80 532 20 47.0 25.8 20.1 7.2 

12 80 532 500 44.3 27.1 20.8 7.8 

13 80 532 1000 43.9 26.5 21.7 8.0 

 
 

The TGA of the CIGS powder and ink shows drying at ca. 200 ºC, which is below 

the PET substrate melting temperature and no outgassing of Se up to 600 ºC 

(Fig. 3. 5) in nitrogen environment. EDS data in Table 3. 2 for as deposited CIGS 
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(sample 1) provides a reference for the layer atomic percentages for each CIGS 

components (Se 47.7 at %, Cu 24.9 at %, In 19.9 at %, Ga 7.6 at %).  

In this section, the impact of laser annealing on diffusion of particles, grain size, 

voids and packing density is discussed. Thick layers of around 6-12 microns 

were produced. SEM surface and cross-section images in Fig. 3. 6 show atomic 

diffusion at the near surface area and impact of high energy  (higher than 60 

mJ/cm2) on the layer cross-section. In Fig. 3. 6, the scanning electron 

micrographs of the deposited layer surface (a) and FIB cross section (b) images 

provide visual microstructure analysis of the untreated deposited CIGS layer (a, 

b). 

The diffraction pattern of the CIGS powder and the untreated deposited CIGS 

layer in Fig. 3. 8 matches simulated diffraction pattern for CIGS. It shows broader 

reflections, characteristic for the milled particles suspended in the ink. It is 

important to note that no other phases such as oxides, etc., formed during laser 

treatment and that crystalline particles are still present after laser treatment (Fig. 

3. 8). 

In-air laser annealing of the dry deposited CIGS films was done using a variety of 

conditions (Table 3. 2). A systematic approach to observe the impact of different 

laser properties was used. Laser wavelengths of 1064 nm and 532 nm represent 

the near infrared (NIR) and visible spectrums, respectively.  

The objective is to check if the CIGS layer would react differently at the two 

chosen wavelengths. For each of these wavelengths, the energy density was 

manipulated. It was found that 60 and 80 mJ/cm2 are good representations of the 
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many densities tried. For each of these densities, the number of pulses was 

varied in order to find optimum conditions for the surface treatment avoiding 

extensive ablation or substrate damage. 

Samples 2-7 are the group of 1064 nm laser annealed samples. From EDS data 

(sample 5) in table 3. 2 and SEM/FIB (e, f) data in Fig. 3. 6, 1064 nm laser does 

not cause as much surface sintering and atomic diffusion on surface as the 532 

nm laser does. Higher energy densities caused a decrease in Se content with the 

exception of sample 11. 

As it can be observed, as the energy density of the laser exceeds 60 mJ/cm2, 

gaps appear on the surface and voids in the cross section. As the number of 

pulses increase, more sintering of the CIGS surface occurs. Higher energy 

densities result in larger grains on the top part of the cross section, and in some 

instances, lower thickness and higher packing density.  

Samples 8-13 are the group of 532 nm laser annealed samples. From EDS data 

(sample 10) in table 3. 2 and SEM/FIB (c, d) data in Fig. 3. 6, the 532 nm laser 

annealing causes more diffusion leads to partial sintering of the particles on the 

near surface area as it can be seen in Fig. 3. 6 (c) than the diffusion achieved by 

1064 nm laser in Fig. 3. 6 (e). On the other hand, smaller grain sizes are 

observed at the top of the cross section in Fig. 3. 6 (d) in comparison to 1064 nm 

Fig. 3. 6 (f). Furthermore, the higher the energy density, the more voids can be 

observed. Increasing the number of pulses seems to be the most important 

parameters for more extended surface sintering. 
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Figure 3. 6: SEM images of deposited CIGS samples in Table 1. As deposited 

(a, b) versus annealed (c-f) layers. a) Surface image of sample 1. b) Cross-

section image of sample 1. c) Surface image of sample 10. d) Cross-section 

image of sample 10. e) Surface image of sample 5. f) Cross-section image of 

sample 5. 
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The in-vacuum tube annealing revealed recrystallization in some areas of the 

surface and at the top of the cross section as observed in Fig. 3. 7. This 

observation indicates the potential of recrystallization by laser annealing. 

Although this process is not a good design for scale up to the R2R process (as 

we used the vacuum tube), the result was an important observation to 

understand if the laser can recrystallize and selenize the sample. 

 

Figure 3. 7: SEM images of in-vacuum tube annealing CIGS samples surface 

(left) and cross-section (right). 

The in-confinement laser annealing setup revealed recrystallization of the CIGS 

layer as observed by Fig. 3. 9 and Fig. 3. 10. The surface is smoother and more 

crystalline than the as deposited one. It was found that the thinner the layer (as 

the image of Fig. 3. 9 has a thickness of 2.6µm), the easier it is to anneal the 

sample. Fig. 3. 10 shows a closer look to the effect of in-confinement annealing 

on cross section of CIGS layer deposited on molybdenum coated glass. The 

same process can be done on molybdenum coated PET. There is a potential to 

integrate this design to a R2R set up when it is proved to enhance the layer 

crystallinity. The XRD result shown for in-confinement recrystallization in Fig. 3. 8 
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revealed that the absorber layer crystalline phase remains without degradation. 

The crystallinity of the layer was not enhanced as observed by similar intensity-

peaks. 

 

Figure 3. 8: Powder diffraction patterns of CIGS powder before milling, as 

deposited (sample 1), laser annealed (sample 10) layers. 
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Figure 3. 9: SEM images of as deposited (left) and in-confinement annealed 

CIGS samples cross-section (right). 

The composition of the layer according to EDS measurement was 22.38 at % In, 

20.76 at % Cu, 8.41 at % Ga, and 48.45 at % Se.  This also indicates no loss of 

selenium. The mole ratios of Ga/(In + Ga) and Cu/(In + Ga) were nearly within 

the range of optimal ratios 0.3 and 0.88-0.95 respectively [123].  

 

Figure 3. 10: SEM images of in-confinement annealed CIGS cross-section 

done by focused ion beam. 
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3.2.3 Conclusions 

This research examined laser annealing of screen-printed CIGS layer as a layer 

annealing method. It was demonstrated that laser annealing has the potential to 

decouple the substrate temperature from the annealing temperature and this 

gives important process flexibility for the fabrication of CIGS solar cells on 

polymer foils. Increasing the energy densities of laser allowed the laser light to 

further penetrate the layer. This research simplifies the annealing step of CIGS to 

achieve recrystallized layer. Future work will include optimization of the paste 

and printing process to achieve improved surface roughness and adhesion of the 

layer. In addition further optimization of the laser annealing under inert 

atmosphere or confined space is in progress and aimed at producing a dense 

CIGS layer. The effect of the laser treatment on CIGS device performance was 

investigated but no efficiencies were obtained due to lack of proper continuous 

wave laser set up, and the challenge coming from precursor type used 

(quaternary CIGS particles). Photonic curing can debottleneck the CIGS solar 

cell fabrication process. It is recommended to further pursue work related to this 

field with other precursors and other continuous wave laser sources more 

suitable for this application. 

3.3 Effects of post deposition annealing, selenization, and sodium addition 

on printed Cu (In, Ga) Se2 absorber 

Cu(In, Ga)Se2 (CIGS) ink was formulated from CIGS powder, ethyl cellulose EC, 

terpineol and polyester/polyamine co-polymeric dispersant KD-1. Thin films with 

different thicknesses were deposited on molybdenum coated glass substrate 
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using screen-printing followed by heat treatment using a vacuum-sealed tube 

placed in a furnace. Post deposition treatments including drying, annealing 

without selenization, annealing with selenization, and annealing with different 

NaF concentrations and their effects on the recrystallization of the layer are 

discussed.  The structure and morphology of the treated films were studied for 

evidence of recrystallization. The characterization of the CIGS deposited and 

treated film was done using SEM, FIB, EDS, and XRD. Effects of annealing, 

selenization, addition of sodium are evident more on the surface than on the 

cross section. A comparison between the addition of sodium as a post deposition 

treatment (PDT) and as part of the ink formulation (NaF ink) revealed that PDT 

shows higher crystallization on the surface as shown by SEM and FIB. The XRD 

results reveal sharper peaks for PDT with optimum concentration of 0.5-1 M NaF 

solution. EDS was used to monitor the mole ratios of Cu/(Ga+In) and 

Ga/(Ga+In). The closest to optimum ratios was achieved by selenization as 0.24 

and 0.83 for Ga/(Ga+In) (GGI) and Cu/(Ga+In) (CGI) ratios, respectively.  

3.3.1 CIGS solar cell absorber for device fabrication 

Fundamental knowledge of CIGS solar cell fabrication procedures alleviates the 

roads towards reaching a solar cell device. It opens doors to innovations in the 

fabrication and engineering arena. In addition to fundamentals of solar cell device 

operations and material chemistry, device fabrication require the knowledge of 

standards and procedures not explained in research papers due to confidentiality 

measures and IP protections. Researchers in CIGS thin film solar cell are keen to 

keep detailed and specific knowledge confidential for the next big thing. 
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In this section, standards and procedures required by the CIGS solar cell 

fabricator are explained to achieve a basic configuration of CIGS solar cell. 

Improvements are explained and dependent on variations done away from these 

standards and procedures.  

The technology status and critical issues for manufacturing of high volume thin 

film photovoltaics have been studied by Steve Hegedus, IEC [124]. CIGS as a 

leader of thin film photovoltaics show difficulties in absorber synthesis, and 

composition control during crystal and grain growth. These difficulties do not 

allow deviation from the conventional methods of synthesis and growth. On the 

other hand, the study by Hegedus states that for polycrystalline thin films to 

expand its commercial level, it requires the use of inexpensive substrates, the 

minimization of material use, the minimization of interfacial and bulk 

recombination defect densities, the need for inexpensive growth techniques 

suitable for high throughput, scalability, and yield, and the control over the grain 

boundary/interface effects. These requirements add more procedural limitations 

in the fabrication of the CIGS solar cell [124].  

The history behind the development of CIS (which is the basis of CIGS) dates 

back to 1953 (Hahn) [124]. The first CIS solar cell was fabricated by Bell Labs in 

1974 [124]. The first thin film CIS/CdS was done by U. Maine in 1976 [124]. The 

co-evaporation process was developed by Boeing in 1982 [124]. Ga addition to 

CIS to widen the band gap (to form CIGS) was researched in 1987 [124]. The 

substrate material evolved to SLG. Studies on the influence of Na diffusion on 

growth process and device performance were carried out in 1993 (Stolt) [124]. 
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Three-stage evaporation process was then developed by NREL in 1996 [124]. 

Finally, industry consolidation and surge in investment were provided in 2000’s 

[124]. 

Standards and procedures to fabricate the CIGS layer with characteristics 

required for light absorption and photovoltaic conversion are important. They can 

be considered the boundaries that must be considered while fabricating the 

device. 

Molecularity range and composition fall into a specific range for the CIGS dense 

layer (after deposition and treatments). Cu/(In+Ga) should fall between 0.95 and 

0.82 and Ga/(In+Ga) should fall between 0.26 and 0.31 for the layer to be 

photovoltaic active [123, 125]. Therefore,  these ratios must be checked before 

and after they go through the process of deposition, drying, annealing, 

selenization, and chemical treatments. Addition of Na (or alkali metals), and 

potassium cyanide etching can help achieve these optimum ratios. This is a 

challenging standard to achieve because it consolidates all the work done by 

deposition and post deposition treatments. 

The amount of unwanted organic, carbon and oxygen in the layer can be 

detected by XPS (Figures 3. 11-13). These are samples taking from XPS of 

CIGS powder as received from American Elements, as deposited CIGS layer 

(after milling, ink formulation and deposition), and in-air laser treated CIGS layer 

mentioned in chapter 2. 
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Figure 3. 11: XPS of CIGS precursors (powder). 

 

Figure 3. 12: XPS of as-deposited CIGS layer. 
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Figure 3. 13: XPS of laser treated CIGS layer. 

CIGS layer thickness should be around 1-3 microns [126]. The thickness should 

not exceed this range because the purpose of thin film technology is efficient 

material utilization of CIGS. It is one of the major benefits of using high 

absorption material such as CIGS in comparison to Si or even CdTe. On the 

other hand, the thickness must not decrease below this range. It was proved 

difficult to achieve the required photovoltaic properties for layers of 0.5 micron 

range [126] [127].  

As explained by chapter 1, the selection of deposition method is an iterative 

process and must suite the thickness desired for the layer. Therefore, the 

deposition method selection must consider the thickness range and the starting 

material. In this research, nanocrystal suspension/ink printing method should be 

selected to achieve 1-3 micron-thickness. Choosing among gravure, inkjet, flexo 

and screen-printing gives the priority to screen printing to achieve such thickness 
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more than the other printing methods. Although it is possible to do more than one 

run of other printing or spin coating methods to achieve the desired thickness, a 

well thought plan for a continuous process compatible with roll-to-roll concept is 

required for industrial scale up. Thickness design is affected by the deposition 

more than the post deposition treatment. But, in some cases, post deposition 

treatments such as drying, annealing, and etching impact the thickness and 

these should also be considered in the planning phase.  

3.3.2 Annealing and selenization 

The annealing process is used to recrystallize the CIGS particle film and could 

affect the composition of the layer. So, strict compliance with the annealing 

standards and procedures is critical to achieve the desired device. For example, 

the hydrazine-based approach by Mitzi [128] indicates the reasons for successful 

device fabrication. One of the points made clear was that the hydrazine forms a 

true solution with precursors so that the CIGS chalcopyrite phase can be reached 

without the need for H2S or H2Se gases involved during the annealing process to 

correct the composition [128]. 

The temperature and soaking duration of the annealing process are important 

parameters that could make the absorber layer pass or fail for device application. 

Hence, careful studies on the best combination of temperature and time are 

mandatory for each used material and material composition. The phase diagram 

explains the formation of different phases as the temperature and time change 

and this is a key parameter in achieving the desired chalcopyrite phase. The 

annealing process is performed to increase the grain size and sharpen the 
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crystallinity peaks of the layer [128].  

3.3.3 Sodium incorporation 

Sodium and alkali metals are now considered a standard as absorber layer [129]. 

Sodium addition using NaF has been used by researchers for years to reach 

higher crystallinity and photoelectric properties. This method is different from the 

diffusion of sodium from the SLG to the absorber layer through the Mo layer. The 

addition of sodium is only required when this diffusion is absent due to use of 

different substrate or when a diffusion barrier is used to eliminate diffusion of 

other impurities [129]. For addition of NaF, various procedures may achieve 

similar results. The addition of NaF can be done pre-deposition or post-

deposition of CIGS [129]. For solution processed CIGS, the highest efficiency 

values have been reached with post deposition treatment of NaF and KF [87]. 

Experimental results achieved by Shen [125] show that addition of NaF mixed 

with CIGS quaternary alloy can achieve a device efficiency of 1.23% on a 1.5 

cm2 cell. Ratios of Cu/(In+Ga) and Ga/(In+Ga) in this case were 0.94 and 0.26, 

respectively. However, adjusting indium and selenium content by addition of 

indium and selenium powder in some instances  is required. The effect of sodium 

incorporation on the conversion efficiency of CIGS solar cells has been evidence 

through the increase in Voc and FF. Sodium acts in two directions for the CIGS 

absorber layer. One direction is to improve the microstructure of the layer. This 

direction seems to be more evident if sodium was incorporated during the growth 

of the CIGS (i.e. before or during the crystal growth). Another direction is the 

optoelectronic property improvement due to its direct impact on the efficiency of 
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the device.  

The effect of sodium addition on Cu deficient CIGS (disulfide) thin film solar cells 

was studied by Vasekar [130]. This study focused on the effect of the 

microstructure, surface morphology, and defect reduction. In thin film CIGS solar 

cells, a minimum thickness of absorber layer and formation of larger grains is 

required to achieve a photovoltaic effect. Smaller grains cells deteriorate, as 

boundaries are high. In the above-mentioned study, it was indicated that larger 

grains are required and the way to achieve them is to minimize the nucleation 

sites and increase the mobility of the deposited species. Sodium plays a big role 

in film morphology improvement, reduction of defects, and increase of carrier 

concentration in thin film CIGS solar cells. The hillocks disappeared as the 

concentration of sodium increase to 120 Angstrom. This was the case with Cu 

deficient cells but not with Cu rich cells as the molecularity of Cu/(In+Ga) was 1, 

which is above the desired maximum value of 0.95. The sodium deposition in this 

case was by thermal evaporation of sodium fluoride on the Mo layer before the 

deposition of the CIG alloys. In addition to the effect of sodium on microstructure, 

this study proved impact on electrical properties and efficiency for 80 and 120 

Angstrom addition of NaF. The impact on power conversion is also related to 

improvement in surface roughness, smoothening of the film, and consequently 

lowering the series resistance. In addition, sodium increased crystallinity, 

strengthened the preferred orientation of 112, and increased the p-type 

conductivity. 

The sodium incorporation was compared in [129] between the incorporation 
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during growth (i.e. Na diffusing from SLG through Mo to CIGS) and post 

deposition (i.e. after deposition of CIGS layer). As it was indicated the presence 

of sodium during growth improves the growth mechanism and microstructure in 

addition to improvement in electronic properties. However, the post deposition 

sodium incorporation seems to mostly improve the electronic properties without 

evident impact on growth and microstructure. 

The post deposition treatment of sodium was more suitable (resulting in higher 

efficiency solar cells) with low temperatures as below 500 ºC while the growth in 

presence of sodium revealed higher efficiencies at higher temperatures. In the 

case of the study in [129], the post deposition treatment was done right after the 

cool down of the CIGS layer while the samples were in position. Around 30 nm of 

NaF was deposited on top of the CIGS layer. With sodium incorporation during 

growth, higher temperature (i.e. 500-580 ºC) improved Na diffusion and cell 

efficiencies. Unlike efficiencies of cells, which incorporated Na through post 

deposition treatment, the same increase in temperature caused a clear decrease 

in efficiencies [129]. As mentioned, improving Voc and fill factor (FF) are the main 

factors for efficiency improvement. The Voc is improving due to higher carrier 

concentrations, film microstructure, passivated defects, and band gap grading.  

Impacts of sodium were related to suppressing current-blocking effect, stuffing 

the grain boundaries, which lessen the grain boundaries responsible for the loss 

of atoms like Se, and passivation of CIGS grain boundaries and surfaces by 

passivation of dangling bonds. This increases the activation energy required to 

remove atoms such as Se. In addition to that the molecularity and composition 
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control is also engineered with the presence of sodium. Since sodium play a big 

role in the interdiffusion of atoms of In-Ga and this engineers the band gap of the 

CIGS layer. A delay in the formation of CIGS phase due to the presence of Na 

was overcome by PDT of CIGS grown at higher temperatures. This suggests that 

PDT of Na can be effective and is a good way to benefit from enhancement of 

electronic properties without the impact on CIGS growth kinetics, which makes 

PDT a promising method to develop flexible CIGS solar cells on low temperature 

substrates [129]. 

3.3.4 Process safety and simplicity 

Another aspect of CIGS solar cell manufacturing is how safe and simple the 

process is to enable success in terms of production cost, material utilization, and 

enabling large area high throughput production. The state-of-the-art for CIGS 

fabrication is moving away from vacuum to non-vacuum process. Although 

printed CIGS at one time achieved CIGS absorber layers comparable in 

performance to those by co-evaporation (vacuum) processes by Nanosolar Inc., 

USA, the challenges with non-vacuum processing have been dominated by the 

use of toxic or explosive solvents (hydrazine). For the selenization step, the 

introduction of highly toxic gases (i.e.: H2Se) was also a main challenge. In 

addition, porosity of the resulted layer is not yet overcome by simple or safe 

procedure. There are attempts to use chemical agents such as Cu-Se, CuCl, 

NaF and Se to overcome the porosity challenge and enable metal diffusion and 

higher grain sizes [131]. This also may enable layer-annealing methods that 

allow the use of low temperature substrates and flexible substrates. The concept 
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of selenization is to deposit selenium on top of the nanoparticle layer containing 

Cu and In. The heat treatment diffuses the atoms and fills in the pores among the 

nanoparticles. When the temperature reaches ~500 ºC or above, the formation of 

the crystalline chalcogenide layer takes place. The formation of this layer starts 

from the top part, so lowering the thickness is required to avoid a non-conductive 

lower porous cross section. Although the layer showed short minority carrier 

lifetimes, the adequate carrier collection (long carrier collection lengths in CIS) 

allowed efficient solar cells (i.e. 8.73%) without the use of hydrazine or 

selenization gas [131, 132]. 

Capping agents are used for oxidation prevention and believed to provide a 

defect free surface [63]. Smooth and homogeneous surface morphology in some 

instances overcomes the defects in the cross section. That does not mean small 

number of defects may lead to the absence of diode effects and efficiency. 

Two to three parameters in the fabrication of chalcogenides solar cells have to be 

in place simultaneously. The addition of sodium, annealing, and selenization are 

three processes that are performed together. The addition of sodium (whether 

through post deposition treatment, or grown in presence of added sodium) is only 

materialized when the layer is annealed under selenium presence, or in confined, 

no-selenium-escape environment. The amount of sodium incorporated into the 

chalcogenide layer depends on the temperature and time of the annealing 

process. The diffusion of sodium from SLG to CIGS through Mo layer is usually 

achieved during the annealing of absorber layer in temperatures above 550 ºC 

and with times of 20-30 mins. When sodium was added and not diffuse, the 
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temperature of the annealing process could be lowered to 500 ºC. Also, the 

selenization temperature and time of insertion of the sample into the annealing 

chamber can play a role in the formation of the absorber chalcopyrite phase 

[133]. 

3.3.5 Adhesion 

Adhesion is another parameter that needs to be satisfied for successful device 

fabrication. The adhesion between the CIGS layer and the Mo layer seems to be 

caused by the interlayer formation of MoSe2. Usually, this interlayer is formed 

during the annealing process when chemisorption reaction occurs and causes 

the formation of this interlayer. In the case of low-temperature processing or layer 

annealing process, a pre annealing drying process may help the adhesion 

between the absorber layer and the Mo layer [133]. Also, the concentration of 

adhesive such as EC and organic contents can also be manipulated to affect the 

rheology and viscosity of the ink and consequently, the adhesion between the 

two layers (Fig. 3. 14). It was shown that the more organic content, the less 

adhesion between the CIGS and Mo layer. Drying step then follows to achieve 

better adhesion through the formation of MoSe2 interlayer. 
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Figure 3. 14: Rheology of ink showing high EC content (left) and low EC 

content (right). 

In case of poor adhesion, the absorber layer cannot pass the next processing 

steps such as CdS chemical bath deposition (CBD). It was the case with our 

starting device initiatives that the absorber layer started peeling off once they 

have been soacked in KCN and/or CdS solution as we experienced during 

processing the cell at ZSW, Germany. The poor adhesion was related to porosity 

at the interlayer region between CIGS and Mo. SEM images show clear pores 

that effect adhesion, device fabrication and performance. 

In this section, the different impacts of post deposition treatments such as 

annealing, selenization, and sodium incorporation on the crystallinity of screen 

printed CIGS layer on Mo coated SLG are reported. The ink formulation and low-

temperature addition of sodium has provided efficient solar cells in [133]. The 

study indicates the vulnerability of the film without the use of Na as a passivation 

catalyst for grain boundaries and surface defects. Also, it seems that once the 

chalcogenide nanocrystals are formed, they are more stable in air, as the drying 

can be done in air on a hot plate heated up to 300 ºC for 1 min [133] followed by 

KCN etching. Device performance and diode quality factor improvement as a 
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result of sodium addition is the focus of this section.  

In this section, the investigation of several solar cell fabrication challenges 

related to the photovoltaic CIGS layer are reported: adhesion of CIGS to the Mo 

back contact, sodium incorporation methods and, microstructure and electronic, 

effects on the CIGS layer, molecularity range, crystallinity, and therefore 

performance. By resolving these challenges, the CIGS layer should be suitable 

for device making. Characterization and quality testing is required before 

attempting to fabricate device. Adhesion test can be done by soaking the layer in 

distilled deionized water before processing the next step (which is usually the 

CdS CBD). Another way is running DI water on the layer to check for peels. SEM 

and XRD can check sodium incorporation microstructure effects for larger grains, 

defects and voids, and crystallinity. Electronic properties such as conductivity, 

carrier life time, and mobility can be done by Hall Effect measurement or 

indirectly through current- voltage measurements after completing the device. 

Other characterization methods such as transient absorption can give more 

kinetic information such as the absorption change rate and therefore can also 

provide important information about the effects of sodium incorporation on the 

electronic properties of the CIGS layer. In regards to molecularity range, EDS 

and XRF can provide useful info to calculate the ratios Cu/Ga+In and Ga/Ga+In.  

3.3.6 Morphology and composition 

SEM images (Fig. 3. 15) show that layers of around 1-3 microns were produced. 

The surface morphology of NaF and Se treated samples clearly indicates higher 

crystallinity than as deposited dried layer or annealed sample without Se 
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incorporation. Figure 3. 16 shows the SEM images for the produced NaF ink 

layers. 

 

Figure 3. 15: SEM images of as deposited dry layer (a, and e), annealed (b, 

and f), selenized (c, and g), and NaF PDT  (d, and h) samples. 

 

Figure 3. 16: SEM images of NaF ink surface and cross-section of as deposited 

(a, and c) and annealed samples (b, and d). 
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For sample 9 (NaF ink), the surface morphology and cross section images show 

clear voids and rough surface, which indicates that the used CIGS particles are 

happy with their structure, and is not easy to diffuse to a polycrystalline type of 

film as shown by Fig. 3. 16. The EDS data show that the molar ratios are close to 

those of a good photoactive layer (Table 3. 3). 

Table 3. 3: EDS at % data and calculation of CGI and GGI ratios. 

 Variable Dried Selenized 

NaF 

PDT 

NaF Ink 

Annealed 

Cu at % 21.96 15.62 22.77 25.95 

In at % 18.75 14.27 18.67 18.77 

Ga at % 10.10 4.60 12.01 10.55 

Se at % 49.19 65.51 46.55 44.74 

Cu  

stoichiometric 

mole ratio  0.88 0.62 0.91 1.04 

In 

stoichiometric 

mole ratio 0.75 0.57 0.75 0.75 

Ga 

stoichiometric 

mole ratio 0.40 0.18 0.48 0.42 

Se 

stoichiometric 

mole ratio 1.97 2.62 1.86 1.79 

Cu/Ga+In 0.76 0.83 0.74 0.89 

Ga/Ga+In 0.35 0.24 0.39 0.36 
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3.3.7 Crystallinity and purity 

3.3.7.1 Effects of annealing 

The PXRD measurements of the different samples revealed that the CIGS layer 

deposited (sample 2) on the Mo SLG (samples 1) had amorphous characteristics 

after milling, ink formulation and deposition. As it dried (sample 3), the 

crystallinity of the layer started to appear (broad and small peaks on the XRD 

measurement), which reflected the fine and thin layer of crystalline CIGS. Fig 3. 

17 shows that as the annealing process completed (sample 4), the CIGS peaks 

became sharper and larger, which indicated larger grain size crystals. The 

annealing process of sample 4 did not include the addition of Se elements.  

 

Figure 3. 17: Effect of drying and annealing on as deposited sample 2. 

3.3.7.2 Effects of selenization 

The selenization process was performed on sample 5 without the addition of any 
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sodium. The formation of new peaks can be observed as Selenium reacted at 

500 ºC with the CIGS particles and with Mo to form MoSe2. By adding sodium 

through the 0.5M solution, slightly sharper peaks appeared as shown in Fig. 3. 

18 a. 
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Figure 3. 18: Effect of selenization (a), NaF addition (a), and effect of NaF 

concentration (b) on recrystallization of the CIGS layer. 
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3.3.7.3 Effects of sodium incorporation 

The incorporation of sodium into to the CIGS can be beneficial when the 

concentration of sodium is controlled. As shown in Fig. 3. 18 b, as the 

concentration of the sodium increased, undesirable phases appeared on XRD 

Fig. 3. 18 b at NaF concentration of 2M. Sample 9 showed clear recrystallization 

in XRD as shown in Fig. 3. 19. 

 

Figure 3. 19: NaF ink (sample 9) crystallinity as deposited and annealed 

samples. 

3.3.8 Solar cell performance 

Finally, I (V) data show low current and low device efficiency of 0.12 % for 

selenized sample 5 (Table 3. 4 and Fig. 3. 20). 
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Table 3. 4: IV data for sample 5 (selenized) and 9 (NaF ink). 

Sample Voc (mV) FF (%) Isc (mA/cm2) Efficiency (%) 

5 (selenized) 205.00 37.20 1.55 0.12 

9 (NaF ink) 161.00 33.30 2.00 0.11 

 

It was observed that the Voc increases considerably with drying, annealing, and 

selenization.  While the addition of sodium as a PDT did not cause similar 

increase in Voc, the addition of sodium in the ink followed by drying and annealing 

caused similar increase in Voc. The short circuit current (Isc) is very low in value 

and this was the main cause of low efficiency. The current follows the same 

pattern with the exception of sample 5, which shows lower value current with 

selenization.  

 

Figure 3. 20: IV curves for 3-6 and NaF ink samples 
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3.3.9 Conclusion  

The reactive annealing with the presence of selenium has shown improvement in 

the photovoltaic performance of the CIGS layer. Although higher crystallinity was 

clearly observed with the NaF PDT, the performance of the CIGS absorber layer 

was improved with the NaF ink method of sample 9. With solar cell efficiencies 

up to 0.12 %, this section is considered a starting point in this research for 

absorber layer development and incorporation of Na and Se through reactive 

annealing methods. 

3.4 Post deposition treatments of printed Cu (In, Ga) Se2 using solution 

deposited Na2Se4 and metal salt precursors. 

Cu(In, Ga)Se2 (CIGS) ink was formulated from CIGS powder, ethyl cellulose 

(EC), terpineol and polyester/polyamine co-polymeric dispersant KD-1. CIGS thin 

films were deposited from the ink on molybdenum coated glass substrate. The 

thickness of the deposited layer ranged between 1-3 microns using screen-

printing followed by heat treatment. Two new post deposition treatments (PDTs) 

were tested for the recrystallization of the printed CIGS layer. The first PDT was 

the use of sodium polyselenide (Na2Se4) and its comparison with NaF. The 

second PDT was the use of metal salts. In the second PDT, two processes were 

compared: the addition of a solution mix of CuCl, InCl3, and GaCl3 in ethanol 

(CIG salt) followed by selenization and the addition of CuCl, InCl3, GaCl3, and Se 

elements in ethanol (CIGS salt) followed by annealing. The characterizations of 

the CIGS deposited and treated films were performed using scanning electron 

microscopy (SEM), energy-dispersive x-ray spectroscopy (EDS), raman 
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spectroscopy and powder x-ray diffraction (PXRD). The PXRD and Raman 

results show clear evidence of favorable recrystallization of the CIGS layer from 

the CIGS-based salts PDT. The PXRD reflections confirm crystalline nature of 

the layer and are well defined for CIGS-based salt treatments compared to 

polyselenide. Na2Se4 PDT induced loss of Ga. As a consequence, unknown 

phases mostly represent Cu2Se, In2Se3, or CuInSe2 (Cu-In-Se) phases were 

observed. Raman spectra confirm the formation of crystalline CIGS layers with 

CIG and CIGS salts (CIGS-based salts) PDT and other Cu-In-Se phases with 

Na2Se4 PDT. Conventional NaF post deposition treatments formed the same 

unknown phases when used with high concentration similar to Na2Se4. The 

composition of the CIGS layer after CIG-based salt PDT was found to be similar 

to the starting CIGS, whereas after Na2Se4 and CIGS-based salt varied 

considerably. Voids and cracks were present on SEM images, which could affect 

the quality and performance of the layer. The I-V measurements show 1.10 % 

efficiency for CIG-based salt PDT whereas polyselenide showed 0.05 % and no 

PDT showed 0.12 % efficiency. 

CIGS solar cells have attracted significant attention due to their potential in 

leading the way towards thin film based solar electricity generation [134]. Due to 

the well-known high absorption coefficient (> 105 cm-1) of the CIGS material [135] 

and the adjustable direct band gap in the range of 1- 1.7 eV., thin films as low as 

0.5 micron in thickness can provide solar cell efficiency up to 7.70 % through 

non-vacuum and non-toxic solution approaches [136]. Research on CIGS-based 

solar cells currently focused on how to improve CIGS solar cells efficiency [134, 
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137], on different deposition methods [134, 137-146], and on simplification of the 

entire CIGS module fabrication process [87, 147, 148]. 

Highest CIGS efficiencies have been obtained using the state-of-the-art, 

commercially proven processes such as high vacuum co-evaporation or 

sputtering [136]. Solar cell efficiency of 14.50 % was achieved by Nanosolar Inc. 

USA using a solution-processed CIGS layer. The driving force behind such 

emerging processes and efforts towards solution processed CIGS solar cells is 

the ability of such technologies to reduce material utilization by ~30-60 %, and to 

reduce costs related to processing equipment and energy [136, 137]. In addition, 

the need for safer and simpler process technologies keeps the research and 

development in this field continuous [128, 136, 149]. 

As part of the solution-processed CIGS, the CIGS layer on Mo substrate have 

been prepared by metal salts as precursors due to the easier formation of 

crystalline CIGS layer than the use of quaternary CIGS particle ink [141]. As the 

reaction takes place on top of the substrate, the film morphology and crystallite 

structure become more prominent on the substrate in comparison with pre-

formed CIGS nanoparticle deposited on top of the substrate [141, 150]. Due to 

the formation of defects and voids during the nanoparticle approach, the 

morphology is unsuitable for the next buffer layer deposition [151-155]. These 

voids act as recombination centers which hinder the carriers reaching the 

junction [137]. On the other hand, in situ formation of CIGS by the reaction of 

metal salts leads to compositional inhomogeneity of the final CIGS layer [141]. 

The sublimation temperature of the commonly used salts such as InCl3 and 
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GaCl3 are far below the reaction temperature to form CIGS [156]. As the reaction 

occurs on top of the substrate, uniformity of crystal growth and diffusion of the 

different elements have made this approach difficult and require further study of 

the reaction mechanism and crystal formation. Moreover, some oxidizing agents, 

especially chloride ions, which form carbon and oxygen contaminants in the 

CIGS film make the metal salt approach unfavorable [137, 156]. The use of metal 

salts is not limited to the deposition of the absorber layer in CIGS solar cells. 

Some metal salts such as cadmium salts have also been utilized in the formation 

of CdS buffer layer [157]. Metal salts could be used as chemical treatments of 

layers post deposition.  

Chemical treatments of CIGS have been investigated to improve the layer 

surface and electronic properties [158, 159]. The need for alkali metal treatment 

has been proven when NaF and KF were used [87, 129, 130, 160]. The use of 

selenium for selenization, on the other hand, was also required to form the 

chalcogenide phase [161-163]. The selenization of Cu(In,Ga)S2 showed 

replacement of sulfur with selenium forming Cu(In,Ga)(S,Se)2 [147]. The 

selenization in that case caused volume expansion and crystal formation. When 

sodium and selenium were both incorporated in the recrystallization process, 

sodium polyselenides (good for Mo reaction with Se and passivation of surface 

and grain boundaries) were formed [164, 165]. A recent study shows the 

beneficial use of polyselenides in sulfide CIGS but focuses on the formation of 

beneficial MoSe2 in comparison to MoS2  [166].  

In this section, new chemical treatment approaches to improve and simplify CIGS 
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particle recrystallization post deposition are tested. Integrating the chemical 

treatments of sodium and selenium into one Na2Se4 PDT step was carried out to 

simplify the incorporation of both Na and Se and compare it with typical NaF 

results. In addition, we investigate the benefits of the CIGS particle structure and 

composition across the layer while treat the voids and defects by simple CIGS-

based salts solution post treatment.  

3.4.1 Comparison with NaF treatments 

Similar to section 3.3 results, the PXRD measurements revealed the amorphous 

nature of as-deposited CIGS layer on the Mo substrate (in this section, sample 

1). As it gets dried, the crystallinity of the layer appears as evident from the broad 

and low intensity peaks, which also reflect fine grains of CIGS. As the annealing 

process is completed, the CIGS peaks became sharper (sample 2), which 

indicate larger size crystals due to atomic diffusion. 

Next, the selenization process was performed without the addition of any salt 

(sample 3). As selenium reacted with Mo, it formed MoSe2, which resulted in the 

appearance of new reflections and it further recrystallized the CIGS at 500 ºC. 

We compared the effect of NaF PDT on the recrystallization of CIGS layer. 

Although soaking the sample with 0.5 M NaF solution revealed slightly sharper 

peaks, the incorporation of sodium into the CIGS was harmful when it exceeds 

the optimum value. It is revealed that undesired phases were formed as sodium 

concentration was increased beyond 1 M.  

New layers of around 1-3 microns were produced. Fig. 3. 21 a and 3. 21 e show 

the SEM images of as deposited CIGS particles on Mo-coated glass (sample 1). 
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It is worth mentioning that as the recrystallization occurred, clusters of 

crystallized CIGS aggregate appeared on the surface and in the cross section 

(Fig. 3. 21). This indicated that as the grains get closer to each other and 

recrystallize, they left adjacent voids. These voids may act as traps for the carrier 

path and cause negative effects on the performance of the CIGS solar cell due to 

recombination losses.  
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Figure 3. 21: SEM images of as deposited CIGS sample 1 surface (a) and its 

cross section (e), CIG PDT sample 4 surface (b) and its cross section (f), CIGS 

PDT sample 8 surface (c) and its cross section (g), Na2Se4 PDT sample 10 

surface (d) and its cross section (h). 

3.4.2 CIG, CIGS, and polyselenide PDT on CIGS  

The EDS Atomic % data in Table 3. 5 show the mole ratio and the effects of each 

PDT on the CGI and GGI ratios. In all treatments, the range of CGI and GGI are 
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not close to the ideal values of 0.95 and 0.3 respectively (Table 3. 5) [123]. The 

CIG PDT mole ratio is closer to the starting CIGS from CIGS-based salt PDT and 

polyselenide PDT. Loss of Ga was apparent after polyselenide PDT. The 

possible cause of Ga loss is the reduced interdiffusion that occurs between In 

and Ga during the addition of Na [167]. A Copper rich layer was apparent after 

CIGS-salt PDT. When CIGS-salts such as indium and gallium chlorides are 

annealed at a temperature above their sublimation points, a loss of indium and 

gallium has been observed which results an increase in the amount of copper in 

the CIGS layer. 
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Table 3. 5: EDS at % data and calculation of CGI and GGI ratio. 

Variable Dried 

Layer 

(sample 1) 

Selenized 

(sample 3) 

CIG Salt 

PDT 

(sample 4) 

CIGS Salt 

PDT 

(sample 8) 

Polyselenide 

PDT 

(sample 10) 

Cu at % 21.96 15.62 12.89 53.94 18.20 

In at % 18.75 14.27 16.06 4.01 12.90 

Ga at % 10.10 4.60 2.78 1.56 0.00 

Se at % 49.19 65.51 68.26 40.49 68.90 

Cu at % 

stoichiometric 

mole ratio 

0.88 0.62 0.52 2.16 0.73 

In 

stoichiometric 

mole ratio 

0.75 0.57 0.64 0.16 0.52 

Ga 

stoichiometric 

mole ratio 

0.40 0.18 0.11 0.06 0.00 

Se 

stoichiometric 

mole ratio 

1.97 2.62 2.73 1.62 2.76 

Cu/Ga+In 0.76 0.83 0.68 9.68 1.41 

Ga/Ga+In 0.35 0.24 0.15 0.28 0.00 
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3.4.2.1 CIG and CIGS PDT (samples 4-8) 

In order to clog the voids, the post deposition treatments have been investigated 

with different materials. The CIG salt treatment revealed the crystallization as 

represented in SEM images (Fig. 3. 21 b, 3. 21 f) and PXRD (Fig. 3. 22). It has 

been observed that an increase in salt concentration enhances the 

recrystallization. The SEM images as well as the full width at half maximum 

(FWHM) confirm the recrystallization.  

 

Figure 3. 22: XRD of CIG PDT samples 4-7. 

The Raman spectra showed well-defined CIGS peaks from 174-176 cm–1 (Fig. 3. 

23). The CIG PDT showed no Se/CuSe peaks while the CIGS PDT showed 

remaining Se/CuSe peaks. This could indicate that the final step of the annealing 

and CIGS formation has not been fully completed for the CIGS PDT. However, in 

both cases the CIGS peak is well defined in addition to ordered defect 

compounds (ODC) at ~150 cm–1 [148]. 
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Figure 3. 23: Raman spectra of CIG (sample 4) and CIGS (sample 8) PDT 

samples. 

This has also been confirmed by the XRD results, which showed well-defined 

CIGS peaks (Fig. 3. 24). The CIG PDT treatment shows sharper peak at 

preferred orientation of (112) diffraction peaks while CIGS PDT shows slightly 

sharper peak at preferred orientation of (220/204) diffraction peaks in Fig. 3. 24. 
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Figure 3. 24: XRD of CIG (sample 4) and CIGS (sample 8) PDT samples. 

Fig. 3. 21 (c, g) shows the SEM images of the CIGS salt treated layer. It reveals 

crystallization of the layer with clear voids observed on the top cross section and 

rough surface images. 

3.4.2.2 Na2Se4 PDT (samples 9-12) 

Before Na2Se4 was used as a post deposition treatment (PDT), the incorporation 

of the Na2Se4 in the CIGS ink was carried out so it is mixed well with the CIGS 

particles. Annealed CIGS/Na2Se4 ink revealed less recrystallization in the XRD 

measurement as shown in Fig. 3. 25. This could be an outcome of the 

compositional aspect of the layer. There is also a slight shift in the peak, which 

may relate to the composition change [148, 168]. Although no other phase is 

observed. 
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Figure 3. 25: XRD of Na2Se4 CIGS ink deposited and annealed. 

The Na2Se4 PDT of CIGS layer provides peaks of Cu-In-Se phases mostly 

correlated to Cu2Se, In2Se3, or CuInSe2 in absence of Ga (Fig. 3. 26). As the 

concentration of the polyselenide PDT decreases, broad CIGS peaks appear and 

the undesired phases diminish. 

 



 126 

 

Figure 3. 26: XRD of Na2Se4 PDT samples 9-12. 

SEM images in Fig. 3. 21 (d, h) show recrystallization of the layer with some 

cracks appearing in the cross section. Raman shift in Fig. 3. 27 of the 

polyselenide treated CIGS also showed some unknown phase peaks to confirm 

the XRD results. 
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Figure 3. 27: Raman spectra of Na2Se4 PDT sample 10. 

Similar phase have been observed during the NaF treatment of CIGS when 

higher concentration NaF solution was used as shown in Fig. 3. 28. 

 

Figure 3. 28: XRD of Na2Se4 PDT sample 10 and NaF PDT. 

3.4.3 Solar cell performance 

The I (V) data in Fig. 3. 29 show the efficiency result for sample with 1mL CIG 
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salt post deposition treatment (sample 4). The solar cell efficiency reaches up to 

1.10 %. The CIG salt treatment was beneficial to the device performance as it 

improved the efficiency of non-treated sample, which otherwise showed only 0.12  

% efficiency (sample 3). We observed a 10 times increase in short circuit current 

(Isc) after the treatment. This clarifies the passivation of defects and an increase 

in carrier concentration due to the CIG PDT. On the other hand, the polyselenide 

and CIGS salt PDT show a ~50 % decrease in Isc due to metal composition 

changes and therefore, decrease in efficiency. 

 

Figure 3. 29: I (V) of 1mL CIG PDT sample 4. 

3.4.4 Conclusions  

Post deposition treatment using simple drop casting method of binder free 

solutions of CIGS-based salts treated the deposited dry layer from harmful voids 

and maintained the structure and composition of the CIGS precursors. The 

PXRD and SEM of the different samples revealed the significant recrystallization 
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in the case of CIG salt PDT followed by selenization. We observed that the 

enhanced recrystallization using CIG-based salt PDT is beneficial for the device 

performance with a 10 times increase in efficiency. On the other hand, the 

polyselenide causes the formation of other Cu-In-Se phases and loss of Ga. The 

polyselenide and CIGS salt PDT show a ~50% decrease in Isc due to metal 

composition changes and therefore, decrease in efficiency. From previous results 

showing NaF PDT, we have seen similar phases formed with higher NaF PDT 

concentrations. This indicates that a possible composition variation can allow 

Na2Se4 PDT to have the same effect as proven NaF effect. In this set of 

experiments, the CIG treatment I (V) data reached 1.10 % efficient solar cell after 

device completion.  

3.5 Na2Se4 post deposition treatment for Na incorporation and selenization 

of printed CuIn(S,Se)2 absorber. 

CuIn(S,Se)2 (CIS) thin films in the thickness range of 0.5 - 2 microns were 

produced by screen-printing of CuInS2 (CIS) particle-based-ink synthesized from 

metal salt precursors. Post Deposition Treatment (PDT) using Na2Se4 was 

examined to incorporate Na and Se into the CIS printed layer using a simple one-

step drop casting technique. Selenization during annealing followed the Na2Se4 

PDT to recrystallize the films. The Powder X-Ray Diffraction (PXRD) and Raman 

Spectroscopy results clearly show that 0.001M treatment of Na2Se4 enhances 

recrystallization of the CIS layer. The PXRD reflections confirm crystalline nature 

of the CIS layer, and are well defined for Na2Se4 treatments compared to typical 

selenization using elemental selenium shots. At 0.01M of Na2Se4 treatment, 
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higher intensity peaks of undesired phases, mostly represent Cu2Se and/or 

In2Se3, were observed. SEM images revealed voids and an inhomogeneous 

double layer structure. However, an improvement in electrical properties was 

observed for Na2Se4 treated samples compared to the conventionally selenized 

samples using selenium shots. Replacement of sulfur by selenium resulted in 

volume expansion and recrystallization as confirmed by SEM images. The I(V) 

measurements revealed a significant improvement in solar cell efficiency up to 

1.05 % for Na2Se4 treated layer compared to 0.14 % for typical selenization using 

elemental selenium. 

3.5.1 Na2Se4 as an integrated Na and Se source 

Thin films of Cu(In,Ga)(S,Se)2 (CIGS) and CuIn(S,Se)2 CIS solar cells have 

drawn significant attention in recent years [49]. The conversion efficiency of 

these cells exceeded 20% [169]. However, these highly efficient cells were 

fabricated using vacuum technologies such as sputtering or thermal co-

evaporation [169]. In addition, the fabrication involves the use of highly toxic 

gases such as H2Se, which make the fabrication process more complex [161]. 

Recent research has focused on non-vacuum deposition methods such as 

coating and printing ( 17.0 % highest efficiency from Nanosolar Inc., USA [39] ) 

[141]. The results show the ability of such technology to avoid the vacuum 

processes [170]. Highest conversion efficiencies exceeding 15% have been 

reached using non-vacuum deposition techniques. However, the use of explosive 

and toxic solvents such as hydrazine is not suitable for industrial scale up [128, 

171-173]. Lower efficiencies (in the range of 7-15%) have been achieved with 
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non-toxic suspensions of CIGS precursors [49]. Even lower efficiencies (in the 

range of 1-8%) have been reported for CIS solar cells without the Ga doping 

typically used to enhance the band gap of the absorber layer [148, 174].  

The low efficiencies attained by non-toxic suspensions deposited using non-

vacuum deposition methods are partially due to high grain boundary and low 

packing density of the precursor layer [175]. The boundaries can be filled by post 

deposition treatments (PDTs) of alkali metals and selenization similar to studies 

shown by vacuum processes [167, 176-181].  

The incorporation of Na using NaF PDT had significant effect on the grain 

boundaries, passivation of the surface, and electrical properties [175, 182-185]. 

The optimum amount of Na required to see a positive effect is ~0.1 at % [178, 

186]. Similar correlations were observed for K using KF PDT [87, 169]. 

The selenization, on the other hand, was proven to improve grain growth of metal 

salts and elemental precursors [161]. Selenization enabled volume expansion in 

CIGS layer by replacement of sulfur in case of Cu(In,Ga)S2 particles [148, 174]. 

However, the selenization methods are yet to be simplified to become feasible for 

industrial manufacturing of CIS solar cells application. The safety and complexity 

of the current methods motivated researchers to look for alternatives to 

incorporate Se into the CIS layer, such as new selenium@copper selenide 

core@shell nanoparticle sources [187]. With regards to selenization using toxic 

H2Se gas [188], researchers focused on replacing the use of H2Se gas by 

elemental selenium as a safer processing technique [49].  

Therefore, the Na incorporation and selenization are two crucial steps in the 
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fabrication of efficient CIS/CIGS solar cells. The use of compounds that contain 

both Na and Se (Na2Se and Na2S) to incorporate Na and selenize the layer has 

been introduced in co-evaporation processes [178, 180].  

The purpose of the research in this section is to integrate the incorporation of Na 

and Se through a simple one-step solution-based technique. PDT of the CIS 

deposited layer was carried out using the drop casting of Na2Se binder-free 

solution. The crystallization of the CIS layer and the impact of Na and Se 

incorporation on the electrical properties have been studied. 

3.5.2 Morphological analysis 

The particle (flake shape) size was in the range from 50 to 200 nm (Figure 3. 30). 

  

Figure 3. 30: SEM images of synthesized CIS particles. 

Figure 3. 31 shows the surface and cross-section images of as-deposited CIS 

sample (a, and d), selenized sample (b, and e) using Se shot method 1, and 

selenized sample (c, and f) using Na2Se4 PDT method 2. The surface images 

exhibit a change in surface morphology compared to as deposited stack of small 

particles laying on top of the Mo substrate (a) to selenized and sodium 
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polyselenized crystallized particles adhering to each other (b, c). The cross-

section images clearly indicate a change from as deposited particle stack with 

clear voids and defects (d) to an observed diffusion of atoms as a result of 

selenization (e) and double layer structure as a result of the sodium poly-

selenization treatment (f). 

 

Figure 3. 31: SEM images of as-deposited sample (a, and d), selenized sample 

(b, and e), sodium polyselenized (Na2Se4) PDT sample (c, and f). 

3.5.3 Crystallinity, purity, and compositional analysis 

The copper rich elemental composition of the particle, determined by EDS, 

revealed Cu:In:S = 36.62%:18.45%:44:93%. The atomic percentage EDS data of 

the samples revealed a partial replacement of sulfur content by selenium due to 

selenization. It is observed from the EDS data in Table 3. 6 that the higher 

incorporation of selenium was achieved using Na2Se4 PDT (51.64 at % Se) in 

comparison with selenized samples using Se-shots (47.15 at % Se). The higher 

replacement of sulfur by selenium enables volume expansion and enhancement 
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in grain growth [147]. Figure 3. 32 shows the EDS-elemental mapping within the 

cross section of 0.001M Na2Se4 PDT sample. The elemental mapping confirms 

the replacement of sulfur by selenium. Sulfur (blue) is accumulated at the bottom 

of the cross section close to the Mo layer while selenium (green) and sodium 

(red) are diffused through the cross section of the CIS layer. 

 

Figure 3. 32: EDS mapping of the cross section of 0.001M Na2Se4 PDT sample 

The Cu/In mole ratios show a change from copper rich as-deposited layer to Cu-

poor composition after selenization. Cu-poor composition is desirable for the 

absorber layer performance to avoid shunt resistance [123]. Lower copper 

content was achieved using Na2Se4 treatment in comparison with the elemental 

selenium shots treatment.  

Table 3. 6: EDS at % data and calculations of Cu/In ratios 

Variable As-deposited   Method 1  Method 2 

Cu at % 36.62 17.20 13.29 

In at % 18.45 15.34 20.09 

S at % 44.93 20.32 14.99 

Se at % 0.00 47.15 51.64 

Cu/In 1.98 1.12 0.66 

 

The PXRD results (Figure 3. 33) show the amorphous character of the as-

deposited layer. Crystallization occurs and CIS phase is observed after 

annealing. The peak shift in the PXRD confirms the selenium incorporation. Well-
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crystallized and CIS phase dominant sample was formed for 0.001M Na2Se4, 

which confirms the incorporation of Na and Se. Undesired phases were formed 

for higher concentrations of Na2Se4.  

The selenization of the samples revealed the appearance of MoSe2 peaks 

typically found in CIGS/CIS solar cell absorbers [189]. The interlayer of MoSe2 

can act as an Ohmic contact and may positively affect the performance of the 

device [189]. On the other hand, if the peaks of the MoSe2 are of higher intensity 

than the CIGS peaks, meaning over-selenization, the interlayer can dominate 

over the CIGS and negatively affect the performance of the device [148, 189]. In 

Figure 3. 33, although MoSe2 are apparent for both selenized samples, the CIS 

peaks are dominant for 0.001M Na2Se4 PDT. Although the elemental mapping 

shows sulfur accumulation near Mo layer, MoS2 was not detected. 

The Raman spectrum of Na2Se4 treated sample confirms the purity of CIS phase 

(Figure 3. 34). The higher intensity peaks were observed when the sample was 

treated with Na2Se4. 
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Figure 3. 33: XRD showing the effect of Na2Se4 PDT on crystallinity and purity 

of the absorber layer 

 

Figure 3. 34: Raman spectra showing effect of Na2Se4 PDT 

3.5.4 Solar cell performance 

The I (V) data comparison in Table 3. 7 revealed the improvement in device 

performance through 0.001M Na2Se4 PDT with efficiency reaching up to 1.05 % 
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(Figure 3. 35). The observed I (V) results show consistent increase in Voc, Isc, and 

FF due to the Na2Se4 PDT with the highest impact on Isc. The formation of 

crystalline CIS layer and passivation of the surface due to Na and Se 

incorporation enhanced the electrical properties of the layer and consequently 

improved the solar cell device performance. 

Table 3. 7: I (V) data for CIS samples. 

Variable Method 1 sample Method 2 sample 

Voc (mV) 234.5 258 

FF (%) 33.47 35.85 

Isc (mA/cm2) 1.76 11.33 

Efficiency (%) 0.14 1.05 

 

 

 
Figure 3. 35: I (V) curve for method 1 Se shot selenization (red) and method 2 

Na2Se4 PDT selenization (black).  

3.5.5 Conclusions 

Simple drop-casting PDT of 0.001M solution of Na2Se4 improves the printed CIS 



 138 

layer recrystallization and electrical properties. It was observed that the 

enhanced recrystallization and surface passivation using Na2Se4 PDT is 

beneficial for the device performance with an increase in Isc from 1.76 mA/cm2 to 

11.33 mA/cm2 and increased device efficiency. In this set of experiments, the I(V) 

data show an efficiency of 1.05 % for solar cells developed by this method. This 

research contributes to the field of CIGS solar cell fabrication by providing a new 

simplified post deposition treatment that integrates the alkali metal incorporation 

with the Se incorporation. 

3.6 Annealing and selenization parameters effects 

Two precursor types were used to formulate Cu(In, Ga)Se2 (CIGS) and CuIn(S, 

Se)2 (CIS) inks. To examine the effects of annealing and selenization 

temperature, time, and pressure on recrystallization, composition and 

performance, the inks were screen-printed to form thin films in the thickness 

range of 0.5 - 2 microns. Annealing and selenization heat treatments followed the 

screen-printing to recrystallize films. Temperature and time manipulations were 

carried out on the CIGS samples while the pressure manipulation was carried out 

on the CIS samples. The characterizations of the CIGS/CIS deposited and 

treated films were performed using SEM, EDS, Raman Spectroscopy and PXRD. 

The PXRD and Raman results show clear evidence of favorable recrystallization 

of the CIGS layer from the selenization process. The PXRD reflections confirm 

crystalline nature of the layer and are well defined for selenization treatments 

compared to annealing. With selenization, higher intensity peaks have been 

observed on PXRD and confirmed by Raman spectra as temperature and time 
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are increased. The selenized samples exhibit the appearance of MoSe2 peaks. 

With annealing, no evidence of higher crystallinity has been observed at higher 

temperature and time. Voids and cracks were present on SEM images for CIGS 

samples, which could affect the quality and performance of the layer. The CGI 

ratios show consistent Cu-poor composition below 1 for CIGS samples with 

overall GGI close to the ideal 0.3. The pressure effect on selenium incorporation 

was evident. Replacement of sulfur by selenium helped volume expansion and 

recrystallization as was confirmed by SEM images. CIS peak was confirmed by 

Raman spectra for effect of pressure with slight higher intensity peak for higher-

pressure selenization. The I-V measurements reveal a champion solar cell with 

2.03% efficiency for selenization temperature of 550ºC and 20 minutes duration. 

3.6.1 Temperature, pressure, and time 

CIGS solar cells research confirms the potential of CIGS technology to lead the 

thin film solar cell industry [190]. To fabricate the CIGS solar cell, deposition of 

the CIGS layer on top of the substrate followed by post-deposition-treatments 

(PDT) has been practiced [191].  During PDT, the sample undergoes different 

chemical and physical changes to reach the photovoltaic absorber layer 

specification (morphology, crystallinity, composition, purity and adherence to 

substrate) [192-194]. Reaching optimum chemical and physical specifications 

enables electronic properties required for photovoltaic effects [188, 192, 195-

198]. PDT parameters, such as annealing and selenization temperature, 

pressure, and time, and their effects on crystallization of CIGS absorber layer 

have been studied [148, 191, 199-201]. When dealing with quaternary 
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chalcogenide particles as a precursor, higher temperature and time was required 

to crystallize the layer, compared to pure metal precursors or salts [148]. For the 

same conditions (time, temperature, and pressure), the metal salt crystallizes 

faster and at lower temperature (Fig. 3. 36). Therefore, setting these parameters 

is dependent on material and precursor type. 

The pressure of the chamber, typically caused by the Se vapor flow, must be 

balanced so that it doesn’t cause under or over selenization [202]. Under 

selenization doesn’t enable the recrystallization process and grain growth while 

over selenization causes thick MoSe2, which results in higher adhesion at the 

CIGS/Mo interface but lower adhesion and delamination from glass substrate 

[200]. Finding the right balance among time, temperature, and pressure of the 

annealing / selenization is an important motivation for CIGS solar cell fabricators.  
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Figure 3. 36: Metal salt precursors verses CIGS particles crystallization at the 

same temperature and time. 

Even for quaternary CIGS containing selenium, selenization has been required 

as the selenium content of the CIGS is lost during the high temperature-

annealing step and this changes the morphology and adhesion [203, 204]. 

Consequently, annealing and selenization temperature, time, and pressure affect 

the electrical properties of CIGS absorber layer. Crystallization of the layer and 

passivation of the surface enhances the conductivity and carrier mobility. Even 

the band-gap structure across the depth of the layer is affected by these 

important parameters and caused by compositional changes [198, 205]. In terms 

of compositional effects, high temperature can modify the CIGS/Mo interface 

composition once the selenization reaction occurs. Typically, the CIGS/Mo 

interface becomes Ga rich and Cu poor as temperature increases due to different 

formation rates of CIS and CGS. Cu and In have higher reactivity with Se than 
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the reactivity of Ga with Se. Considering the selenization reaction is initiating 

from the topside of the layer, Ga is pushed down from the top reaction causing 

Ga rich back contact [168]. This leaves Cu at the topside of the layer and causes 

a Cu rich surface. Cu rich layer is good for improved grain growth and is typically 

used in vacuum deposition of CIGS to improve the morphology of the layer. 

However, the overall Cu rich layer causes Cu-Se segregations and shunting 

[168]. 

Below 400ºC, the temperature has minimum effect on crystallinity and grain 

growth [196]. Above the range of 550-600ºC, other binary undesired phases were 

observed [165]. Research confirms that understanding the impact of these 

parameters on the overall performance of the CIGS solar cell is critical and may 

lead to success or failure of the CIGS technology [206]. Annealing and 

selenization time and temperature settings may manipulate the Ga content, 

which is an important element of the performance of the device [207]. Also, they 

affect the amount of Se and Na incorporated into the layer for higher crystallinity, 

grain growth, and passivation of defects [206]. 

Another motivation of decreasing the time, temperature, and pressure 

manipulation of the CIGS layer recrystallization process is simplifying the process 

to lower the cost and enabling solution processing techniques to reach industrial 

level [162]. Their advantages in material utilization, lower cost and high 

throughput keeps this research going with industrial interest. 

In this section, we examine the effects of the annealing and selenization 

parameters on recrystallization, phase structure, composition, and performance 
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of screen-printed CIGS and CIS films. The motivation is to improve the electronic 

performance of the layer and simplify the device fabrication by focusing on 

processing parameters, which is interesting to applied researchers trying to focus 

on device fabrication techniques and other aspects than material preparations.  

3.6.2 Effects of temperature and time 

The effects of temperature and time of annealing and selenization are observed 

on the structural, and electronic properties of the CIGS layer.  

3.6.2.1 Morphological analysis 

Initially, two samples were examined for the effects of annealing versus 

selenization. Figure 3. 37 shows SEM images of the morphology for the 

annealed (Fig. 3. 37 a and c) and selenized (Fig. 3. 37 b and d) samples. The 

SEM image of the annealed sample (Fig. 3. 37 a) shows a surface of 

recrystallized clusters, which is an evident of the effect temperature on the 

surface. Looking at the cross section of the annealed sample (Fig. 3. 37 c), the 

voids are apparent and the recrystallization across the depth of the layer doesn’t 

show the same clusters in the surface, which reveals that the recrystallized 

clusters are only at the near surface. On the other hand, Figure 3. 37 b doesn’t 

show the same type of recrystallization on the surface. Smaller grains with higher 

packing are observed. In addition to that, the cross section (Figure 3. 37 d) 

shows clear build up of MoSe2 layer at the CIGS/Mo interface, which is a typical 

effect of the selenization. MoSe2 interlayer promotes the adhesion between the 

CIGS and Mo layers. 
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Figure 3. 37: SEM images of annealed sample (a, c) and selenized sample (b, 

d). 

3.6.2.2 Crystallinity, purity, and compositional analysis 

Six samples (samples 1-6) were examined as shown in Table 3. 8. The atomic 

percentage EDS data of samples 1, 3, and 5 show decrease in selenium content 

due to annealing in comparison with the starting CIGS (at % 47.7 Se, at % 24.9 

Cu, at % 19.9 In, and at % 7.6 Ga). It is observed from the EDS data in table 3. 8 

that the higher temperature annealing shows slight loss of selenium (samples 3, 

and 5). The longer annealing time did not cause further selenium loss (sample 5). 

Ga loss was apparent in the longer time annealing (sample 5). With selenization 

(samples 2, 4, and 6), the loss of Ga was more apparent at low temperature and 
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short time (sample 2). In addition, Se decreases consistently as temperature and 

time  of selenization were increased (samples 2, 4, and 6). The CGI ratios 

showed consistent Cu-poor composition below 1 (samples 1-6), which was 

desirable for the absorber layer performance [123]. Lower Cu content was 

consistently shown for selenized samples 2, 4, and 6 in comparison to annealed 

samples 1, 3, and 5. As the temperature of the annealing increases, lower Cu 

content is observed in sample 3. The longer the time of annealing, the annealed 

sample 5 showed higher Cu content compared to the shorter time annealed 

sample 3. This could be because  Cu is utilized in the grain growth. The GGI is in 

some instances lower and in some instances higher than the starting GGI of 0.3. 

Overall GGI is close to the ideal 0.3.  

The XRD results show no evidence of higher crystallinity promoted by higher 

temperature or longer time for the annealed samples 1, 3, and 5 (Figure 3. 38). 

Additionally, lower peak intensity was evidence as temperature and time 

increased. However, slight promotion of higher crystallinity was observed for 

higher temperature and longer time for the selenized samples 2, 4, and 6 (Figure 

3. 39). 

 

 

 

 



 146 

Table 3. 8: EDS atomic % data and calculations of CGI and GGI for samples 1-

6. 

Sample 500ºC, 20 min 550ºC, 20 min 550ºC, 40 min 

 Annealed 

sample 1 
Selenized 

sample 2 
Annealed 

sample 3 
Selenized 

sample 4 
Annealed 

sample 5 
Selenized 

sample 6 

Cu at % 25.95 15.62 22.46 18.27 25.51 19.10 

In at % 18.77 14.27 19.46 16.22 20.27 17.74 

Ga at % 10.55 4.60 10.78 8.90 7.22 09.24 

Se at % 44.74 65.51 47.22 56.62 47.02 53.92 

Cu 

stoichiometric 

mole ratio 

1.04 0.62 0.90 0.73 1.02 0.76 

In 

stoichiometric 

mole ratio 

0.75 0.57 0.78 0.65 0.81 0.71 

Ga 

stoichiometric 

mole ratio 

0.42 0.18 0.43 0.36 0.29 0.37 

Se 

stoichiometric 

mole ratio 

1.79 2.62 1.89 2.26 1.88 2.16 

Cu/Ga+In 0.89 0.83 0.74 0.72 0.93 0.70 

Ga/Ga+In 0.36 0.24 0.36 0.36 0.26 0.34 

 

The selenization of the samples exhibit the appearance of MoSe2 peaks typically 

found in CIGS solar cell absorbers. The interlayer of MoSe2 can act as an Ohmic 

contact and may positively affect the performance of the device. On the other 

hand, if the peaks of the MoSe2 are higher intensity than the CIGS peaks, over 

selenization means that the interlayer can dominate over the CIGS and 
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negatively affect the performance of the device [148]. In Figure 3. 39, although 

MoSe2 are apparent, the CIGS peaks are higher intensity and are dominant for 

all selenized samples 2, 4, and 6. 

 

Figure 3. 38: XRD of annealed samples 1 (500ºC, 20 min), 3 (550ºC, 20 min), 

and 5 (550ºC, 40 min). 
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Figure 3. 39: XRD of selenized samples 2 (500ºC, 20 min), 4 (550ºC, 20 min), 

and 6 (550ºC, 40 min). 

Raman spectra peaks had slightly higher intensity for higher temperature and 

longer time annealed samples 1, 3, and 5 (Figure 3. 40). The selenized samples 

2, 4, and 6 show a larger difference in intensity of higher temperature and longer 

time as observed in Figure 3. 41. This confirms that the selenization treatment is 

affected by the temperature and time more than the annealing treatment. 

Increasing the selenization temperature to 550ºC and selenization period to 40 

minutes selenization improved the CIGS layer definition as it is observed by the 

Raman spectra. 
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Figure 3. 40: Raman spectra of annealed samples 1 (500ºC, 20 min), 3 (550ºC, 

20 min), and 5 (550ºC, 40 min). 
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Figure 3. 41: Raman spectra of selenized samples 2 (500ºC, 20 min), 4 (550ºC, 

20 min), and 6 (550ºC, 40 min). 

3.6.3 Effect of pressure 

Two CIS samples were examined for the effect of Se vapor pressure. The first 

deposited and dried sample was placed in a vacuum tube with selenium shot in a 

furnace at 500ºC for 20 minutes. The second sample was confined in a graphite 

sheet with selenium shots, and then placed in a vacuum tube in a furnace at 

500ºC for 20 minutes. The pressure effect on the sample was apparent by the 

higher recrystallization shown in Figure 3. 42.  
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Figure 3. 42: XRD showing effect of selenization pressure on CIS 

recrystallization. 

The EDS at % data (table 3. 9) showed higher Se incorporation into the CIS layer 

for the confined sample (selenization pressure effect). This indicated higher 

replacement of sulfur by selenium, which enabled volume expansion and 

enhanced grain growth [147].  
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Table 3. 9: EDS at % data for effect of pressure on CIS samples. 

Sample Sample (without confinement) Confined sample 

Cu at % 4.60 4.13 

In at % 5.07 4.95 

S at % 62.66 59.08 

Se at % 27.68 31.84 

 

The SEM images in Figure 3. 43 showed a clear difference in the morphology of 

the surface and similar effect on the cross section for both samples. The surface 

of the pressurized selenization exhibited more crystal formation with voids 

(Figure 3. 43 a and b). The cross-sections, on the other hand, exhibited clear 

recrystallization across the depth of the layer and showed the roughness of the 

surfaces of both samples (Figure 3. 43 c and d). The cross-section of both 

samples confirmed the effect of selenium replacement of sulfur when compared 

with CIGS particle selenization in previous sections. 
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Figure 3. 43: SEM images of no selenization pressure sample (a, and c) and 

pressurized selenization sample (b, and d). 

 

The Raman spectra (Figure 3. 44) confirm slight higher intensity CIS peak with 

pressure selenization, which agrees with the XRD result in Fig. 3. 42.  
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Figure 3. 44: Raman spectra for effect of pressure CIS samples. 

3.6.4 Solar cell performance 

The I-V data comparison in Table 3. 10 reveals that the champion device is the 

high temperature selenized sample with efficiency reaching 2.03 % (I (V) curve is 

shown in Figure 3. 45). The observed selenization results show consistent 

increase in Voc, Isc, and FF in comparison to the annealed samples. The effect of 

temperature is evident with selenized sample as it increased the Isc from 1.55 

mA/cm2 to 32.92 mA/cm2 and that accounted for the increase in efficiency 

despite the decrease in Voc. Longer annealing time accounted for higher Voc, Isc, 

and FF.  Longer selenization time increased Voc but decreased both FF and Isc, 

which accounted for decrease in device performance efficiency. The device 

performance tests on the CIS samples are still in progress. 
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Table 3. 10: I-V data for CIGS samples 1-6. 

Variable 500ºC, 20 min 550ºC, 20 min 550ºC, 40 min 

 Annealed 

sample1 

Selenized 

sample 2 

Annealed 

sample 3 
Selenized 

sample 4 
Annealed 

sample 5 
Selenized 

sample 6 

Voc (mV) 35.00 205.00 33.00 141.00 172.00 159.00 

FF (%) 25 37.20 24.80 43.90 36.50 37.90 

Isc 

(mA/cm2) 

1.99 1.55 1.36 32.92 4.80 6.02 

Efficiency 

(%) 

0.02 0.12 0.01 2.03 0.30 0.36 

 

 

 
Figure 3. 45: I (V) curve for champion sample 4. 

3.6.5 Conclusions 

Post deposition treatment of 550ºC selenization for 20 minutes improved the 

deposited CIGS/CIS layer recrystallization and electronic properties. The 

selenization should be carried out so that the sample is in confinement. The 
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pressure of selenium vapor improves the crystallinity, incorporation of selenium 

into CIS, and consequently enables volume expansion. We observed that the 

enhanced recrystallization using selenization PDT is beneficial for the device 

performance with an increase in Isc from 1.55 mA/cm2 to 32.92 mA/cm2 and that 

accounted for the increase in efficiency despite the decrease in Voc. On the other 

hand, the selenization pressure causes the formation of crystalline film. In this set 

of experiments, the 550ºC selenization treatment for 20 minutes enabled I-V data 

for a 2.03 % efficient solar cell after device completion. This research 

emphasized the importance of temperature to the treatment of printed CIGS. 
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CHAPTER 4: Conclusions and future outlook 

4.1 Conclusions 

The post deposition treatments using metal salt solutions and integrated Na and 

Se incorporation provided new simplified methods for the improvement of 

electrical properties of the CIGS/CIS solar cells. In this thesis, we were able to 

demonstrate photovoltaic property of the absorber layer up to 2.03% solar cell 

power conversion efficiency. The highest impact on electrical properties was from 

increasing the selenization temperature to 550ºC, as a reactive annealing step. 

The other post deposition treatment methods of solution deposited Cu-In-Ga 

metal salt solution and Na2Se4 were able to improve the conversion efficiency up 

to 1.1%. The highest impact was on Isc concludes that the passivation of surface 

and filling of voids within the printed layer were achieved. This morphological 

improvement causes enhanced carrier path and less recombination losses at the 

surface and near surface areas. With solution deposition of metal salt solutions 

and Na2Se4 treatments, the treating chemicals penetrated the layer through the 

voids to fill the grain boundaries during reaction, similar to the effects of NaF and 

KF [134]. The end result is an observed crystallinity and higher carrier mobility 

confirmed by increase in Isc. With these results, this research was able to 

enhance the printed layer morphology and incorporate the chemicals required to 

enhance electrical properties for higher efficiency in a simplified way. 

The non-vacuum deposition of CIGS solar cells is a valid deposition method and 

can replace the vacuum deposition methods in simpler, cost effective, and higher 

material utilization fashion. It is industrially more feasible than vacuum deposition 
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and can fit easily in a Roll-to-Roll (R2R) design. With non-vacuum deposition of 

CIGS, the solar cell efficiencies are increasing towards ~15 %, which is still lower 

than those produced by vacuum deposition (20 %). Improvements are still being 

researched. Every year, higher efficiencies are being reported. The process is 

being optimized for non-toxic and non-explosive solvent materials. The 

selenization is also being optimized for lower energy consumption and safer 

process steps. 

From process perspective, this research report is considered a starting point for 

simplified non-vacuum deposition of CIGS solar cells with low efficiencies that 

can be improved. Handling of samples can be improved by lowering downtime 

between process steps, having a set up ready for the required process steps, 

and reducing the contamination coming from air as much as possible. The 

samples were deposited in one lab and selenized at another lab. It was also sent 

from Saudi Arabia to Germany for the device to be completed. So, degradation of 

material was expected. 

From material perspectives, the type of precursors used impact the 

recrystallization or sintering of the material. A reaction is preferred to take place 

on top of the substrate for higher crystallization. For this reason, using sulfide 

particles instead of selenide particles is a much easier approach. With selenide 

particles, the reaction does not occur and the particles like to stay in their form. 

While the replacement of sulfur by selenium was beneficial for recrystallization 

and volume expansion, sulfide particles provide recrystallized film after 

selenization and annealing. Also, capping technology may reduce impact of 
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material degradation. 

Selenization process and Se source are still the bottleneck for cost effective 

industrialization of the CIGS fabrication process. It is time consuming, energy 

consuming, and required inert or vacuum environment. Finding other selenization 

sources such as polyselenides presented in this report, or core-shell 

nanocrystals that provide the selenium source within the deposited precursor but 

still allow for recrystallization or defect/crack free layers is important for the 

advancement of this technology.  

4.2 Future outlook 

The route towards interconnected layer can be achieved by the gelation process 

during synthesis of nanoparticles [208]. Figure 4. 1 shows an SEM image of the 

sol-gel prepared CuInS2 gel, which show different particle pattern than the 

solvothermal reaction used in section 3.5 and 3.6. Here, the particles have 

spongy interconnections desired for carrier transport versus the flaky particle 

shape for the solvothermal method. This is due to the gelation occurred during 

solvent exchange. The black CIS mixture is soaked in 75:25 Ethanol: Water 

solvent for 12 hours, repeatedly (5 - 6 times), then washed with ethanol 4 - 5 

times over 6 day period. In this case, the atomic composition shows Cu poor with 

stoichiometry of Cu:In:S of 14.30 %: 46.08 %: 39.62 %. 
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Figure 4. 1: CIS gel synthesis. 

Figure 4. 2 shows the SEM images of as deposited (a, and d) surface and cross 

section, annealed (b, and e), and selenized (c, and f) samples. As the samples 

are annealed, more voids are generated as the particles diffuse into each other 

leaving bigger gaps between interconnections. The selenization, on the other 

hand, shows formation of a dense film. The formation of dense film in this case 

was easily achieved by selenization as the reactive annealing occurred.  
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Figure 4. 2: SEM images of CIS gel as deposited surface and cross sections (a, 

and d), annealed (b, and e), and selenized (c, and f) samples. 

The observed delamination in the selenized sample (Fig. 4. 2 f) clearly indicates 

the reason behind peeling effect. The CIS layer was easily washed off in most of 

the selenized samples. However, some samples showed good adhesion.  

Figure 4. 3 show the PXRD (left) and Raman (right) spectra of the samples.  The 

formation of a dense crystalline layer is clear as the annealing and selenization 

are carried out. The intensity of the selenized peaks indicates easier crystallinity 

for the gel than the particles used in section 3.5 and 3.6. The Raman confirms 

the purity and phase shift from CuInS2 to CuIn(S,Se)2.  
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Figure 4. 3: PXRD (left) and Raman spectra (right) of CIS gel as deposited, 

annealed, and selenized samples. 

Despite the delamination occurred on some areas of the sample, other areas 

were laminated and able to provide a solar cell efficiency of 1.10 % consistent 

with the efficiency obtained by commercial CIGS and synthesized CIS. 

 

Figure 4. 4: I (V) curve for sol-gel developed solar cell. 

Future work may include optimizing the selenization step by improving the 
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pressure control during selenization for optimum result. Also, material synthesis 

has the potential to improve the resistance to contamination by proper capping 

and size reduction; i.e. avoiding steps such as milling. Quantum dot level of 

CIGS particles may result in higher composition control and less crack and void 

type of layers. Solution deposition techniques for band gap grading, and other 

PDT treatments may bring new insight to this research. The use of gelation 

procedures to interconnect the particles has shown easier film crystallization but 

lower adhesion to the substrate. Enhancing the adhesion at the CIGS/Mo 

interface allows further improvement CIGS solar cell development. 

The main resources to the knowledge of this research were Technical University 

of Denmark, Denmark (for non-vacuum coating and printing techniques), ZSW, 

Germany, EMPA, Switzerland, HZB, Germany, IBM, USA, and Purdue, USA (for 

device fabrication). Industrial main contributors are Solar Frontier, Japan, and 

Nano Solar  Inc., USA. 
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