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Silver alloying of Cu(In,Ga)Se2 (CIGS) to form (Ag,Cu)(In,Ga)Se2 (ACIGS) 

has been investigated for thin film photovoltaics. Previous research has found that 

introducing silver into the CIGS lattice during co-evaporation resulted in improved 

VOC and diminished defect concentration, attributed to the lower melting point of the 

alloy. Also, Ag alloying gave significant improvement in the formation of ACIGS 

with the hydride gas reaction of metal precursors including altering the morphology of 

the metal precursors, enhancing adhesion to enable a wider process window and 

improved device performance. The main goal of this research is to understand the 

effects of Ag-alloying on the morphology and structure of Cu-In-Ga metal precursors 

and their reaction in H2Se to form ACIGS. This will lead to development of an 

advanced precursor reaction process with a controlled composition profile and provide 

the fundamental basis for scale-up of this technology.  

In this project, Ag-Cu-In-Ga precursor films were sputter deposited from 

Ag0.77Ga0.23, Cu0.77Ga0.23, and In targets using different layer sequences with 

Ag/(Cu+Ag) and (Ag+Cu)/(Ga+In) ratios fixed at 0.25 and 0.90, respectively. The 

most uniform morphology was achieved with a Ag-Ga layer followed by a layer with 

co-sputtered Cu-Ga and In. These precursor layers are shown to be unstable, with a 

phase evolution during storage at room temperature or low temperature (<150 ºC) 

annealing and formation of a previously unknown (Ag1-xCux)In2 phase with Cu 

content of ~30%. All precursor gave similar phase composition after annealing at 

300ºC and contained intermetallic phases including In, (Ag,Cu)In2, Ag3In, ɔ-

ABSTRACT 



 xxiv 

Cu9(In,Ga)4 and a new, previously unidentified Laves-type phase. This quaternary 

phase corresponds to (Cu1-xGax)2(AgyIn1-y) with x å 0.2 and y å 0.3. It has a Cu2Mg-

type crystal structure with space group of ὊὨσά and lattice parameter of 7.090ᴠ.  

Reaction pathways to formation of ACIGS were determined using ex-situ time-

progressive experiments to help develop an advanced precursor reaction process with 

a controlled composition profile. Ag-Cu-In-Ga precursors with Ag/(Cu+Ag) = 0.0, 

0.25, 0.75, and 1.0 and Ga/(Ga+In) = 0.25 were reacted at 450°C using rapid thermal 

processing (RTP) in a tubular reactor charged with 5% H2Se/Ar. The reaction time 

was varied from 2ï45 min.  

XRD analysis of films with Ag/(Ag+Cu) = 0.0 indicated that the CuInSe2 

phase initially formed after 3.5 min. But, slow reaction of a stable ɔ-Cu9(In,Ga)4 phase 

slowed down the complete reaction to more than 20 min. However, addition of 25% 

Ag into the CIGS film accelerated the reaction. EDS/XRF results showed that the 

complete Se uptake (Se/(Ag+Cu+Ga+In)) occurred in the first 10 min and XRD 

analysis indicated that the reaction completed within 10 min. EDS/XRF analyses of 

samples with Ag/(Ag+Cu) = 0.75 showed that Se uptake reached 0.9 within 10 

minutes; however, SEM/EDS analyses measured from the Mo-side of the film after 20 

min revealed unreacted Ag-In remnants. By increasing the Ag ratio to 1.0, Se uptake 

was delayed up to 20 minutes due to slow reaction of stable ɕ-Ag3(In,Ga) phase. The 

reaction was completed with formation of Ag(In,Ga)Se2 and Ag(In,Ga)5Se8 phases.  

Finally, we show the Ga accumulated in AgGaSe2 and Ga-Se phases at the 

back-side of all films. However, the amount of Ga measured by EDS increased with 

increasing Ag concentration due to lower melting temperature of the Ag-alloyed 

compounds so Ag can assist in controlling the through film composition profile.  
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INTRODUCTION  

1.1 Thesis Statement 

The formation of Cu(In,Ga)Se2-based thin films by a precursor reaction 

process, in which a precursor layer containing Cu, In, and Ga is reacted in a Se and/or 

S atmosphere, is a promising approach for low cost PV manufacturing being pursued 

by several companies. The addition of Ag to Cu-Ga-In precursors for reaction to form 

(Ag,Cu)(In,Ga)Se2 has shown benefits including improved adhesion, greater process 

tolerance and potential for improved device performance.  

The primary objective of this project is to determine the effect of Ag-alloying 

on the precursor structure and reaction pathways during the formation of 

(Ag,Cu)(In,Ga)Se2 absorber layers. This will lead to development of an advanced 

precursor reaction process with a controlled composition profile. In particular, the 

main focuses of this project are: (1) characterizing the properties of the sputter-

deposited Ag-Cu-Ga-In metal precursors and (2) determining the reaction pathways 

using ex-situ time-progressive experiments.  

This chapter briefly introduces Ag-alloyed Cu(In,Ga)Se2 for its application in 

photovoltaics and then discusses the common processing methods of these alloys; in 

particular precursor reaction (selenization). Comprehensive literature review on 

challenges of this process and also reaction pathways during formation of 

Cu(In,Ga)Se2 are presented. 

Chapter 1 
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1.2 Motivation and Significance of the Research 

Currently, the average annual rate of global energy consumption is about 18 

terawatts (TW), and itôs been predicted to increase to 30 TW by 2050. Due to the 

many negative aspects of fossil-fuel energy sources, such as rapid rise in atmospheric 

CO2 concentrations, there is a great challenge to explore cheap, alternative sources of 

energy. In this context, photovoltaic (PV) generation is one of the most rapidly 

developing fields and is expected to serve as an increasingly important source of 

energy [1,2]. 

Over the past decades, wafer-Si solar cells have been rapidly developed. 

Beside wafer-Si, various thin film solar cell technologies have been commercialized. 

Among them, Cu(In,Ga)Se2 solar cells have shown to be promising candidates due to 

their highest achieved efficiency (~22.6% [3]) and potential low cost production. The 

rapid reduction of the average cost of thin film solar cells clearly shows their potential 

for energy production on large scales [1,4,5]. 

1.3 Introduction to Cu(In,Ga)Se2 

1.3.1  CuInSe2 Alloys 

Several properties of CuInSe2-alloys make it a suitable material among IïIIIï

VI2 compounds to be used in thin film solar cell technologies. Itôs high optical 

absorption coefficient (~105 cm-1) and straightforward bandgap engineering lead to 

fabrication of high efficient thin film solar cells [2,4]. The CuInSe2 absorber layer can 

be alloyed with Ga to any portion and forming Cu(In,Ga)Se2; however, the highest 

efficient cells are made from Ga/(Ga+In) ratio of 0.2-0.3 [4]. 

This material has the chalcopyrite lattice structure. This is similar to sphalerite 

structure with ordered substitution of Cu and In atoms on Zn sites which forms a 
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tetragonal unit cell with a ratio of c/a close to 2, Figure 1. 1(left). The single-phase 

chalcopyrite region in the pseudo-binary In2Se3-Cu2Se phase diagram is relatively 

narrow at room temperature and does not included the 25% Cu composition. Also 

CIS-alloy films used in the devices have polycrystalline structure with a typical grain 

size of 1 µm; but its grain size is highly dependent on the processing conditions [4].  

The typical structure of Cu(In,Ga)Se2 solar cells is 

glass/Mo/Cu(In,Ga)Se2/CdS/ZnO/Grid. A transmission electron microscopy (TEM) 

micrograph of a cross-section of this structure is shown in Figure 1. 1(right) [4]. The 

most appropriate material for the back contact, used in high efficient thin film solar 

cells, is Molybdenum. Among various materials, it forms reproducible low resistant 

contact. In addition, it serves as a part of the substrate, does not diffuse into the CIS 

during the process and shows low reactivity in a Se atmosphere [5]. 

  

Figure 1. 1 The unit cell of chalcopyrite structure (right) and TEM cross-section 

image of a typical CIGS solar cell (left), reprinted from [4].  

1.3.2  Processing Methods 

There are two main approaches to make the absorber layer: (i) co-evaporation 

of elements where a chalcogenide film is formed during deposition of all the elements 
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and (ii ) precursor reaction (selenization) where a metal precursor is prepared in a first 

step and then reacted with a Se and/or S containing atmosphere to form the 

chalcogenide film in a second step [4]. 

For years, the world record efficiencies for CIGS were obtained by the co-

evaporation method. In 2013, ZSW reported 20.8% cell efficiency using three stage 

co-evaporation process [6]; however, in early 2014, Solar Frontier achieved a 20.9% 

conversion efficiency from a CIGS PV cell produced using the selenization method 

[7]. In less than a year, this record was increased by 1.4 percentage points by the same 

company to 22.3% using the reaction process [8]. Production of up to 1 GW of 

Cu(In,Ga)Se2 solar modules per year using the precursor reaction process at high 

conversion efficiency indicates the great potential of this method in PV application. A 

key advantage of the reaction process is the ability to utilize commercially compatible 

techniques for the metal deposition such as sputtering or electro-deposition processes 

[4]. Therefore, A number of solar companies are targeting commercialization of 

Cu(In,Ga)(Se,S)2 thin film PV using this method. 

1.4  Precursor Reaction  

Two basic approaches are used in the reaction method. The most popular 

approach, called óSASô (sulfurization after selenization), was developed by Siemens 

Solar Industries in 1991 and commercialized by Showa Shell Solar K.K. (now Solar 

Frontier) in 2006 [9ï11]. SAS is a two-step reaction of the Cu-In-Ga metal precursor 

at high temperature in H2Se and H2S reactant gasses, sequentially. Sulfur helps to 

passive the surface and make a better p-n junction [12]. H2Se and H2S are utilized as a 

highly reactive chalcogen sources to reduce Se and S consumption compared to 

processes with elemental Se or S. One of the disadvantages of this process is that H2Se 
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is highly toxic and adds some expense to the manufacturing. Furthermore the reaction 

time could be more than an hour [9ï11,13].  

In the other approach, called reactive annealing, Se-containing precursors are 

reacted in an inert/H2S atmosphere using rapid thermal processing (RTP). Here, the 

process takes about 10 minutes to fully react the film due to more rapid synthesis 

rates. Also, as precursors contain Se, it eliminates the need for H2Se during reaction, 

therefore reduce handling cost of the toxic H2Se [14ï17]. 

1.5  Precursor Deposition and Relevant Phase Diagrams 

The first step in the precursor reaction process is the precursor deposition. A 

variety of methods can be used to deposit the metal precursor but the most common 

techniques are electro-deposition and sputtering which are applicable for large area 

deposition [4]. Table 1. 1 summarizes various reports of precursors prepared by 

sputtering from elemental or alloyed targets. Figure 1. 2 shows a plan-view scanning 

electron microscopy (SEM) image of a Cu-In-Ga precursor deposited by sputtering of 

350 alternating layers of In and Cu0.8Ga0.2. Agglomeration of the In-rich nodules is a 

common phenomenon even in the case of co-sputtered films [13,18]. 

 

Figure 1. 2 Plan-view SEM image of Cu-In-Ga precursor, showing In-rich nodules 

formed on a smooth Cu-Ga background, reprinted from [18]. 
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Knowledge of the initial precursor structure and phase composition prior to 

selenization is important to determine the reaction pathways of formation of the 

chalcopyrite; however, there are some uncertainties in the identification of initial 

precursor structures and its phase transitions at high temperatures [19,20]. In this 

section, Cu-In binary and Cu-In-Ga and Ag-Cu-In ternary equilibrium phase diagrams 

and reported phases will be discussed. 

1.5.1 Cu-In  

The thermodynamic phase diagram of Cu-In has been extensively studied. 

Four intermediate phases have been reported for In content less than 33 at.% including 

Ŭ-Cu, ɓ-Cu4In, ŭ-Cu7In3, and ɔ-Cu9In4. However, resolving the phase diagram in the 

range of 33-60 at.% In has been a challenge. In 1937, Weibke and Eggers [21], found 

an existence of a low temperature ɖ phase with Cu2In formula at 46.7-53.5 at.% In. 

They reported a phase transition to high temperature ɖô(HT)-Cu2In at 389 ºC. Then, 

Laves and Wallbaum [22] suggested a partially filled NiAs-Ni2In-type crystal 

structure for the ɖ phase with Cu1.8In composition. In 1972, Jain et al. [23] proposed a 

group of five phases including three high temperature (>350ºC) phases of h-Cu2In , A-

Cu16In9, Aô-Cu16In9 and two low temperature phases of B and C at ~ 33-38 at.% In. In 

1989, Subramanian and Laughlin [24] presented a Cu-In phase diagram based on 

assessment of different works (Figure 1. 3 (a)) [21,23,25]. Later, Bolavage et al. [26] 

investigated the Cu-In diagram in the range of 33-60 at.% In They reported only ɖ 

(LT)-Cu2In, and ɖô(HT)-Cu2In phases in that region. In addition, a stable Cu11In9 

phase for higher In content was found. Using electron diffraction, Elding-Pontén et al. 

[27] suggested that the ɖ + ɖô region consists of a high temperature phase A and low 

temperature phases B and C. These phases have NiAs-Ni2In-type structures and can be 
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described as superstructures of the Cu2In phase [27ï30]. An additional intermetallic 

phase of CuIn2, which has been deduced by Keppner [31], is a metastable phase and 

does not exist in either Cu-In phase diagrams; however, it has been reported in low 

temperature deposited thin films [19]. 

Due to the uncertainties in the phase diagram and also similarities between the 

indexed XRD patterns of the superstructures [28], a variety of phases have been 

reported for as-deposited Cu-In precursors being used in CIGS production. These are 

summarized in Table 1. 1.  

Table 1. 1 Phases reported for as-deposited precursors related in CIGS production 

Precursor 
(Ag+Cu)/ 

(Ga+In) 

Ga/ 

(Ga+In) 
Phases Reference 

Mo/Cu/In 0.9 - In, Cu11In9 Verma et 

al.[32] 

Mo/Cu/In 0.9 - Cu, CuIn, CuIn2 Orbey et al. 

[20] 

Mo/Cu/In/Se 1.0 - Cu, CuIn2 Brummer et 

al. [33] 

Mo/Cu/In/Se 0.9 - CuIn2, Cu11In9 Hergert et 

al. [15] 

Mo/Cu/In 1.8, 1.0, 0.7 - Cu, CuIn2 Klopmann 

et al. [19] 

Mo/Cu0.7Ga0.3/In ~0.9-1.0 ~0.27-0.31 Cu2In, Cu3Ga, 

Cu11In9, In Park et al. 

[16] Mo/In/Cu0.7Ga0.3 ~0.9-1.0 ~0.27-0.31 Cu2In, Cu3Ga 

Mo/Cu/In/Ga/Se 0.9 0.25 In, Cu11(In,Ga)9 Hergert et 

al. [15] 

Mo/(Cu/CuGa2/In)8 0.9 0.25 Cu16In9, Cu9Ga4, 

In 
Purwins et 

al. [34] 

Mo/Cu0.81Ga0.19 /In 0.9 0.21 In, CuIn, Cu3Ga, 

Cu, 

Cu9(In0.64Ga0.36)4 

Hanket et 

al. [13] 

Mo/(Cu0.77Ga0.23/In)350 0.8 0.19 In, Cu3Ga, Cu4In, 

Cu9(In0.60Ga0.40)4 
Kim et 

al.[18] 

Mo/Ag/ 

(Cu0.77Ga0.23/In)350 

~0.9 ~0.20 CuIn, Ag(In,Ga)2, 

Cu9(In,Ga)4 
Tauchi et 

al. [35] 
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Figure 1. 3 Cu-In equilibrium phase diagram reported by (a) Subramanian and 

Laughlin [24] and (b) Bolcavage [26], reprinted from [29]. 

1.5.2 Cu-Ga 

The CuïGa system was first studied by Hume-Rothery et al. in 1934 [36]. 

They studied the solidus and liquidus curves of the Ŭ-Cu solid solution section. The 

whole phase diagram was later constructed by Weibke et al. [21]. Existence of four ɔ-

brass-like structure (ɔ0 , ɔ1 , ɔ2 and ɔ3) in the 29.5ï42.6 at.% Ga region was suggested 

by Betterton and Hume-Rothery [37]. Zeta (ɕ-hcp) phase modified later by Kittl and 

Massalski [38]. These all were evaluated by Subramanian and Laughlin [39] into a 

Cu-Ga phase diagram, Figure 1. 4. The structure of the CuGa2 phase was then resolved 

by El-boragy and Schubert [40] in 1972 with the P4/mmm space-group. Later, Zhang 

et al. [41,42] found that this phase is a stoichiometric compound.  
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Figure 1. 4 Cu-Ga phase diagram, redrawn from [43]. 

1.5.3 Cu-Ga-In  

To date, limited studies have been performed on the equilibrium phase diagram 

of Cu-Ga-In, and most of them are relevant to the production of CIGS thin film solar 

cells. Purwins et al. [34] proposed a ternary subsystem based on sputter deposited Cu-

In-Ga thin films with different compositions annealed at 350 ºC for 2 minutes. They 

indicated similar phases In, Cu16In9 and Cu9Ga4 in the Ga/(Ga+In) range of 0.2-0.3. 

Using these experimental data, Kim et al. [44] calculated the phase diagram at 350 ºC. 

Table 1. 1 summarizes some of the Cu-Ga-In initial precursor phases reported. 
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1.5.4 Ag-Cu-In  

The Ag-In system was first studied by Weibke and Eggers [45] in 1935. They 

reported three intermetallic phases as Ag3In, Ag2In and AgIn2 which undergoes multi-

phase transitions. Bahari et al. [46] confirmed the existence of the ŬAg3In at room 

temperature in the range of 24.3-30 at.%. This phase transformed to ɕAg3In at 

200.9°C. The ɕAg3In phase, which has a similar crystal structure as the ɕ phases in Cu-

Ga and Ag-Ga phase diagrams (P63/mmc), shows a large solid solution (Figure 1. 5) 

[46].  

 

Figure 1. 5 Ag-In phase diagram, redrawn from Bahari et al. [46]. 

The most comprehensive experimental investigation on the Ag-Cu-In system 

has been also done by Bahari et al. [46]. They found eight different phase regions 
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(Figure 1. 6) as: [(Ag) + (Cu) + (ɓCu4In)], [(Ag) + (ɓCu4In) + (ŭCu7In3)], [(Ag) + 

(ŭCu7In3) + (ɕAg3In)], [(ŭCu7In3) + (ɕAg3In) + (ɖCuIn)], [(ɕAg3In) + (ɖCuIn) + 

(Ag2In)], [(ɖCuIn) + (Ag2In) + (Cu11In9)], [(Cu11In9) + (Ag2In) + (AgIn2)] and 

[(Cu11In9) + (AgIn2) + (In)]. Itôs worth mentioning that Bahari et al. followed the 

Bolcavage Cu-In phase diagram (Figure 1. 3(b)) and therefore did not consider the 

group of five phases (h, A, Aô,B, C) in the Cu-In phase diagram.  

 

Figure 1. 6 Triangulation of the Ag-Cu-In ternary system, redrawn form Bahari et 

al. [46]. 
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1.6 Studies on the Reaction Pathways 

Knowledge of the growth process during the absorber formation is essential to 

develop a high quality absorber material and therefore high performance solar cells. 

Reaction chemistry of the formation of ternary and quaternary chalcopyrites from 

metal precursors has been studied by different groups using ex-situ time-progressive 

reactions [13,32,47] or in-situ analysis [15,33,48,49] which will be described in this 

section. 

1.6.1 CuInSe2 

There are a number of studies on phase transitions in Cu-In-Se system 

[15,32,33,47ï49]. Verma et al. [32] and Orbey et al. [47] studied the chemical 

formation of CuInSe2 using X-ray diffraction on time-progressive reactions of Cu-In 

precursors with H2Se at 250 °C, 325 °C and 400 °C in a tubular reactor. Brummer et al. 

[33] performed in-situ X-ray diffraction analysis using synchrotron radiation during 

annealing of Cu/In/Se precursors with Se excess in a temperature range from 25 to 550 

°C. Hergert et al. [15] performed similar studies as Brummerôs using laboratory anode 

source in-situ X-ray analysis. The Scheer group [48,49] also reported the formation of 

CuInSe2 using in-situ Energy Dispersive XRD (EDXRD) and Raman spectroscopy 

measurements.  

In these experiments, by increasing the temperature, different Cu-In 

intermetallic phases react with Se to form a series of binary selenide compounds. 

Using Rietveld refinement (Figure 1. 7(a)), Hergert suggested a two-step process for 

the formation of the chalcopyrite phase. In the first step, CuInSe2 forms by reaction of 

InSe and CuSe at the Se melting point (221 °C): 

CuSe + InSe Ÿ CuInSe2 (A) 
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The second step is a fast reaction of InSe and Cu2-xSe (reaction B). Here, this 

reaction starts by decomposition of CuSe into Cu2Se at 377 °C. 

2 InSe + Cu2-xSe + Se Ÿ 2 CuInSe2  (B) 

 

Figure 1. 7 Time dependent chemical phase formation of (a) CuInSe2 and (b) 

Cu(In,Ga)Se2 during an RTP process, reprinted from [15]. Note the reactions defined 

by letters (A)-(E).  
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Although reaction (B) is reported as the major reaction by the other studies 

[32,33,47ï49], reaction (A) is not identified. Table 1. 2 shows the predicted reaction 

pathways via ex-situ and in-situ experiments suggested by Verma [32], Orbey [47] and 

Brummer [33]. The difference between the pathway analyses could originate from 

processing conditions; furthermore, ex-situ analysis suffers from possible low 

temperature phase transformations happening in the quenched samples at different 

stages of the reaction process [33].  

Table 1. 2 Reaction chemistry to formation of CuInSe2 from in-situ and ex-situ 

experiments 

ex-situ [32,47] in-situ [33] 

Precursor: In, Cu11In9 

2 In + Se Ÿ In2Se 

In2Se + Se Ÿ 2 InSe 

One of the following:  

(2 CuIn + 2 Se Ÿ Cu2Se + In2Se 

2 Cu2In + 3 Se Ÿ 2 Cu2Se + In2Se 

2 Cu11In9 + 20 Se Ÿ 11 Cu2Se + 9 

In2Se) 

2 InSe + Cu2Se + Se Ÿ CuInSe2 (B) 

Precursor: Cu, CuIn2, Se (amorphous)   

CuIn2 + Cu Ÿ Cu11In9 

2 Cu11In9 + Se Ÿ In4Se3 + CuSe2 + CuSe + 

Cu2-xSe 

In4Se3 + CuSe2 + CuSe Ÿ InSe + Cu2-xSe 

2 InSe + Cu2-xSe + Se Ÿ 2 CuInSe2 (B) 

 

 

The Scheer group [48,49] also reported the formation of CuInSe2 via reaction 

(B); however, they described the chalcopyrite formation by consumption of ɖ-Cu16In9 

during a dwell period at 550 °C with a linear time law while the InSe phase (reaction 
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B) had vanished at 520 °C. The ɖ-Cu16In9 phase is formed through a transition between 

Cu11In9 to ɖ-Cu16In9 at 305 °C. This is in good agreement with the work done by 

Brummer et al. [33] at similar temperature. But, in that study, ɖ-Cu16In9 was 

decomposed before formation of InSe and Cu2-xSe. Due to uncertainties in the 

identification of Cu-In phases and its phase transitions at high temperatures, as 

mentioned above, Orbey et al. [47] supposed the presence of three different phases as 

CuIn, Cu2In or Cu11In9 in their reaction pathway analysis.  

1.6.2 Effect of Ga 

The effect of Ga on the reaction pathways has been studied by Brummer [33] 

and Hergert [15] using in-situ XRD analysis. Ga was found to be contained in the 

Cu11(In,Ga)9 phase in the precursor. X-ray analysis revealed that separate Ga-rich and 

Ga-poor phases form during the reaction. CuInSe2 formed via (A) and (B) reactions 

and CuGaSe2 formed from reaction of Cu2Se and Ga2Se3 at 400 °C via (D) (though the 

reaction was not confirmed during in-situ X-ray analysis). In the next step, the 

CuInSe2 and CuGaSe2 chalcopyrites inter-diffuse and form Cu(In,Ga)Se2 via (E) [15]. 

No evidence of formation of binary selenide phases with mixed In and Ga were 

detected [15,33]. Figure 1. 7(b) shows the chemical pathway analysis of formation of 

CIGS using Rietveld refinement of in-situ XRD measurements [15]. 

1/2 Cu2Se + 1/2 Ga2Se3 Ÿ CuGaSe2   (D) 

3 CuInSe2 + CuGaSe2 Ÿ 4 CuIn0.75Ga0.25Se2 (E) 

Hanket et al. [13] studied formation of Cu(In,Ga)Se2 using ex-situ time 

progressive analysis at 450 °C. They indicated presence of ɔ1-Cu9Ga4 intermetallic 

compound near the interface of Mo/CIGS. Ga accumulation at the back side of the 

films, which will be discussed below, may be attributed to the slow reaction of the 
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Cu9Ga4 phase. They also reported the presence of Cu9(In0.64Ga0.36)4 and Cu3Ga phases 

in the precursor (instead of Cu11(In,Ga)9 phase). 

1.7 Critical Problems in Precursor Reaction 

Precursor reaction processes have encountered two critical problems: (i) Ga 

accumulation near the back of the films [50ï52] and (ii ) poor adhesion along with 

void formation at the back interface [18,53ï55]. 

1.7.1 Ga Accumulation  

The first problem is the Ga accumulation at the back of the Cu(In,Ga)(Se,S)2 

films [50ï52]. This decreases the bandgap in the depletion region of the absorber and 

consequently lowers the open circuit voltage (VOC) [13]. As mentioned earlier, it has 

been attributed to high stability of Cu9Ga4 intermetallic phases and preferential 

reaction of In with Se and Ga with S [13].  

The two step SAS process can improve the Ga distribution through the film. In 

this process, precursors react in H2Se at 400-450°C followed by reaction in H2S at 

500-550 °C to complete the reaction [13,56,57]. A proven approach to control the Ga 

gradient accumulated at the back contact during selenization is to only partially 

selenize the Cu-In-Ga precursor before sulfurization at temperatures more than ~500°C 

[58]. Figure 1. 8 shows Auger electron spectroscopy (AES) depth profile analysis of 

Cu-Ga-In precursor films reacted in H2Se at 450 °C for 15 or 30 minutes then followed 

by H2S at 550 °C for 15 minutes [57]. It is seen that Ga is accumulated to the back of 

the film with a longer H2Se reaction time (Figure 1. 8(b)); however, the shorter the 

H2Se reaction time, the less complete is the reaction in the first step. Therefore, Ga is 
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distributed throughout the film after the high temperature H2S reaction, displayed in 

Figure 1. 8(a). In both cases, there is a S gradient near the film surface [57].  

 

Figure 1. 8 AES depth profiles of Cu-Ga-In films reacted in H2Se at 450 °C for (a) 

15 min or (b) 30 min and then reacted in H2S for 15 min at 550 °C, reprinted from 

[57]. 
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A recent study by Kim et al. [12,18,59] has shown that addition of an Ar 

annealing step between the selenization and sulfurization enables good control over 

the Ga distribution, increases the grain size, reduces the adhesion problem, and 

enhances the cell performance. Figure 1. 9(left) shows a schematic drawing of the 

three-step H2Se/Ar/H2S reaction with cross-sectional SEM images after each step. 

First, Cu-Ga-In metal precursors are selenized at 400 °C for 50 minutes (Figure 1. 

9(left) -1). The films are partially converted to chalcopyrite with fine microstructure. 

AES analysis (Figure 1. 9(right) -1) after this step shows increased Cu and Ga 

compositions near the Mo back contact due to the Cu-Ga intermetallic. The second 

step consists of an Ar anneal at 550 °C for 20 minutes, resulting in significant 

recrystallization and Ga homogenization. Recrystallization (Figure 1. 9(left) -2) is 

attributed to an excess surface/interface energy with the small grain size and presence 

of Cu9Ga4 residual. Increasing temperature in the first step results in increasing the 

grain size and lowering the amount of Cu9Ga4 at the back; therefore, recrystallization 

and Ga homogenization are not observed. The 3rd-step sulfurization at 550 °C for 10 

minutes provides sulfur incorporation; however, it appears that the films do not 

undergo a significant change in the grain size (Figure 1. 9(left) -3) and Ga profile 

(Figure 1. 9(right) -3) [18].  
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Figure 1. 9 Schematic diagram of three-step reaction of Cu-In-Ga metal precursor 

with cross-sectional SEM images after each step (left): (1) selenization, (2) Ar anneal 

and (3) sulfurization, AES depth profiles of reacted films after (right): (1) 1st step, (2) 

2nd step, and (3) 3rd step, reprinted from [18]. Ga profiles are plotted with the right y-

axis. 
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1.7.2 Adhesion and Void Formation 

The second critical problem in the reaction process is the poor adhesion at the 

interface of Mo/Cu(In,Ga)Se2
 [18,53ï55]. There are two proposed explanations for the 

poor quality of the interface. One is the stress build-up resulting from the volume 

expansion due to conversion of Cu-Ga-In layers to Cu(In,Ga)Se2[55]. This may also 

cause the formation of voids at the interface which are typically seen in selenized 

films. Voids can also form because of slow reaction of Cu-Ga intermetallic phases at 

the back of the film [13,18]. SEM images in Figure 1. 9 confirm the formation of the 

voids even after the second and third steps.  

The second proposed explanation for poor adhesion is formation of MoSe2 

with undesirable orientation at the Mo/Cu(In,Ga)Se2 interface. MoSe2 forms in a 

hexagonal crystal structure [53,60ï63]. In this structure, Mo atoms covalently bond to 

Se atoms, but these planes are weakly bonded to each other by Van der Waal forces in 

the c-axis direction. So, adhesion of MoSe2 is expected to be lower if it forms with the 

c-axis perpendicular to the Mo surface and conversely for the c-axis parallel to the Mo 

surface. It has been shown that thickness and orientation of the MoSe2 layer depend on 

the substrate temperature and also selenization atmosphere (pure Se or Se mixed with 

Cu-In-Ga) [54,61]. Some studies indicated formation of thin MoSe2 layer (~10-30 nm) 

with perpendicular c-axis at temperature lower than 550 °C [62]. Thick MoSe2 layer 

and also voids may cause series resistance at the back of the film and decrease the 

device performance [16]. 

Both problems (Ga accumulation and poor adhesion) are related to the process 

conditions. In the two-step process [13,57], a large density of voids form at the 

interface but this was decreased in the three step process [18]. 



 21 

It has also been shown that precursor structure can affect both the void 

formation and thickness of the MoSe2 layer in rapid thermal processing [16]. 

Precursors with different sequences of Cu, Ga, and In layers with a deposited Se layer 

on top were reacted at 550 °C for 10 minutes in Ar atmosphere. Films with a thick 

MoSe2 layers formed without any voids from glass/Mo/In/CuGa/In precursor; 

however, thinner MoSe2 layer plus voids formed at the interface by selenization of 

glass/Mo/In/CuGa precursor. Also, both of the samples had strong adhesion at the 

interface. Based on the XRD analysis, the c-axis of the MoSe2 layers was parallel to 

the Mo surface suggesting that the orientation and thickness of MoSe2 have more 

impact on adhesion than the voids [16]. 

1.8  Ag Incorporation  

The Ag-Cu-In-Ga (ACIG) material system has recently shown promise for use 

as a metal precursor for processing of wide-bandgap thin film solar cells [35], in 

addition to a possible candidate for lead-free nontoxic solders [64]. Silver alloying of 

Cu(In,Ga)Se2 to form (Ag,Cu)(In,Ga)Se2 (ACIGS) has been investigated due to the 

lower melting temperature and wider bandgap of Ag-alloys [65ï68]. Figure 1. 10 

demonstrates the bandgaps and melting point of ternary Ag- and Cu-chalcopyrites 

[69]. Widening the bandgap of the system by Ag alloying can improve the open circuit 

voltage (VOC) and subsequently lower I2R losses. In addition, when the reaction 

temperature is closer to the melting point of the alloy, the atomic mobility may be 

higher resulting in films with reduced density of structural defects [70] and enhanced 

grain size [68,71]. Consequently, wide band gap ACIGS devices made by the co-

evaporation method exhibit better overall performance compared to CIGS devices 
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[72ï74]. Recently, a 19.9% efficient ACIGS thin film solar cell with VOC = 732 mV, 

processed by a three-stage co-evaporation process, was reported [75]. 

The formation of ACIGS films by the reaction of Ag-Cu-Ga-In precursors in 

H2Se/H2S has been reported previously [35]. It was found that Ag-incorporation to the 

Cu-Ga-In metal precursor altered the structure and morphology of the films. Addition 

of a 5 or 32 nm thick Ag layer between the Mo and sputtered CuïGaïIn precursor 

layers resulted in less agglomeration with no elemental In phase unlike typical 

sputtered CuïGaïIn films. Ag also gave significant improvement in the selenized 

filmôs adhesion that enabled a wider process window including higher temperature 

reaction and improved device performance [35]. This might be related to negative 

thermal expansion coefficient along the c axis (Ŭc) of the Ag-alloyed compounds [76ï

78]. 

 

Figure 1. 10 Bandgaps and melting points of ternary Ag- and Cu-chalcopyrites, 

reprinted from [69]. 
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1.9 Scope of Dissertation 

This dissertation is focused on the effect of Ag-alloying on the precursor 

structure and reaction pathways during the formation of (Ag,Cu)(In,Ga)Se2 absorber 

layers. This will lead to development of an advanced precursor reaction process with a 

controlled composition profile. 

Chapter 2 discusses the precursor deposition and reaction process and 

characterization techniques used in this study. Additional experimental details are 

provided in each subsequent chapter as appropriate. Chapter 3 begins with studying 

the effect of Ag-alloying on the morphology and structure of the as-deposited and 

annealed Cu-In-Ga metal precursors. Instability studies followed by low (<150ºC) and 

high temperature (>250ºC) annealing experiments lead to discover two new crystalline 

phases in the Ag-Cu-Ga-In system: (Ag,Cu)In2 and ə-(Cu,Ga)2(Ag,In), which are 

discussed in detail in Chapter 4 and Chapter 5, respectively. The former is formed by 

high solubility of Cu into AgIn2 to form a new phase; while, the ə-(Cu,Ga)2(Ag,In) is 

a highly stable phase which forms into a cubic close-packed lattice structure reported 

here for the first time in this system. Chapter 6 reveals the reaction pathways during 

formation of (Ag,Cu)(In,Ga)Se2 absorber material with Ag/(Ag+Cu) = 0.0, 0.25, 0.75 

and 1.0 and Ga/(Ga+In) = 0.25 using ex-situ time progressive experiments. Films were 

reacted at 450°C using rapid thermal processing (RTP) in a tubular reactor charged 

with 5% H2Se/Ar. The reaction time was varied from 2ï45 min. Results showed that 

reaction during formation of CIGS completed after 20 min. However, addition of 25% 

Ag to Cu(In,Ga)Se2 reduced the reaction time by ~50% potentially allowing higher 

commercial throughput. On the other hand, increasing the Ag ratio to 1.0 delayed the 

reaction. XRD analysis of samples with 100% Ag indicated that the reaction was 

completed with formation of Ag(In,Ga)Se2 and Ag(In,Ga)5Se8 phases within 20 min 



 24 

due to slow reaction of stable ɕ-Ag3(In,Ga) phase. Ga graded toward the back interface 

in all the alloys; however, the amount of measured Ga on the top 0.5 ɛm of the films 

was increased by increasing the amount of Ag in the film. This is attributed to the 

lower melting temperature of the Ag-alloyed Cu(In,Ga)Se2 compounds.  
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EXPERIMENTAL APPROACH  

2.1  Metal Precursor 

Different sets of Ag-Cu-Ga-In metal precursors were deposited onto Mo-

coated soda-lime glass substrates by dc magnetron sputtering at room temperature 

using Cu0.77Ga0.23, Ag0.77Ga0.23, and In targets with Ag/(Ag+Cu) å 0.25, 

(Ag+Cu)/(Ga+In) å 0.90, and total thickness å 600 nm, which will produce an ACIGS 

film with thickness å 1.7 Õm if fully reacted. The substrate was ςȢυςȢυ cm2
 Mo-

coated soda-lime glass (SLG), where a ~700 nm layer of Mo was deposited on SLG 

prior to the metal precursor deposition using the same sputtering instrument. The 

chamber back-pressure was 10-7 Torr. Deposition was performed in an Ar atmosphere 

with 1.7 and 5 mTorr pressure for Mo and metal precursor deposition, respectively. 

Two different approaches were used for deposition of the metal precursors: 

a) ñco-sputteringò, in which Cu-Ga and In layers are deposited onto a rotating 

substrate (5 rpm) to give ~700 alternating layers, as described in [18]. To prepare the 

Ag-Cu-In-Ga precursor with this approach, a thin Ag-Ga layer deposited on Mo 

followed by a similar co-sputtered Cu-Ga and In layer. 

b) ñlayer-by-layerò deposition with different sequences of Cu-Ga, Ag-Ga, and 

In. This approach is more compatible with in-line manufacturing and enables a 

complete control over Ag/(Ag+Cu) composition with fixed Ga/(In+Ga). 

Chapter 2 
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2.1.1 Sputtering System 

Molybdenum and metal precursor deposition performed by the Lesker 

sputtering system which is a cryo-pumped sputtering with four 6 inchesô dc targets. 

The Lesker sputtering system and the schematic of the substrate and targets position 

are shown in the Figure 2. 1. After loading the cleaned substrates, system pumped 

overnight to reach the back-pressure of 10-7 Torr. Ar gas was used for deposition and 

the typical deposition pressures was 1.7 and 5 mTorr for Mo and metal precursor, 

respectively. Mo deposited at 1.5 Amps with power of ~0.49 kW; while the deposition 

current for Cu-Ga, In and Ag-Ga targets were set at 0.28, 0.33 and 0.39 Amps, 

respectively and the recorded power for each of the targets were 0.10, 0.12 and 0.14 

kW, respectively. 

 

Figure 2. 1 The sputtering system (left) and its schematic (right) used to prepare 

the metal precursors. 



 27 

2.2 Precursor Reaction (Selenization) 

2.2.1 Selenization System 

Reactions were performed in a selenization system, shown in Figure 2. 2, 

which was used to react metal precursor films in an H2Se/H2S atmosphere at 

temperatures up to 650 ºC [18,57]. A 2ò -diameter reactor tube can utilize either a 

heating jacket or heating lamps. The system operates at atmospheric pressure, though 

it is maintained under high vacuum (10-7 Torr), using a turbo pump, when not in use. 

Hydride gas mixtures used in the reaction are exhausted through a NaOH scrubber to 

remove hydrides before venting into the enclosure exhaust duct. The reactor and 

hazardous gas cylinders (Ar, N2, Ar/O2, H2Se and H2S) are enclosed in a hood or 

explosion-resistant gas cabinet as appropriate. The MDA Hazardous gas detection 

system is configured to respond at hydride gas concentrations of 50 ppb (low-level 

alarm) and 150 ppb (high-level alarm). The low-level alarm will shut down the system 

via the System Interlock Panel, while the high-level alarm will additionally sound the 

building alarm. H2Se and H2S cylinders changes under 3-day safe operating procedure. 

 Heating Jacket 

Selenization process using the heating jacket was done at atmospheric pressure 

in 0.35% H2Se/Ar in the 2ò-diameter tubular quartz reactor. The reactor was first 

ramped up to desired temperature (e.g. 450°C) in 20 min in flowing Ar. Then the H2Se 

gas flow was started. After 10 min, samples were pushed into the hot zone and held 

during the reaction time. After that, the samples were pulled out from the heated zone 

and cooled down to room temperature in Ar flow. 



 28 

 

Figure 2. 2 (a) Selenization system utilizing (b) heating jacket, and (c) RTP 

system. 

 Heating Lamp 

Reaction pathways to formation of (Ag,Cu)(In,Ga)Se2 were studied using time-

progressive ex-situ experiments. To increase the ramp up time, the reactor tube was 

heated by a rapid thermal processing (RTP) system. Figure 2. 3(left) compares the 

ramp time of the heating lamp with the heating jacket. The RTP system consists of an 

infrared (IR) heater. For each run, a precursor was first loaded into the reactor, and 

then the reactor was charged with 5% H2Se in Ar. The reaction temperature was 

450°C and the reaction time varied from 2 ï 45 min. The temperature ramp time was 

set to ~ 1 sec for the temperature of 450°C (Figure 2. 3(left)). At the end of reaction, 

the lamp is turned off and taken away from the sample and Ar is flown into the tube; 



 29 

cool time of sample surface temperature was ~ 30 sec to 250°C (Figure 2. 3(right)). 

Temperature is predicted and controlled using a pyrometer and heat transfer models 

[79]. The ramping rate of IR heater could be increased to 1000°C in one minute from 

room temperature. 

 

Figure 2. 3 Ramp time of the heating lamp compared with the heating jacket (left), 

cooling profile of sample surface heated by the lamp to 450°C for 20 min (right). 

2.3 Characterization 

2.3.1 Composition Analysis 

Composition of the samples was measured by X-ray fluorescence (XRF) using 

an Oxford X-Strata980 instrument. Energy dispersive x-ray spectroscopy (EDS) was 

used for spot-EDS analysis at 20 keV using an Amray model 1810T electron 

microscope with an Oxford Instruments PentaFET® 6900 EDS detector. The XRF 

measurements samples the entire film. EDS, however, with excitation voltage 20 keV 

gives a composition value weighted toward the top 0.3 ï 0.5 ɛm of the film. This 

could help us to analyze the Ga grading in the films. Cross-section EDS mapping was 

performed with a high-resolution Zeiss Auriga 60 microscope with 10 keV electrons 

to decrease the interaction volume. 
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2.3.2 Structural Analysis 

The crystal structures of the films were evaluated using symmetric X-ray 

diffraction (XRD) and glancing incidence XRD (GIXRD) using a Rigaku D/Max 2500 

with Cu-KŬ radiation. For XRD studies a fixed slit geometry was employed. XRD 

patterns were analyzed using the ICDD database [80]. Rietveld unit cell refinements 

were performed by JADE software (Materials Data, Inc. (MDI) JADE 2010) using the 

crystallographic information files (CIF) provided from ICSD databases [81]. A March-

Dollase model [82] and the spherical harmonics method [83] were used to refine the 

preferred orientation. Crystallographic structures were drawn by MDI JADE and 

VESTA [84] software applications. 

Raman spectra were measured at room temperature with laser illumination at 

532 nm using a Thermo Scientific DXR Raman microscope. Estimated spot size was 

1.1 ɛm using a 25 ɛm slit aperture. Laser power was set at the lowest available level 

(0.1 mW) to minimize peak shifting from local heating.  

The phases and composition variations at the chalcopyrite/Mo interface were 

studied by delamination of reacted films from Mo/SLG substrate using the peel-off 

techniques described in [18], shown in Figure 2. 4. In this process, a glue is added on 

the surface of the film and then another glass is stick on top of that. After hardening 

the glue, the film could be delaminated from the Mo back contact by peeling off the 

top glass. 
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Figure 2. 4 Peel-off process: add a glue on the surface of the film and stick another 

glass on top of that (left); peel-off the film (right). 

2.3.3 Rietveld Refinement 

Rietveld (whole-profile) refinement, introduced by Rietveld in 1969 [85], is an 

approach to extract the maximum information from an X-ray diffraction pattern by 

comparing the measured profile with the calculated one from crystal structure data. 

The Rietveld method is based on the equation 2.1 [86]: 

ώ ώ В ὛВ ὒ ὓ Ὂ ὃ ὖ Ὁ Ὃ  (equation 2.1) 

where, ώ  is the net intensity calculated at point i in the pattern, ώ  is the background 

intensity, Ὅ is the intensity of the reflection k, Ὃ  is the normalized peak profile 

function, Ὓ is the scale factor, ὓ is the reflection multiplicity, ὒ  is the Lorentz 

polarization factor, Ὂ  is the structure factor with summation over contributing 

phases (p) and peaks (k). Here, ὃ ȟὖ  and Ὁ  are the absorption, orientation and 

extinction corrections, respectively. 

The scale factor (Ὓ) contains other quantities as: 

Ὓ ὅ   (equation 2.2) 

where, ” and ” are the actual and theoretical densities, emulov nemiceps eht si ‮ 

and ὔ  is the number of the unit cells per unit volume for each phase p (ὠ is the unit 

cell volume of phase p). Considering ”ὠ ὤὓ , where ὓ  is the mass per formula 
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unit of phase p, and ὤ is the number of formula units per unit cell, we can write Ὓ

ά Ⱦὤὓὠὅ, where ά  is the mass of the phase p and C is constant in the 

recording of the diffraction pattern. Therefore, the mass of each phase can be 

calculated by ά Ὓ ὤὓὠ  [86]. 

2.4 Cell Fabrication 

In order to characterize the electronic properties of the films and find the 

optimum reaction process, ACIGS solar cells were fabricated with the structure 

SLG/Mo(700nm)/AIGS(1.5-2ɛm)/CdS(100nm)/ZnO(50nm)/ITO(150nm)/Ni-Al -grid. 

ITO and ZnO layers were sputter deposited at room temperature while the CdS layer 

deposited using chemical bath deposition method [18]. The completed devices were 

characterized by current-voltage (JV) measurements under a class AAA solar 

simulator with 100 mW/cm2 AM1.5 illumination, and quantum efficiency (QE) 

measurements. 
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Ag-Cu-In-Ga METAL PRECURSOR THIN FILMS FOR (A g,Cu)(In,Ga)Se2 

SOLAR CELLS  

Abstract ð  The Ag-Cu-In-Ga (ACIG) material system has been investigated 

over a composition range used for reaction to form (Ag,Cu)(In,Ga)Se2 thin films for 

photovoltaic application. Ag-Cu-In-Ga thin films were sputter deposited from 

Ag0.77Ga0.23, Cu0.77Ga0.23, and In targets using different layer sequences with 

Ag/(Ag+Cu) and (Ag+Cu)/(Ga+In) ratios fixed at 0.25 and 0.90, respectively. The 

most uniform morphology was achieved with a Ag-Ga layer followed by a layer with 

co-sputtered Cu-Ga and In. Varying the sputtering sequence for stacked layers resulted 

in dissimilar morphologies and structural phases. X-ray diffraction analyses revealed 

that Ag-Ga and In layers intermix to form the (Ag,Cu)In2 phase in all Ag-containing 

samples except one with a Ag-Ga/Cu-Ga/In sequence. In addition, precursors were 

shown to be unstable during storage at room temperature where a secondary 

(Ag,Cu*)In2 phase with higher Cu content formed. Finally, phase composition of the 

precursors annealed at 300ºC was characterized. 

3.1 Introduction  

Complete investigation of Ag-alloying in the reaction process requires the 

development of a stable well-characterized precursor structure that enables a broad 

range of compositions to be investigated. Uncertainties in the binary and ternary phase 

diagrams of Cu/In/Ga system including a variety of intermetallic phases and their wide 

ranges of solid solubility, which is discussed in Section 1.4, made phase identification 

Chapter 3 
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in this system a challenge. A variety of phases have been reported in the literature for 

as-deposited Cu-In or Cu-In-Ga metal precursors [13,15,16,18ï20,32ï35]. Alloying 

this material with Ag adds complexity to the system. In this chapter the effect of 

different sputtering sequences on the structural properties of as-deposited Ag-Cu-Ga-

In metal precursors is discussed. Also, the phase composition of Ag-Cu-Ga-In metal 

precursors using unit cell refinements of as-deposited and heat-treated films is fully 

characterized. In addition, we describe phase stability, morphological uniformity, 

coverage and retention of a dense structure after processing.  

Here, Ag-Cu-In-Ga precursor layers have been deposited from Ag-Ga, Cu-Ga, 

and In sputter targets. The goal is to optimize the process of forming Ag-containing 

precursors with complete control over Ag/(Ag+Cu) using a sequential layered process 

that is compatible with in-line manufacturing. The effect of different sputtering 

sequences on the structural properties of the metal precursors was studied using x-ray 

diffraction (XRD) and scanning electron microscopy (SEM). Phase stability and 

equilibrium conditions of the precursors were also addressed. Stability was 

investigated by aging the films at room temperature. In order to achieve near room 

temperature equilibrium conditions to complete intermediate reactions, metal 

precursors were annealed at 300ºC for 1 day. Most of the results in this Chapter are 

published in [87]. 

3.2 Experimental Procedures 

Eight different sets of Ag-Cu-Ga-In metal precursors were deposited by dc 

magnetron sputtering at room temperature using Cu0.77Ga0.23, Ag0.77Ga0.23, and In 

targets to produce films with Ag/(Ag+Cu) å 0.25, (Ag+Cu)/(Ga+In) å 0.90, and total 

thickness å 600 nm, which will produce an ACIGS film with thickness å 1.7 Õm if 
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fully reacted. The substrate was ςȢυςȢυ cm2
 Mo-coated soda-lime glass (SLG), where 

a ~700 nm layer of Mo was deposited on SLG prior to the metal precursor deposition 

using the same sputtering instrument. The chamber back-pressure was 10-7 Torr. 

Deposition was performed in an Ar atmosphere with 1.7 and 5 mTorr pressure for Mo 

and metal precursor deposition, respectively. Sample A was prepared by ñco-

sputteringò, in which  of Cu-Ga and In layers are deposited onto a rotating substrate (5 

rpm) to give ~700 alternating layers, as described in [18]. Sample B incorporated a 

~70 nm thick Ag-Ga layer on Mo followed by a similar co-sputtered Cu-Ga and In 

layer. Samples C to H were deposited layer-by-layer with different sequences of Cu-

Ga, Ag-Ga, and In. Table 3. 1 summarizes the sputtering sequences of samples A-H. 

In order to characterize the structural composition of the sputtering targets, 200 nm 

thick single layers of Ag-Ga and Cu-Ga were deposited on similar substrates. Samples 

were annealed in flowing Ar at 300ºC for 1 day and cooled down slowly in the 

furnace. 

Composition of the samples was measured by XRF. EDS was used for spot-

EDS analysis at 20 keV. XRD and GIXRD studies were performed with Cu-KŬ 

radiation. For more information on the characterization techniques see section 2.3 in 

Chapter 2.  
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Table 3. 1 Sputtering sequences and indexed XRD phases of the as-deposited 

precursors 

 Layers 
Indexed XRD Phases**  

Sample 1 2 3 

A 
Cu-Ga + 

In* 
ï ï In; ɖ-Cu16(In,Ga)9 

B Ag-Ga 
Cu-Ga + 

In* 
ï 

In; (Ag,Cu)In2; ɖ-(Ag,Cu)16(In,Ga)9; 

ɔ-(Ag,Cu)9(In,Ga)4 

C Ag-Ga Cu-Ga In In; (Ag,Cu)In2; Ŭ-(Ag)Ga; Cu3Ga 

D Ag-Ga In Cu-Ga In; (Ag,Cu)In2; ɖ-(Ag,Cu)16(In,Ga)9 

E Cu-Ga Ag-Ga In In; (Ag,Cu)In2; ɔ-(Ag,Cu)9(In,Ga)4; Cu3Ga 

F Cu-Ga In Ag-Ga In; (Ag,Cu)In2; ɔ-(Ag,Cu)9(In,Ga)4; Cu3Ga 

G In Ag-Ga Cu-Ga 
In; (Ag,Cu)In2; ɖ-(Ag,Cu)16(In,Ga)9; 

ɔ-(Ag,Cu)9(In,Ga)4 

H In Cu-Ga Ag-Ga 

In; (Ag,Cu)In2; ɖ-(Ag,Cu)16(In,Ga)9; 

ɔ-(Ag,Cu)9(In,Ga)4; (Ag,Cu)9(In,Ga)4; 

(Ag,Cu*)In2 

* co-sputtered in rotating mode 

** underlines show the prominent element in the parenthesis 

 

 

3.3 Results and Discussion 

3.3.1 Ag-Ga and Cu-Ga Layers 

In order to better understand the structure of the ACIG films, the phase 

composition of the single layers of Ag-Ga and Cu-Ga were also studied. Symmetric 

XRD analysis of the as deposited Ag-Ga layer is shown in Figure 3. 1(a). Peaks at 2ɗ 

= 38.18º and 81.86º are attributed to a <111> oriented Ŭ-(Ag) phase and small peaks at 

33.82º, 38.88º are attributed to a ɕ-Ag2Ga phase with space groups of cubic Ὂάσά 
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and hexagonal ὖφςά, respectively. After a heat-treatment at 300ºC for 24h (Figure 3. 

1(b)) the peak intensity of both phases increased, likely due to releasing the stress in 

the film accompanied by gain growth and re-crystallization. Similar results have been 

reported for heat-treated bulk Ag-Ga samples [41,88]. Gunnæs et al. [88] reported 

formation of Ŭ (15 at.% Ga) and ɕ (26 at.% Ga) phases after heat-treatment of a Ag - 

(21.4 at.%) Ga sample at 300ºC for 260h. In their study, the lattice constant of the Ŭ-

(Ag) phase linearly decreases from 4.086ᴠ to 4.07τᴠ by increasing the Ga content 

from 0% to 18%. Here, the mean lattice constant of the Ŭ-(Ag) phase was found to be 

τȢπφωᴠ which is lower than the reported values, indicating higher solubility of Ga into 

the Ŭ-(Ag) phase or a higher stress in the film. The mean lattice constants derived for 

the ɕ phase were found to be ὥ χȢχφψᴠȟὧ ςȢψχτᴠ for the heat-treated sample in 

consistent with reported values [89].  

 

Figure 3. 1 XRD patterns of Mo/Ag-Ga film: (a) as-deposited and (b) annealed at 

300ºC for 24h. Phases were indicated as; s: Ŭ-(Ag) , q: ɕ-Ag2Ga and ̧ : Mo. 
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Symmetric and asymmetric XRD analysis of the as-deposited Cu-Ga film is 

presented in Figure 3. 2. The symmetric scan (Figure 3. 2(c)) shows only a single peak 

at 2ɗ = 42.51 degrees. In the GIXRD analysis (Figure 3. 2(a)) two other peaks at 

39.84º and 72.90º were observed. The XRD phase identification indicated formation of 

a <001> oriented Cu3Ga phase with hexagonal structure (space group of P63/mmc). Its 

lattice constants (ὥ ςȢφπᴠȟὧ τȢςτρᴠ) were similar to reported values [41]. No 

significant changes seen after heat-treatment. 

 

Figure 3. 2 Comparing the GIXRD patterns with incident beam angles of (a) 

0.5°and (b) 8° with (c) the symmetric XRD pattern of the as-deposited Mo/Cu-Ga film. 

Phases are indicated as; q: Cu3Ga and ̧ : Mo. 
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3.4 As-deposited Co-Sputtered Metal Precursors 

3.4.1 Cu-Ga+In (Sample A) 

Figure 3. 3(a,b) shows plan-view and cross-sectional SEM images of the co-

sputtered metal precursors A and B. The co-sputtered Cu-Ga-In precursors (Sample A) 

contained large nodules on the surface of the film (Figure 3. 3(a)), as reported 

previously [13,18,35]. Spot-EDS measurements (in plan-view mode) indicated that the 

nodules were In-rich compared to the background. XRD patterns of the co-sputtered 

metal precursors with the identified phases are shown in Figure 3. 4(a,b). XRD 

analysis accompanied by Rietveld refinement confirmed the presence of In (PDF# 5-

0642), and ɖ-Cu16(In,Ga)9 (PDF# 42-1475) phases (Figure 3. 4(a)), where the 

underlined element is predominant. Rietveld analysis for the ɖ phase (with the 

P63/mmc substructure [90,91]) was performed based on the crystallographic 

information from Laves et al. [22]. According to the XRD refinement, the ɖ phase 

accounted for > 64 wt.% of the precursor and the refined lattice constants for the 

identified phases are shown in Table 2. A decrease in the lattice constants of the ɖ 

phase compared to the reported values (ὥ τȢςφωᴠȟὧ υȢςσωᴠ from PDF# 42-1475) 

is attributed to the solid solubility of Ga atoms into the ɖ phase. Ternary solubility of 

the ɖ phase with Ga has been shown earlier [13,18,34]. Muzzillo et al. predicted 

quaternary solubility of this phase with Ag and Ga [64].  
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Figure 3. 3 Plan-view (left) and cross-sectional SEM (right) images of the as-

deposited co-sputtered metal precursors samples A and B (a, b), and layered metal 

precursors samples C-H (c - h). Scale bars for plan-view and cross-sectional images 

correspond to 5ɛm and 1ɛm, respectively. 
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Figure 3. 4 XRD patterns of as-deposited precursors (a) Mo/Cu-Ga+In (sample A), 

(b) Mo/Ag-Ga/Cu-Ga+In (sample B), (c) Mo/Ag-Ga/Cu-Ga/In (sample C), (d) 

Mo/Ag-Ga/In/Cu-Ga (sample D), (e) Mo/Cu-Ga/Ag-Ga/In (sample E), (f) Mo/Cu-

Ga/In/Ag-Ga (sample F), (g) Mo/In/Ag-Ga/Cu-Ga (sample G) and (h) Mo/In/Cu-

Ga/Ag-Ga (sample H). Phases were indicated as; q: In, s: (Ag,Cu)In2, Î: 

(Ag,Cu*)In2, p: ɖ-(Ag,Cu)16(In,Ga)9, r: (Ag)Ga, ̧ : Cu3Ga, ¹: ɔ-

(Ag,Cu)9(In,Ga)4,Þ: (Ag,Cu)In2, Ã: (Ag,Cu)9(In,Ga)4. Mo peak is shown by the 

dashed line. 

3.4.2 Ag-Ga(/Cu-Ga+In) (Sample B) 

Incorporating a 70 nm Ag-Ga layer under the co-sputtered Cu-In-Ga (sample 

B) results in a significant reduction of In-rich agglomeration with no signs of a 

nodular structure (Figure 3. 3(b)). The SEM cross-section image also shows a more 
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uniform film structure. The study by Tauchi et al. [35] showed that the addition of a 

thin (5 or 32 nm) pure Ag layer under the co-sputtered Cu-In-Ga film similarly 

modifies the morphology of the metal precursor. 

The XRD pattern for sample B in Figure 3. 4(b) shows the (Ag,Cu)In2 phase. 

The XRD peaks are indexed with the AgIn2 PDF card no 65-1552; however, all the 

peaks are slightly shifted to higher 2ɗ. No significant compositional homogeneity 

range has been reported for the AgIn2 phase. Bahari et al. [46] reported only ~1% 

homogeneity range for this phase after annealing the two metal surfaces of Ag and In 

at 150°C for 6 months. Therefore, we attribute the shift in the peak position to the 

substitution of Ag atoms with smaller Cu atoms, due to similar phase structure of 

CuIn2 and AgIn2 phases, and therefore reduced inter-planar spacing (showed in Table 

2). The shift is less likely related to Ga, because AgGa2 phase hasn't been reported in 

li terature and CuGa2 phase [40] has different symmetry and lattice constants 

(P4/mmm; a: 2.830 ᴠ, c: 5.839 ᴠ) than AgIn2 phase. Formation of the (Ag,Cu)In2 

phase is accompanied by a consistent decrease of In peak intensity which appears as a 

small shoulder on the low 2ɗ side of the (Ag,Cu)In2 (112) peak (Figure 3. 4(b)).  

In addition, a peak at 2ɗ å 43.6Á is related to a ɔ-(Ag,Cu)9(In,Ga)4 phase. This 

phase, which has a cubic structure with space group of ὖτσά, was refined using ɔ1-

Cu9Ga4 PDF card no 2-1253. Four different Cu9Ga4 phases exist in the Cu-Ga phase 

diagram including a high temperature ɔ phase and three low temperature modifications 

ɔ1, ɔ2 and ɔ3. It is reported that by increasing the Ga solubility in this phase from 30.8 

at.% Ga to 33.7 at.% Ga, its lattice parameter increases from 8.732ᴠ to 8.766ᴠ due to 

the larger size of Ga atoms compared to Cu [41]. However, it decreases to 8.637 ᴠ by 

further increasing the Ga content to 43.0 at.%, due to higher vacancy solution. The 
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lattice parameter 8.776 ᴠ calculated for this phase in sample B is larger than the 

reported values, suggesting substitution of smaller Cu or Ga with larger Ag or In 

atoms, respectively. Ternary solubility of ɔ1-Cu9Ga4 and ɔ-Cu9In4 into ɔ-Cu9(In,Ga)4 

has been reported in several studies [18,34,92]. The quaternary solubility of the ɔ 

phase has also been predicted by Muzzillo et al. who suggest that the quaternary ɔ-

(Ag,Cu)9(In,Ga)4 phase combines the ɔ1-Cu9Ga4, ɔ-Cu9In4 and ɔ-Ag9In4 phases in 

which have similar crystal structure of ὖτσά [64]. 

3.5 As-deposited Layered Metal Precursors 

Figure 3. 3(c-h) shows plan-view and cross-sectional SEM images of the 

layered metal precursors with six sequential structures. XRD patterns of the precursors 

with the phases identified for each condition are displayed in Figure 3. 4(c-h). 

3.5.1 Ag-Ga/Cu-Ga/In (Sample C) and Ag-Ga/In/Cu-Ga (Sample D) 

For samples C and D, Ag-Ga layers deposited on the Mo substrate was 

followed by two different sequences of Cu-Ga and In layers, as described in Table 3. 

1. SEM images in Figure 3. 3 (a) and (b) show that altering the order of the Cu-Ga and 

In layers changes the morphology of the metal precursors significantly. The cross-

section of sample C (Figure 3. 3(a)) with Mo/Ag-Ga/Cu-Ga/In stacked layers shows 

the formation of up to ~1 µm high In-rich agglomerates (containing ~90% In) on the 

Ag-Cu-In-Ga background. For sample D, the In layer deposited between the Ag-Ga 

and Cu-Ga layers altered the morphology of the precursor to a leaf-like appearance 

(Figure 3. 3(b)). Spot-EDS analysis in plan-view mode indicated that Ag exists in the 

leaf-like islands consisting of ~ 400 nm thick mixed Ag-Ga-In nodules covered by a 

~200 nm Cu-Ga layer, as seen in the SEM cross-section image (Figure 3. 3(b)). This 
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irregular morphology can be related to complex growth of In. Studies of In growth on 

different substrates report three different growth mechanisms: Stranski-Krastanov (S-

K) [93ï95], Volmer-Weber (V-W) [96], and Frank-van der Merwe [97,98] growth.  

In the S-K growth mode, initially a stable two-dimensional layer forms, 

followed by three dimensional growth from discrete nuclei [97,98]. For example, 

growth of In on Si(7×7) follows the S-K growth mode [93ï95]. Using molecular beam 

epitaxial growth, Pavlovska et al. [93] showed that only formation of a double layer of 

In on Si(111) is stable, and subsequently the three dimensional growth starts in S-K 

mode. 

On the other hand, Frank-van der Merwe describes a layer by layer growth 

mode [97,98]. This has been reported for the growth of In on a Si(111)-

(ã3×ã3ЍσЍσ)ïGa surface at room temperature [94,95]. 

In V-W growth mode, the formation of three dimensional islands starts by 

nucleation and growth of the smallest stable clusters with no monolayer formation. 

This was reported for the growth of In on a SiO2 substrate using dc-sputtering 

deposition at room temperature [96]. 

The irregular nodular morphology of In observed in sample C can be attributed 

to V-W or S-K growth modes. These complex growth behaviors are ascribed to high 

atomic mobility of In at room temperature due to its low 157°C melting point. 

Furthermore, in the structural zone model (SZM) offered for electron-beam evaporated 

[99] or sputter deposited films [100], the morphology and grain growth mechanism 

during the deposition are related to the ñhomologous temperatureò, which is the ratio 

of the substrate temperature during deposition to the melting point of the metal 

(Ts/Tm). At Ts/Tm < 0.2 fine grains will form because the mobility of the adatoms is 
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low and the incoming ones adhere where they land; while increasing the Ts/Tm > 0.5 

results in squat grain structure with a higher grain size diameter to film thickness ratio 

[99,100].  

In our experiments, Ts/Tm  å 0.7 resulting in a rough squat grain structure 

which is apparent in sample C (Figure 3. 3(a)). It has been reported that reducing the 

homologous temperature by cooling down the substrate temperature during the In 

deposition lead to the formation of thick In films with fine grain structures [96,101]. 

XRD analysis of sample C shows that the presence of a Cu-Ga layer between 

the Ag-Ga and In layers prevented the formation of AgIn2 (Figure 3. 4(c)). However, 

CuIn2 was detected with peaks shifted to lower 2ɗ. The CuIn2 phase, mostly reported 

in Cu-In films, has similar lattice structure as AgIn2 (symmetry group of I4/mcm). 

Rietveld refinement of this phase was performed using the crystallography data 

obtained from Gossla et al. [91]. Its larger lattice spacing (Table 3. 2) compared to the 

reported values (ὥ φȢφσπᴠȟὧ υȢσφωᴠ), suggests possible Ag solubility in this 

phase. Therefore the phase was defined as (Ag,Cu)In2. This amount was calculated as 

~11 at.% using Vegardôs law. Indium was also detected in an elemental phase. In 

addition, a hump at 39.17Ü and a peak at 42.57Ü could be assigned to Ŭ-(Ag) and 

Cu3Ga phases, respectively.  

On the other hand, in sample D fast inter-diffusion of In with the underlying 

Ag-Ga layer led to formation of leaf-like islands of (Ag,Cu)In2. The XRD pattern in 

Figure 3. 4(d) reveals intense peaks related to (Ag,Cu)In2 phase. The rest of the In and 

other elements appeared as metallic In and ɖ phases in the XRD pattern.  
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3.5.2 Cu-Ga/Ag-Ga/In (Sample E) and Cu-Ga/In/Ag-Ga (Sample F) 

Samples E and F were deposited with a Cu-Ga layer followed by Ag-Ga then 

In or In then Ag-Ga layers. In sample E, with a Cu-Ga/Ag-Ga/In sequence, nodules up 

to ~2.5 µm high formed on the surface (Figure 3. 3(e)). In this case, spot-EDS analysis 

showed that nodules contain ~95% In. The In nodules on the Ag-Ga layer are more 

separated than those deposited on Cu-Ga as seen in sample C.  

Sputtering the Ag-Ga layer on top of an In layer (sample F) led to the 

formation of ~1 µm high agglomerated nodules (Figure 3. 3 (f)). Plan-view spot-EDS 

indicated that the nodules have a less In (~65%) and a more Ag (~25%) compared to 

sample E.  

XRD analyses of samples E and F show similar phase compositions (Figure 3. 

4(e,f)). The Ag was present in the (Ag,Cu)In2 phase and elemental In and Cu3Ga were 

observed in both of the structures. A broad peak at 2ɗ å 44Á was identified as the ɔ 

phase with a similar mean lattice parameter ~ 8.66 ᴠ for both films. This is close to the 

lattice constant reported for ɔ3-Cu6.67Ga5.03 [41], suggesting lower contribution of 

Ag/In atoms in this phase. 

 

3.5.3 In/Ag-Ga/Cu-Ga (Sample G) and In/Cu-Ga/Ag-Ga (Sample H) 

In samples G and H, an In layer was first deposited on the Mo substrate 

followed by the deposition of Ag-Ga and Cu-Ga layers in each order. Cross-section 

SEM images of the samples (Figure 3. 3(g,h)) display non-uniform morphology. Also 

localized voids are seen at the interface of the Mo and the metal precursors in the both 

of the samples.  

XRD analysis of sample G with the In/Ag-Ga/Cu-Ga sequence (Figure 3. 

4(g)), shows In, (Ag,Cu)In2, ɖ and ɔ phases. In sample H, a Cu-Ga layer between the 
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In and Ag-Ga layers does not prevent the formation of the Ag-In phase and Ag was 

found in the (Ag,Cu)In2 and (Ag,Cu)9(In,Ga)4 phases (Figure 3. 4(h)). Here, In as an 

initial layer does not form a continuous layer, therefore the following layer of Cu-Ga 

could not fully cover the In layer to prevent formation of the AgIn2 phase. Also peaks 

defined by a star on the high 2ɗ side of the primary (Ag,Cu)In2 peaks were identified 

as a secondary (Ag,Cu*)In2 phase with higher Cu content (~28%). Furthermore, 

elemental In and ɖ-(Ag,Cu)16(In,Ga)9 were also observed in this structure. Figure 3. 5 

compares the lattice parameters of ɖ-(Ag,Cu)16(In,Ga)9, (Ag,Cu)In2 and secondary 

(Ag,Cu*)In2 phases. Decreasing lattice constant values by solid solubility of the Ag/Ga 

into ɖ-Cu16In9 and Cu into AgIn2 phases is shown in Figure 3. 5 where the lattice 

constants are compared to those reported in the ICDD database.  

 

Figure 3. 5 (a) Lattice constants of ɖ-(Ag,Cu)16(In,Ga)9 and, (b) (Ag,Cu)In2 

(bottom) phases refined by Rietveld analyses for different types of metal precursors. 

Filled square and triangles represent a and c, respectively. The open symbols shows 

the lattice constants of the (Ag,Cu*)In2 phase. 
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3.6 Stability of the Precursors 

Figure 3. 6 presents the XRD patterns of all films after aging in a nitrogen-

purged desiccator for 3 months. The co-deposited Cu-Ga+In (A) and Ag-Ga+In (B) 

precursors donôt show any significant phase changes. In stacked layer precursors, 

however, all phases evolved during storage. The most significant phase evolution 

happened in sample C where the Ŭ-(Ag) phase completely reacted with metallic In to 

form primary (Ag,Cu)In2, secondary (Ag,Cu*)In2 and (Ag,Cu)In2 phases. These are 

accompanied by the ɔ-(Ag,Cu)9(In,Ga)4 phase. The secondary (Ag,Cu*)In2 phase also 

formed in samples with stacking order of Cu-Ga/In/Ag-Ga (F) and In/Ag-Ga/Cu-Ga 

(G). Sample H with In/Cu-Ga/Ag-Ga stacked layers contained this phase in the as-

deposited film but its intensity increased after aging. The latter phase was not detected 

in XRD patterns of samples with stacking order of Ag-Ga/In/Cu-Ga (D) and Cu-

Ga/Ag-GA/In (E). The major change in these films is formation of ɔ-(Ag,Cu)9(In,Ga)4 

phase in sample D and splitting the broad ɔ peak into two peaks attributed to formation 

of two different ɔ-type phases. Formation of the secondary (Ag,Cu*)In2 phase and its 

effect on the selenized film are discussed in detail in Chapter 4. 
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Figure 3. 6 XRD patterns of aged precursors (a) Mo/Cu-Ga+In (sample A), (b) 

Mo/Ag-Ga/Cu-Ga+In (sample B), (c) Mo/Ag-Ga/Cu-Ga/In (sample C), (d) Mo/Ag-

Ga/In/Cu-Ga (sample D), (e) Mo/Cu-Ga/Ag-Ga/In (sample E), (f) Mo/Cu-Ga/In/Ag-

Ga (sample F), (g) Mo/In/Ag-Ga/Cu-Ga (sample G) and (h) Mo/In/Cu-Ga/Ag-Ga 

(sample H). Phases were indicated as; q: In, s: (Ag,Cu)In2, Î: (Ag,Cu*)In2, p:ɖ-

(Ag,Cu)16(In,Ga)9, ̧ : Cu3Ga, ¹: ɔ-(Ag,Cu)9(In,Ga)4 and Þ: (Ag,Cu)In2,. The Mo 

peak is defined by a dashed line. 

3.7 Precursors Annealed at 300°C 

Aging the films at room temperature indicated phase instability in the as-

deposited films, as it discussed in section 3.6. In order to achieve near room 
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temperature equilibrium conditions to complete intermediate reactions, metal 

precursors were annealed at 300ºC for 1 day. 

3.7.1 Cu-Ga-In Co-Sputtered Precursors 

Figure 3. 7(a) shows the XRD pattern of the annealed Cu-Ga-In co-sputtered 

precursor (A). After annealing, besides In and ɖ-Cu16(In,Ga)9 phases, ɔ-Cu9(In,Ga)4 

phase also formed. Refinement indicated that lattice parameter of this phase increased 

to 8.852 ᴠ which is attributed to ~30% solubility of In calculated from Vegardôs law. 

Increasing intensity of the (110)-In peak at 2ɗ = 39.10Á indicated presence of a strong 

orientation after annealing. The refined lattice constants are presented in Table 3. 3.  

3.7.2 Ag-Cu-Ga-In Metal Precursors 

The XRD pattern of sample F after annealing is shown in Figure 3. 7(b). All 

other Ag containing samples (B-H) show similar XRD patterns with In, (Ag,Cu)In2, ɔ-

(Ag,Cu)9(In,Ga)4 phases identified after annealing. However, peaks at 2ɗ = 21.62Á, 

35.71Á, 42.15Á, 44.12Á, 64.20Á, 68.62Á and 75.71Á couldnôt be matched with any 

known phase composition in this system. These peaks are related to a new phase with 

Cu2Mg-type crystal structure. This phase, referred as a Laves phase [102], has a cubic 

structure in the space group of ὊὨσά and forms in the absence of ɖ-

(Ag,Cu)16(In,Ga)9/Cu3Ga phases. This phase is studied in detail in Chapter 5. 
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Figure 3. 7 XRD patterns of the annealed precursors at 300ºC for 24h: (a) Mo/Cu-

Ga+In (sample A) and (b) Mo/Cu-Ga/In/Ag-Ga (sample F). Phases were indicated as; 

q: In, s: (Ag,Cu)In2, p:ɖ-(Ag,Cu)16(In,Ga)9 and ¹: ɔ-(Ag,Cu)9(In,Ga)4 and Þ: 

Laves-type phase. Mo peak is defined by a dashed line. 

Table 3. 3 Refined lattice constants (Å) obtained by Rietveld analysis for annealed 

precursors at 300ºC for 24h. For reported lattice constants, see Table 3. 2. 

# In  (Ag,Cu)In2 ɖ ɔ Laves phase  

A 
a: 3.244 

c: 4.924 
- 

a: 4.217 

c: 5.167 
a: 8.823 - 

F 
a: 3.251 

c: 4.940 

a: 6.854 

c: 5.591 
- a: 8.745 a: 7.096 

 

 

3.8 Conclusion 

Ag-Cu-In-Ga metal precursors were prepared with co-sputtered and sequential 

layer structures from Cu0.77Ga0.23, Ag0.77Ga0.23, and In targets. A Ag-Ga/Cu-Ga+In co-

sputtered precursor has the most uniform structure compared to the stacked layer 

films. A Ag-Ga layer under co-sputtered Cu-Ga-In layers decreased the formation of 
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the elemental In phase, with In incorporated into a (Ag,Cu)In2 phase instead. The 

stacked layer sputtering sequence has a significant effect on the morphology and the 

phase behavior of deposited films. SEM cross-sections revealed that irregular islands, 

agglomerates, and/or nodules of different phases may form based upon the sputtering 

sequences. This can be explained by complex growth on the Indium layer. In addition, 

precursors were shown to be unstable during storage at room temperature including 

formation of a secondary (Ag,Cu*)In2 phase with higher Cu content. Furthermore, 

phase composition of the precursor annealed at 300ºC showed formation of a new 

phase with Laves-type structure. 
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PHASE STABILITY IN Ag-Cu-In-Ga METAL PRECURSORS FOR 

(Ag,Cu)(In,Ga)Se2 THIN FILMS   

Abstract ð  In this chapter, metal precursors were sputtered with a Cu-

Ga/In/Ag-Ga sequence with Ag/(Cu+Ag) = 0.25 and (Ag+Cu)/(Ga+In) = 0.90. These 

precursor layers are shown to be unstable, with a phase evolution during storage at 

room temperature revealed by x-ray diffraction (XRD). This behavior was studied in 

samples annealed in the temperature range of 60-150ºC or stored for up to 90 days. 

XRD analyses indicated the formation of (Ag1-xCux)In2 with Cu content of 28% and 

36% for samples annealed at 100ºC and 150ºC, respectively. Energy dispersive x-ray 

spectroscopy and XRD analyses on selenized samples showed a uniform distribution 

of Ag and Cu through the films and a Ga accumulation near the back interface. Solar 

cells fabricated from the selenized films showed improved device performance in VOC 

and FF as a result of the precursor anneal. 

4.1 Introduction  

In the Chapter 3, the structure and phase composition of Ag-Cu-Ga-In metal 

precursors were discussed. Stability of the precursors during storage at room 

temperature and after annealing at 300°C were also studied in Sections 3.6 and 3.7. 

XRD analysis showed that the as-deposited precursor with Ag/(Ag+Cu) å 0.25 and 

(Ag+Cu)/(Ga+In) å 0.90 are not stable during storage at room temperature over 3 

months including formation of a secondary (Ag,Cu*)In2 phase with higher Cu content.  

Chapter 4 
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In this study, Ag-Cu-Ga-In metal precursors have been deposited on Mo-

coated soda-lime glasses as Mo/Cu-Ga/In/Ag-Ga stacked layers and were analyzed for 

changes in structure and phase composition of the (a) as-deposited metal precursor, (b) 

after room temperature storage in nitrogen and (c) after 60-150ºC anneal in argon. We 

show that the resulting variations in the phase composition affect the properties of 

selenized films and resulting device characteristics.  

4.2 Experimental Procedures 

Ag-Cu-Ga-In metal precursors were deposited onto Mo-coated soda-lime glass 

substrates by dc magnetron sputtering at room temperature using 5N purity 

Cu0.77Ga0.23, Ag0.77Ga0.23, and In targets. Samples were deposited with a Mo/Cu-

Ga/In/Ag-Ga stacked layer structure, as described in Chapter 3 and in [103]. 

Sputtering parameters were determined to give Ag/(Cu+Ag) å 0.25 and 

(Ag+Cu)/(Ga+In) å 0.90 with an average total thickness å 600 nm. To examine 

stability, precursors were stored at room temperature in a desiccator with nitrogen 

atmosphere for up to 90 days. Samples were also annealed in a vacuum oven under 

continuous Ar flow over a temperature range of 60ºC to 150ºC for 30 min and then 

cooled down to room temperature slowly in the oven. Annealing and storage 

conditions are summarized in Table 4. 1. Then, the as-deposited, stored and annealed 

metal precursors reacted with H2Se, at atmospheric pressure with 0.35% 

H2Se/0.0035% O2/Ar in a tubular quartz reactor at 450°C for 50 min [18]. The reactor 

was first heated to 450°C in 20 min with continuous 0.0035% O2/Ar flow, while the 

metal precursors were kept in the cold zone. Then the H2Se gas flow was started. After 

10 min, samples were pushed into the hot zone using a push/pull rod and held for 50 
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min. Then the samples were pulled out from the heated zone and cooled down to room 

temperature in Ar flow.  

Composition of the samples was measured by XRF. EDS was used for spot-

EDS analysis at 20 keV. XRD and GIXRD studies were performed with Cu-KŬ 

radiation. JADE software (Materials Data, Inc. (MDI) JADE 2010) was used to 

perform Rietveld refinements using the crystallographic information files (CIF) of 

AgIn2 (PDF# 65-1552), In (PDF# 5-0642), Cu3Ga (PDF# 44-1117), Cu1.8In (PDF# 42-

1475) and Cu9Ga4 (PDF# 2-1253) phases. Solid solubility of the phases with other 

elements was excluded from the refinements. All lattice parameters of the crystalline 

phases and their scale factors were refined. The 2ɗ offset of the patterns was refined 

based on Mo peaks. The March-Dollase model [82] was used to refine the preferred 

orientation factors of the Mo, AgIn2/(Ag0.72Cu0.28)In2, and Cu3Ga phases with <110>, 

<110> and <001> preferred orientation, respectively.  

For more information on the characterization techniques and solar cell 

fabrication see sections 2.3 and 2.4 in Chapter 2. 

4.3 Results and Discussion 

4.3.1 Metal Precursors and Effect of Annealing 

Structure and phase composition of the as-deposited metal precursor with Cu-

Ga/In/Ag-Ga stacked layers were discussed in details in Chapter 3. It was shown that 

agglomerated nodules form on the surface of the film due to Volmer-Weber/ Stranski-

Krastanov growth of In. Figure 4. 1 shows XRD patterns of as-deposited and stored 

metal precursors. The XRD pattern of the as-deposited precursor indicated formation 

of AgIn2 (PDF# 65-1552), In (PDF# 5-0642), Cu3Ga (PDF# 44-1117) and Cu9Ga4 
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(PDF# 2-1253) phases, as listed in Table 4. 1. Lattice parameters, derived from 

Rietveld refinements, are summarized in Table 4. 2.  

Table 4. 1 Storage and annealing conditions of the studied samples with the 

identified phases for each case. 

Sample Condition XRD Phases 

A1 As-deposited In; AgIn2; ɔ-(Ag,Cu)9(In,Ga)4; Cu3Ga 

B1 Stored 10 days In; AgIn2; ɔ-(Ag,Cu)9(In,Ga)4; Cu3Ga, (Ag1-xCux)In2, 

B2 Stored 50 days In; AgIn2; ɔ-(Ag,Cu)9(In,Ga)4; Cu3Ga, (Ag1-xCux)In2, 

B3 Stored 90 days 
In; AgIn2; ɔ-(Ag,Cu)9(In,Ga)4; Cu3Ga, (Ag1-xCux)In2, 

(Cu,Ag)In2 

C1 
Annealed at 

60ºC 

In; AgIn2; ɔ-(Ag,Cu)9(In,Ga)4; Cu3Ga, (Ag1-xCux)In2, ɖ-

(Ag,Cu)16(In,Ga)9 

C2 
Annealed at 

80ºC 

In; AgIn2; ɔ-(Ag,Cu)9(In,Ga)4; Cu3Ga, (Ag1-xCux)In2, ɖ-

(Ag,Cu)16(In,Ga)9 

C3 
Annealed at 

100ºC 

In; AgIn2; ɔ-(Ag,Cu)9(In,Ga)4; Cu3Ga, (Ag1-xCux)In2, ɖ-

(Ag,Cu)16(In,Ga)9 

C4 
Annealed at 

150ºC 

ɔ-(Ag,Cu)9(In,Ga)4; Cu3Ga, (Ag1-xCux)In2, ɖ-

(Ag,Cu)16(In,Ga)9 
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Table 4. 2 Lattice parameters (Å) of primary AgIn2, secondary (Ag1-xCux)In2 and 

Cu9Ga4 phases, derived from Rietveld analyses. 

Sample Condition AgIn2 (Ag1-xCux)In2 Cu9Ga4 

A1 As-deposited 
a: 6.8752 

c: 5.6151 
- a: 8.6674 

B1 Stored 10 days 
a: 6.8724 

c: 5.6143 

a: 6.8251 

c: 5.5235 
a: 8.7327 

B2 Stored 50 days 
a: 6.8664 

c: 5.6093 

a: 6.8053 

c: 5.5373 
a: 8.7488 

B3 Stored 90 days 
a: 6.8689 

c: 5.6095 

a: 6.8132 

c: 5.5348 
a: 8.7547 

C1 Annealed at 60ºC 
a: 6.8681 

c: 5.6102 

a: 6.8184 

c: 5.5483 
a: 8.7273 

C2 Annealed at 80ºC 
a: 6.8671 

c: 5.6083 

a: 6.8144 

c: 5.5488 
a: 8.7410 

C3 Annealed at 100ºC 
a: 6.8536 

c: 5.6014 

a: 6.8114 

c: 5.5495 
a: 8.7520 

C4 Annealed at 150ºC - 
a: 6.7889 

c: 5.5278 
a: 8.7601 
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XRD patterns of the stored films (Figure 4. 1) showed new diffraction peaks 

(marked by *) on the high-angle side of the AgIn2 phase and decreasing intensity of In 

and AgIn2 peaks. To further probe this phase evolution, low temperature annealing 

experiments were performed. Figure 4. 2 shows XRD patterns of the annealed 

precursors at different temperatures compared to an as-deposited precursor.  

 

Figure 4. 1 XRD patterns of precursors (a) as-deposited and stored for (b) 10, (c) 

50 and (d) 90 days in N2 controlled desiccator. Phases were indicated as; q: AgIn2, s: 

In, ¹: Cu3Ga, ̧ : ɔ-Cu9(In,Ga)4, Ã: (Cu,Ag)In2 and Î: (Ag1-xCux)In2. Mo peak is 

shown by the dashed line. The diffraction scan is plotted in a square root scale (y-

axis).  
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Figure 4. 2 XRD patterns of precursors (a) as-deposited and annealed at (b) 60ºC, 

(c) 80ºC, (d) 100ºC and (e) 150ºC. Phases were indicated as; q: AgIn2, s: In, ¹: 

Cu3Ga, ̧ : ɔ-Cu9(In,Ga)4, Þ: ɖ-(Ag,Cu)16(In,Ga)9 and Î: (Ag1-xCux)In2. Mo peak is 

shown by the dashed line. The diffraction data is plotted in a square root scale (y-axis). 

Formation of the new peaks are again accompanied by a decrease in the 

intensity of In and AgIn2 peaks. Rietveld analysis confirmed that the new peaks 

(marked by a star in Figure 4. 1 and Figure 4. 2) are related to formation of a 

secondary AgIn2 alloy with smaller lattice spacing. Compositional homogeneity range 

of AgIn2 phase is not significant [104]. Bahari et al. [46] reported only ~1% 

homogeneous range for this phase after annealing of the two metal surface of Ag and 
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In at 150ºC for 6 months. Therefore, the shift in the peak position is attributed to the 

substitution of Ag/In atoms with smaller Cu/Ga atoms, respectively and reduced inter-

planar spacing. The CuIn2 phase has similar tetragonal structure with I4/mcm 

symmetry and lattice constants (a: 6.630 , c: 5.369 ) similar to the AgIn2 phase (a: 

6.881 , c: 5.620 ) [31,91]. This phase which was deduced by Keppner [31] is a 

metastable phase and does not appear in the Cu-In phase diagram and is only reported 

in thin film materials [19]. Hence, they can form a continuous solid solution. The shift 

is less likely related to Ga, because a AgGa2 phase hasn't been reported and the CuGa2 

phase [40] has different symmetry and lattice constants (P4/mmm; a: 2.830 ᴠ, c: 

5.839 ᴠ) than AgIn2. Lattice constants of the new (Ag1-xCux)In2 phase are shown in 

Table 4. 2 and assuming Vegardôs law, we estimated the amount of Cu incorporation 

into the (Ag1-xCux)In2 phase based on the calculated lattice constants. According to our 

alloy interpretation, the amount of Cu in the sample annealed at 100ºC (sample C3) is 

28% and this increased to 36% after annealing at 150ºC (sample C4). Details of the 

crystal structure and atomic coordinates of the (Ag1-xCux)In2 phase are summarized in 

Table 4. 3. 

Table 4. 3 Atomic coordinates for the (Ag.64Cu.36)In2 phase with the I4/mcm space 

group. 

Atom Wyckoff letter  x y z 

Cu 4a 0.00 0.00 0.25 

Ag 4a 0.00 0.00 0.25 

In 8h 0.1563 0.6563 0.00 
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The slight decrease in the lattice parameters of the primary AgIn2 phase after 

storage/annealing shown in Table 4. 2 also suggests Cu solubility. Vegardôs law 

indicated ~10% Cu solubility in the primary AgIn2 phase in sample C3. Moreover, it is 

seen that the lattice constant of the Cu9Ga4 phase increases by increasing the annealing 

temperature or storage time. Four different ɔ phases exist with similar structure in the 

Cu-Ga phase diagram [87]. The ɔ1 phase is closer to the Cu-rich region and ɔ3 is closer 

to Ga-rich region with lattice constant reported from 8.7318 to 8.6369  based on the 

solubility limit of Ga [41]. However, the results in Table 4. 2 (particularly for the 

sample annealed at 150ºC) is higher than reported values for Cu-Ga phases, suggesting 

substitution of In with higher atomic radius by Ga atoms to form the ternary ɔ-

Cu9(In,Ga)4 phase which has been reported in several studies [13,18,87]. 

Rietveld analyses was used to quantify the phase amounts as shown in Figure 

4. 3. The (Ag1-xCux)In2 phase increases by increasing the storage time (Figure 4. 

3(left)) or annealing temperature (Figure 4. 3(right)). Formation of the (Ag1-xCux)In2 

phase is accompanied by a decreasing amount of metallic In, AgIn2 and Cu3Ga phases 

and increasing amount of ɔ-Cu9(In,Ga)4 phase. Furthermore, another (Cu,Ag)In2 phase 

forms with 90 days storage. In addition, the XRD analysis indicated formation of a ɖ-

(Ag,Cu)16(In,Ga)9 phase after annealing. Rietveld analysis alone could not quantify the 

solid solubility of the phases and does not show the real mass balance in the films, 

possibly as a result of orientation effect and amorphous Ga, In phases. However, the 

results can be summarized by the following phenomenological pathway with uptake of 

Cu by AgIn2 and In and Ag by Cu3Ga: 

Ὅὲ ὃὫȟὅό ὍὲȟὋὥ ὃὫὍὲ ὅόὋὥO ὃὫȟὅό ὍὲȟὋὥ

ὃὫȢȟὅόȢ Ὅὲ ὃὫȟὅό ὍὲȟὋὥ   (4.1) 
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Figure 4. 3 Phase quantification analyses using Rietveld analyses for stored (a) and 

annealed metal precursors (b) compared to the as-deposited one. Symbols identify 

phases refined from following CIF patterns: s: In (PDF# 5-0642), q: AgIn2 (PDF# 

65-1552), Î: (Ag72Cu28)In2, :̧Cu9Ga4 (PDF# 2-1253), ¹: Cu3Ga (PDF# 44-1117), 

Ü: CuIn2 [8] and Þ Cu1.8In (PDF# 42-1475). 

4.3.2 Selenized Films 

In order to study the effect of precursor condition on ACIGS formation and 

device properties, as-deposited and annealed metal precursors were selenized at 450ºC 

for 50 min. Figure 4. 4 shows plan-view and cross section SEM images along with 

EDS compositional analysis of the films selenized from as-deposited (sample A1) and 

150ºC annealed (sample C4) metal precursors. The plan-view and cross-sectional 

SEM images show no major morphological differences with non-uniform morphology 

at the surface and back of the films attributed to the formation of voids. Void 

formation and poor adhesion are persistent issues in CIGS processing using the 

selenization method [18,105,106]. It has been proposed that slow reaction of Cu-Ga 

intermetallic phases with selenium during the selenization process leads to void 

formation [107]. This is also attributed to selective atomic diffusion of elements, the 
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Kirkendall effect [108,109]. Poor adhesion leads to CIGS delamination from the Mo 

back layer during the reaction process or chemical bath deposition of n-type layer 

(CdS) [35]. Significant adhesion improvement by Ag alloying has been reported by 

Tauchi et al. [35] and no film delamination occurred during the present work. 

 

Figure 4. 4 Plan-view (left) and cross section SEM Images (right) of the reacted 

ACIGS films from (a) as-deposited and (b) 150ºC annealed. 

GIXRD and XRD patterns of selenized film were also similar. Figure 4. 5 

shows GIXRD and XRD patterns of the film selenized from the 150ºC annealed 

precursor (sample C4). The GIXRD pattern obtained at 0.5° incident angle, which 

samples the top ~ 0.1 µm of the film (Figure 4. 5(a)), only shows peaks related to the 

(Ag,Cu)InSe2 chalcopyrite phase, shifted with a small Ga contribution. However, the 
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symmetric XRD pattern (Figure 4. 5(b)) shows additional weak peaks around 27.4°, 

45.6° and 54.4° indicating the formation of a (Ag,Cu)GaSe2 chalcopyrite phase nearer 

to the back side of the film.   

 

Figure 4. 5 (a) GIXRD at angle of incident of 0.5º and (b) XRD graphs of 

selenized films from the precursors annealed at 150ºC. Phases were indicated as; Ƹ: 

(Ag,Cu)InSe2,s: (Ag,Cu)GaSe2 and ƶ: Mo. Graphs are plotted in square root scales 

(y-axis). 

4.4 Devices Performance of Selenized Films 

Current-voltage and diode parameters, ideality factor (A) and dark saturation 

current (J0), obtained using a simple diode model [110,111], are summarized in Table 

4. 4. Device labels refer to the precursor condition mentioned in Table 4. 1. The 

ideality factor and dark saturation current describe the recombination mechanism [14], 



 66 

with A=1 indicating neutral region recombination while A close to 2 indicating of 

space-charge recombination [112]. Higher the ideality factor lower the activation 

energy of the dark saturation current, which therefore leads to increase J0 [110,111] 

Table 4. 4 Device parameters and results of diode analysis. 

Film Cond. 
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

Efficiency 

(%) 

A 

(dark)  

J0 (dark)  

(mA/cm2) 

A1 As-dep. 0.490 36.4 65.6 11.7 1.7 4.2E-4 

B3 
Stored (90 

days) 
0.515 38.2 76.4 15.2 1.3 1.1E-5 

C1 60 ºC 0.495 37.0 64.6 11.8 1.7 4.2E-4 

C2 80 ºC 0.503 37.6 69.5 13.1 1.6 1.2E-4 

C3 100 ºC 0.513 37.7 68.8 13.3 1.6 1.4E-4 

C4 150 ºC 0.519 34.1 70.9 12.5 1.5 5.1E-5 

 

 

It was found that storage or annealing of the metal precursors improves open 

circuit voltage (VOC) and fill factor (FF), thus overall efficiency, of the solar cells 

compared to the cell prepared with the as-deposited metal precursor. The highest 

efficiency of 15.2% with the VOC  å 515 mV and FF å 76.4% was achieved in sample 

B3 from the precursor stored for 90 days. However, among the cells processed from 

annealed precursors, the highest VOC å 519 mV and FF å 70.9% were reached in 

sample C4 in which all the metallic In and primary AgIn2 phases in the precursor were 

consumed to form the high Cu-content (Ag1-xCux)In2 phase though it gave the lowest 

short circuit current (JSC). Improving VOC in stored and annealed precursors could 

result from increasing the bandgap or less recombination in the space-charge region. 

External quantum efficiency (EQE) of the latter devices and the one prepared from as-

deposited precursor are shown in Figure 4. 6(a). The EQE of sample C4 shows poor 
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current collection through the spectral range which corresponds to the lower JSC, while 

there was a negligible difference between EQE of other devices. The first derivative of 

the EQE curves, shown in Figure 4. 6(a), displays a local minimum shift to lower 

wavelength values in sample B3 and C4 indicating a slight increase in the bandgap 

[113].The bandgap of samples B3 and C4 is estimated as 1.03 eV derived from the 

inflection point at long wavelength [18]. 

The wavelength dependence of the EQE (-1V)/EQE (0V) is shown in Figure 4. 

7 for all devices. An increase in EQE with reverse voltage bias indicates voltage 

dependent current collection loss which typically reduces FF [110]. It is seen that by 

increasing precursor anneal temperature from 60ºC to 150ºC the voltage dependence 

at longer wavelength is decreased, which indicates a better minority-carrier collection 

from the bulk of the absorber [110].  

 

Figure 4. 6 (a) EQE and (b) dEQE/dɚ of ACIGS solar cell processed from metal 

precursors listed in Table 4. 1.  



 68 

 

Figure 4. 7 Ratio of EQE (-1V)/EQE (0V) of ACIGS solar cell processed from 

metal precursors listed in Table 4. 1.  

4.5 Conclusion 

This study indicated that initial phase composition prior to reaction can affect 

the quality of the absorber material. Therefore, studying the reaction pathways of 

formation of the ACIGS absorber layer from the precursors with modified initial 

phases is important to process high quality materials using the selenization method. 

Ag-Cu-In-Ga metal precursors were deposited with a sequential layered structure of 

Cu-Ga/In/Ag-Ga from Cu0.77Ga0.23, Ag0.77Ga0.23, and In sputtering targets. XRD 

analyses showed the presence of In, AgIn2, ɔ-(Ag,Cu)9(In,Ga)4 and Cu3Ga phases in 

the as-deposited precursor. After precursors were stored at room temperature, the 

(Ag1-xCux)In2 alloy phase formed, with increasing diffraction intensity over time. The 

annealing of the precursors in the temperature range of 60-150ºC also prompted the 

formation of (Ag1-xCux)In2 with higher Cu content, accompanied by decreasing the 

intensity of the initial AgIn2, metallic In and Cu3Ga primary phases. Using Vegardôs 
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law, the amount of Cu was estimated as ~28% and ~36% for precursors annealed at 

100ºC and 150ºC, respectively. Also, XRD analyses revealed that formation of the 

(Ag1-xCux)In2 phase was accompanied by increasing intensity of the ɔ-

(Ag,Cu)9(In,Ga)4 phase and the formation of ɖ-(Ag,Cu)16(In,Ga)9. EDS and XRD 

analysis on the selenized samples showed low Ga concentration at the film front, due 

to a Ga gradient towards the back of the films. Device performance of cells made from 

the as-deposited, stored and annealed precursors was compared. It was found that 

storage/annealing the precursors improves the device performance due to decreased 

recombination and a slight increase in the bandgap. The highest overall cell 

performance with 15.2% efficiency was achieved from the processing of the metal 

precursor stored for 90 days. 
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A QUATERNARY LAVES -TYPE PHASE IN THE Ag-Cu-In-Ga THIN FILMS  

Abstract ð   In this chapter, formation of a new quaternary Laves-type phase 

in sputter-deposited and evaporated thin films of Ag-Cu-In-Ga (ACIG) is presented. 

Films with different compositions are analyzed by energy dispersive x-ray 

spectroscopy and x-ray diffraction to determine composition and structure based on 

Rietveld whole pattern refinement. Annealing and partial reaction with H2Se are used 

to study the phase. The quaternary phase corresponds to (Cu1-xGax)2(AgyIn1-y) with x å 

0.2, y å 0.3. It has a Cu2Mg-type crystal structure with space group of ὊὨσά and 

lattice parameter of 7.090ᴠ. Finally, formation of this phase is reported in the 

composition range (Ag+Cu)/(Ga+In) å 0.8-0.9 suitable for precursors to the formation 

of chalcopyrite thin films for photovoltaic application. 

5.1 Int roduction 

Formation of a new quaternary Laves-type phase in thin films of Ag-Cu-In-Ga 

(ACIG) was mentioned in section 3.7.2. The Ag-Cu-In-Ga (ACIG) material system 

has recently shown promise in applications including use as a metal precursor for 

processing of wide-bandgap thin film solar cells [35] and as a candidate for lead-free 

nontoxic solders [64]. Silver alloying of Cu(In,Ga)Se2 (CIGS) to form 

(Ag,Cu)(In,Ga)Se2 (ACIGS) has been investigated due to the lower melting 

temperature and wider bandgap of Ag-based thin film chalcopyrite alloys 

[66,67,71,103,114ï116]. 

Chapter 5 
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Complete investigation of Ag-alloying in the reaction process to form ACIGS 

requires the development of a stable well-characterized precursor structure that 

enables a broad range of compositions to be investigated. However, the ACIG system 

has not been deeply studied. Uncertainties in the binary and ternary phase diagrams of 

the Cu-In-Ga system including a variety of intermetallic phases and their wide range 

of solid solubility makes phase identification in the system a challenge. Alloying this 

material with Ag adds significant complexity.  

Recently, we identified a new quaternary Lave-type phase in Ag-Cu-In-Ga thin 

films [87]. With more than 1400 binary and ternary compounds, the Laves phases 

form one of the largest group of intermetallic compounds [117ï120]. These materials 

have useful properties for many practical applications [119,120] such as magneto-

elastic transducers [121], superconductive materials [122], hydrogen storage 

applications [123] and high temperature structural uses due to their strength up to high 

temperatures [124]. 

Laves phases are tetrahedral-based close-packed structures with high 

coordination number between 12-16. While electro-negativities and valence electron 

concentration affect the formation of the Laves phases, geometrical factors are the key 

to formation of this structure. In general, closest packed structure is achieved when the 

number of the smallest holes (tetrahedral holes) within a polyhedral group of spheres 

is the maximum possible. In order to obtain a polyhedral with only tetrahedral holes, 

some variability in the sphere dimensions is needed. Moreover, the most preferred 

coordination polyhedral will have 5 or 6 tetrahedra which shared a given vertex. Frank 

and Kasper [125,126] systemically classified such polyhedrons with coordination 

number of 12, 14, 15 and 16 that have 5-fold and 6-fold vertices. With that, the Laves 
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phase with the chemical formula of AB2 is the polyhedron with coordination number 

of 16, in which a central A atom is surrounded by 12 B atoms at the vertices of 

shortened tetrahedra and is linked to a tetrahedral group of 4A neighbors above the 

centers of the truncated hexagonal faces [117,118]. Figure 5. 1 displays the schematic 

of the A atom by 12B + 4A as described. 

 

Figure 5. 1 Schematic of the closed packed structure of the AB2 Laves phase. An A 

is atom surrounded by 12 B atoms at the vertices of a truncated tetrahedron (top); also 

it is linked to tetrahedral group of 4A neighbors above the centers of the truncated 

hexagonal faces (bottom). 
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Laves phases have been observed in three different general polytypes: the 

cubic MgCu2 type (C15), the hexagonal MgZn2 type (C14), and the hexagonal MgNi2 

type (C36).  In the cubic AB2 type, the larger A atoms sit on the face-centered cubic 

lattice sites and form tetrahedral interstitial sites. The interstices are then occupied by 

the tetrahedrons of the smaller B atoms. Based on the hard sphere model, the closest 

pack structure is attained by the ideal radius ratio rA/rB å 1.225; however, the 

experimentally measured ratio for a different variety of the Laves phases is between 

1.05 and 1.67 [117,119]. The deviation from the observed and ideal values is 

attributed to the ability of the atoms to contract/expand from those of the pure A and B 

atoms to obtain the ideal ratio [117].  

The objectives of this chapter are first to investigate the atomic structure and 

phase composition of a quaternary Laves phase in Ag-Cu-In-Ga thin films. Then we 

investigate formation of this phase in the ACIGS thin films over the composition 

range suitable for photovoltaic application. Most of the results in this Chapter are 

published in [127]. 

5.2 Experimental Procedures 

Ag-Cu-Ga-In thin films were prepared by electron-beam evaporation and dc 

magnetron sputtering at room temperature. Sputtering was performed using 

Cu0.77Ga0.23, Ag0.77Ga0.23, and In targets to produce films with different Ag/(Ag+Cu) 

and fixed Ga/(Ga+In) å 0.23. Total thickness was set at 600 nm with substrate/Cu-

Ga/In/Ag-Ga sequence. With the exception of one film, all samples were deposited 

group I deficient, with (Ag+Cu)/(Ga+In) less than 1. The substrate was ρͼρͼ Mo-

coated soda-lime glass (SLG), where a ~700 nm layer of Mo was deposited on cleaned 

SLG prior to the metal precursor deposition using the same sputtering instrument. The 
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chamber base pressure was 10-7 Torr. Deposition was performed in an Ar atmosphere 

with 1.7 and 5 mTorr pressure for Mo and metal precursor depositions, respectively. 

To investigate ACIG films with different Ga/(Ga+In), samples were prepared by 

electron-beam evaporation with Cu/Ga/In/Ag sequence. Table 5. 1 summarizes the list 

of the samples. Then samples were annealed in an oven under flowing Ar at 300 ºC for 

1 day and cooled slowly to room temperature in the furnace.  

In order to separate the Laves phase from the other intermetallic phases, 

samples were partially selenized using rapid thermal processing (RTP) at atmospheric 

pressure in a tubular quartz reactor charged with 5% H2Se in Ar [18]. The reaction 

temperature was 450°C and the reaction time was 7 min.  

Table 5. 1 List of the Ag-Cu-In-Ga thin film samples synthesized by either 

evaporation or sputtering. Compositions were measured by XRF. 

Sample 
(Ag+Cu)/ 

(Ga+In) 
Ag/(Ag+Cu) Ga/(Ga+In) Process 

A1 1.78 0.15 0.53 evaporation 

B1 0.83 0.00 0.23 sputtering 

B2 0.75 0.13 0.20 sputtering 

B3 0.83 0.25 0.22 sputtering 

B4 0.90 0.51 0.21 sputtering 

B5 0.88 0.77 0.21 sputtering 

C1 0.86 0.32 0.00 evaporation 

C2 0.79 0.35 0.08 evaporation 

C3 0.71 0.34 0.12 evaporation 

C4 0.82 0.32 0.27 evaporation 

 

 

Composition of the samples was measured by XRF. In order to determine 

possible indium loss during the heat-treatment, compositions of the as-deposited and 
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heat-treated samples were compared and no significant composition variation was 

found. XRF analysis of the as-deposited samples are shown in Table 5. 1. EDS was 

performed at 20 keV. Cross-section SEM image and EDS mapping were obtained with 

a high-resolution Zeiss Auriga 60 microscope with 10 keV to reduce matrix effects. 

XRD and GIXRD studies were performed with Cu-KŬ radiation in a fixed slit 

geometry. Crystallographic structures were drawn by JADE (Materials Data, Inc. 

(MDI) JADE 2010) and VESTA [84] software.  

For more information on the characterization techniques see sections 2.3 in 

Chapter 2. 

5.3 Results and Discussion 

5.3.1 ə-(Cu,Ga)2(Ag,In) Phase 

The ə-(Cu,Ga)2(Ag,In) phase was first observed during analysis of heat-treated 

ACIG meal precursors. Figure 5. 2 compares the XRD pattern of sample B3 before 

and after annealing at 300ºC. XRD analysis of the as-deposited sample indicated In 

(PDF# 5-642), (Ag,Cu)In2 (PDF# 65-1552), ɔ-Cu9(In,Ga)4 (PDF# 2-1253) and Cu3Ga 

(PDF# 44-1117) phases (underlines show the prominent element in the parentheses). 

After annealing, a similar set of phases was identified except Cu3Ga. However, peaks 

at 2ɗ = 21.62Á, 35.71Á, 42.15Á, 44.12Á, 64.20Á, 68.62Á and 75.71Á couldnôt be matched 

with any known phase composition in the Ag-Cu-Ga-In system. Using XRD 

refinements, unidentified peaks were related to a new phase with Cu2Mg-type crystal 

structure. This phase, referred as a Laves phase [102], has a cubic structure in the 

space group of ὊὨσά.  
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Figure 5. 2 XRD patterns of the sample B3 (a) as-deposited, (b) heat-treated at 

300ºC for 24h. Phases are indicated as; q: In, s: (Ag,Cu)In2, ǒ: Cu3Ga and ¹: ɔ-

Cu9(In,Ga)4 and Î: Laves-type phase. Mo peak is defined by a dashed line. 

5.3.2 ə-(Cu,Ga)2(Ag,In) Phase Composition  

In order to separate the ə phase from the other intermetallic phases and 

understand its composition, samples were partially selenized at 450°C for 7 min. The 

GIXRD pattern at 0.5° incident angle (Figure 5. 3(a)) indicated the formation of 

crystalline InSe (PDF# 01-073-0609), and (Ag,Cu)(In,Ga)Se2 (PDF# 35-1102) phases 

on the surface of the film. GIXRD analyses at 4° incident angle (Figure 5. 3(b)) 

indicated existence of Ag9(In,Ga)4 (PDF# 31-564), ɕ-Ag3In (PDF#15-163), ɔ-

Cu9(In,Ga)4 and ə-(Cu,Ga)2(Ag,In) phases deeper in the sample.  
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Figure 5. 3 GIXRD with incident angle of (a) 0.5° and (b) 4° and (c) symmetric 

XRD patterns of the partially selenized sample. Phases are indicated as; Þ: ɕ-Ag3In, 

Î: ə-(Cu,Ga)2(Ag,In), Ã: Ag9(In,Ga)4, ƶ: InSe, Ƹ: (Ag,Cu)(In,Ga)Se2. Mo peak is 

defined by a dashed line. 

The SEM cross-section image (Figure 5. 4) indicates a selenized region on the 

surface with localized intermetallic compounds separated from the top selenide layer. 

EDS mapping on the cross-section image, shows two grains with Ag9(In,Ga)4 and ə-

(Cu,Ga)2(Ag,In) compositions. Compositions determined by point-EDS analysis 

showed by the arrows in Figure 5. 4 are listed in Table 5. 2. 
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Figure 5. 4 SEM/EDS mapping of the cross-section of the partially selenized 

sample. Solid and dashed arrows indicate unreacted grains with Ag9(In,Ga)4 and ə-

(Cu,Ga)2(Ag,In) phases, respectively. 

Table 5. 2 Point-EDS analysis showed by the arrows in Figure 5. 4 

No. % Cu % Ga % Ag % In  

#1 5.6 0.7 64.6 29.1 

#2 54.4 12.9 11.3 21.4 
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5.3.3 ə-(Cu,Ga)2(Ag,In) Structure 

From the EDS results (Table 5. 2), the composition of the Laves phase can be 

calculated as either (Cu0.8Ga0.2)2(Ag0.3In0.7) or (Cu0.8Ag0.2)2(In0.6Ga0.4) with the 

average radius ratios r(Ag;In) / r(Cu;Ga) å 1.17 and r(In:Ga) / r(Cu;Ag) å 1.03. Atomic radii 

taken from Slater [128] and Clementi et al. [129] were calculated by self-consistent 

field functions. The theoretical radius ratio limits for the Laves phases is 1.225 though 

reported values vary from 1.05 ï 1.67. Thus, the (Cu0.8Ga0.2)2(Ag0.3In0.7) meets the 

Laves phase atomic size criteria. In order to verify this identification, we attempted to 

synthesis the pure ə phase based on the composition measurements. Composition 

analysis of the sample A1 is shown in Table 5. 3. Figure 5. 5 shows the x-ray 

diffraction pattern accompanied by the Rietveld analysis of the film A1 after heat-

treatment. XRD analysis indicated the formation of the ə-(Cu,Ga)2(Ag,In), ɔ-

Cu9(In,Ga)4 and a small amount of Ag9In4 phases. Structure factor analysis confirmed 

that the smaller Cu and Ga atoms occupy 16d lattice site while the larger Ag and In 

atoms occupy the 8a sites within the space group of ὊὨσά. Details of the crystal 

structure and atomic coordinates of ə-(Cu,Ga)2(Ag,In) phase are summarized in Table 

5. 4 and Table 5. 5, respectively. Figure 5. 6 displays the schematic representation of 

the ə-(Cu,Ga)2(Ag,In) compound. Refined lattice parameters for each phase is shown 

in Table 5. 6. Weighted (R) and expected (E) agreement factors were 11.59 and 9.76. 

Table 5. 3 Composition analysis of sample A1 via EDS and XRF 

No. % Cu % Ag % Ga % In  

EDS 56.5 7.7 17.5 18.2 

XRF 54.3 9.5 19.2 16.9 
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Figure 5. 5 Rietveld refinement of sample C1, (a) observed (points) and derived 

pattern (continuous line), (b) deference plot between observed and calculated patterns 

and (c) calculated pattern for each phase: (1) ə-(Cu,Ga)2(Ag,In), (2) ɔ-Cu9(In,Ga)4 (3) 

Ag9In4 and (4) Mo. 

Table 5. 4 Details of the crystal structure for the ə-(Cu,Ga)2(Ag,In) phase 

Parameter Value 

Formula In5.31Ag2.69Ga2.82Cu13.18 

Formula mass 1934 

Crystal system Cubic 

Space group ὊὨσά (No. 227) 

Goodness of fit (GOF) 1.19 

Lattice constant, a (ᴠ) 7.0900(2) 

Volume, V (ᴠ3) 356.40(2) 

Calculated density, rcalc (g/cm3) 9.01 

Temperature (K) 273 

ɚ (Cu KŬ) (nm) 0.154059 

Number of total reflections 12 

Number of lines 11 



 81 

Table 5. 5 Atomic coordinates and refined occupancy parameters for the ə-

(Cu,Ga)2(Ag,In) phase  

Atom Wyckoff letter  x y z Occupancy 

Cu 16d 0.5 0.5 0.5 0.824 

Ga 16d 0.5 0.5 0.5 0.176 

Ag 8a 0.125 0.125 0.125 0.336 

In 8a 0.125 0.125 0.125 0.664 

 

Figure 5. 6 Schematic representation of the structure of the ə-(Cu,Ga)2(Ag,In) 

phase. Shading in spheres represents the occupancy factor at atomic sites. 

Table 5. 6 Refined lattice constants (Å) obtained by Rietveld analysis for annealed 

precursors at 300ºC for 24h. Wt.% of Mo excluded from the analyses. 

Sample 
Crystal 

structure 
Lattice constant (Å) Wt% (esd) 

Mo Ὅάσά (229) 3.147 0.0 (0.0) 

ɔ-Cu9Ga4 ὖτσά (215) 8.766 1.8 (0.2) 

Ag9In4 ὖτσά (215) 9.837 24.5 (0.7) 

ə-(Cu,Ga)2(Ag,In) ὊὨσά (227) 7.090 73.7 (2.3) 
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5.3.4 Composition Range 

Formation of the ə-(Cu,Ga)2(Ag,In) phase was studied over the composition 

range suitable for ACIGS chalcogenide films used in photovoltaic application. In 

particular, this requires films with (Ag+Cu)/(Ga+In) å 0.8-0.9 [4] as in samples B1-B5 

and C1-C4 in Table 5. 1. Figure 5. 7 and Figure 5. 8 shows the XRD patterns of the 

annealed samples B1-B5 and C1-C4, respectively. Table 5. 7 summarizes the phase in 

each film.  

XRD analysis of the Cu-In-Ga precursor (sample B1) indicated formation of 

In, ɖ-Cu16(In,Ga)9 and ɔ-Cu9(In,Ga)4 phases (Figure 5. 7(a)). Refinement indicated 

that the lattice parameter of the ɔ phase increased to 8.85ᴠ which is attributed to ~30% 

solubility of In calculated from Vegardôs law. 

Incorporation of Ag into the metal precursor to Ag/(Ag+Cu) = 0.13 (sample 

B2), led to formation of (Ag,Cu)In2 and the ə-(Cu,Ga)2(Ag,In) phases in addition to 

In, ɖ-Cu16(In,Ga)9 and ɔ-Cu9(In,Ga)4 phases in the annealed sample (Figure 5. 7(b)). 

About 43% Cu solubility in the AgIn2 phase led to reduced d-spacing and therefore 

shifted the peak positions of this phase to higher values.  

As mentioned in section 1.1, in sample B3 with 0.25 Ag/(Ag+Cu), ə-

(Cu,Ga)2(Ag,In) phase appeared accompanied by In, (Ag,Cu)In2, ɔ-Cu9(In,Ga)4 

phases. Here, increasing the d-spacing of the ɔ and (Ag,Cu)In2 phases, indicated lower 

solubility of In and Cu atoms, respectively.  

With increasing Ag/(Ag+Cu) to 0.51 in sample B4, the intensity of the ə-

(Cu,Ga)2(Ag,In) phase decreased. Also higher Ag ratio led to the formation of ɕ-

Ag3In, AgIn2 and (Ag,Cu)9In4 intermetallic phases. The remaining Cu and Ga atoms 

formed the ɔ-Cu9(In,Ga)4 phase (Figure 5. 7(d)).  
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By increasing Ag/(Ag+Cu) to 0.77 (sample B5), the ə phase disappeared from 

the XRD pattern while the intensities of ɕ-Ag3In and AgIn2 phases increased. 

Remnants of the Cu and Ga were found in the ɔ-Cu9(In,Ga)4 and Cu3Ga phases 

(Figure 5. 7(e)). 

 

Figure 5. 7 XRD graph of heat-treated films with fixed Ga/(Ga+In) å 0.23 and (a) 

Ag/(Ag+Cu) å 0.00 (sample B1), (b) 0.13 (sample B2), (c) 0.25 (sample B3), (d) 0.51 

(sample B4), and (e) 0.77 (sample B5). Phases are indicated as; q: In, s: (Ag,Cu)In2, 

:̧ Cu10In7,  Î: ə-(Cu,Ga)2(Ag,In), p: ɖ-(Ag,Cu)16(In,Ga)9, r: ɕ-Ag3In, , ¹: ɔ-

Cu9(In,Ga)4, Þ: (Ag,Cu)9In4, Ã: Cu3Ga. Mo peak is shown by the dashed line. See 

Table 5. 1 for compositions. 
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Figure 5. 8 displays the XRD patterns of the heat-treated films with fixed 

Ag/(Ag+Cu) å 0.30 and Ga/(Ga+In) å 0.00 ï 0.27.  In the XRD pattern of sample C1 

with 0.00 Ga ratio, only (Ag,Cu)In2 and Cu10In7 phases were identified with <100> 

and <010> preferred orientation, respectively (Figure 5. 8(a)). Near 40% solubility of 

Cu atoms into the AgIn2 phase, shifted the peaks to higher 2ɗ.  

 

Figure 5. 8 XRD graph of heat-treated films with fixed Ag/(Ag+Cu) å 0.30 and (a) 

Ga/(Ga+In) å  0.00 (sample C1), (b) 0.08 (sample C2), (c) 0.12 (sample C3), (d) 0.22 

(sample B3), and (e) 0.27 (sample C4).  Phases are indicated as; q: In, s: (Ag,Cu)In2, 

:̧ Cu10In7,  Î: ə-(Cu,Ga)2(Ag,In), p: ɖ-(Ag,Cu)16(In,Ga)9, r: ɕ-Ag3In, , ¹: ɔ-

Cu9(In,Ga)4, Þ: (Ag,Cu)9In4, Ã: Cu3Ga. Mo peak is shown by the dashed line. See 

Table 5. 1 for compositions. 
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By increasing Ga/(Ga+In) to 0.08 in sample C2, Cu10In7 phases disappeared 

and instead, metallic In, (Ag,Cu)In2, ɖ-(Ag,Cu)16(In,Ga)9, and the ə-(Cu,Ga)2(Ag,In) 

phase appeared.  

In sample C3 with 12% Ga/(Ga+In), the ɖ-(Ag,Cu)16(In,Ga)9 phase 

disappeared and peak positions of the (Ag,Cu)In2 phase shifted to lower 2ɗ indicating 

reduced Cu solubility. On the other hand, the intensity of the metallic In and ə-

(Cu,Ga)2(Ag,In) increased. With further increasing the Ga ratio to 22% (sample B3), 

the ɔ-(Ag,Cu)9(In,Ga)4 phase appeared on the shoulder of the ə phase at 2ɗ = 43.9Á 

while other phases remain. The intensity of the ɔ phase increased at Ga/III~0.27 

(sample C4) while the intensity of the ə phase dramatically reduced. 

In general, it is seen that the ə phase did not form in the Cu-Ga-In (sample B1) 

or Ag-Cu-In (sample C1) ternary films with Ga/(Ga+In) å 0.23 and Ag/(Ag+Cu) å 

0.30, respectively. However, by adding the fourth element (Ag or Ga) the ə phase 

appears.  In the fixed Ga ratio samples (B1-B5), the ə phase formed with Ag/(Ag+Cu) 

between 0.13 - 0.51. Its peak declines in intensity at Ag/(Ag+Cu) å 0.51 and 

disappears at 0.77.  

In the fixed Ag ratio samples (C1-C4), the ə phase starts to form with 

Ga/(Ga+In) å 0.08. Its peak intensity increases with increasing Ga/(Ga+In) up to 0.12. 

However, with increasing Ga/(Ga+In) to 0.27 the peak intensity declines dramatically. 

It is worth mentioning that the ə-(Cu,Ga)2(Ag,In) phase did not form in any as-

deposited samples.  
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Table 5. 7 Indexed XRD phases of the heat-treated films at 300ºC for 1 day. See 

Table 5. 1 for compositions. 

Sample Indexed XRD Phasesa) 

B1 In; ɖ-Cu16(In,Ga)9; ɔ-Cu9(In,Ga)4 

B2 In; (Ag,Cu)In2; ɔ-Cu9(In,Ga)4; ə-(Cu,Ga)2(Ag,In); ɖ-(Ag,Cu)16(In,Ga)9; 

B3 In; (Ag,Cu)In2; ɔ-Cu9(In,Ga)4; ə-(Cu,Ga)2(Ag,In); 

B4 In; (Ag,Cu)In2; ɔ-Cu9(In,Ga)4; ə-(Cu,Ga)2(Ag,In); ɕ-Ag3In; (Ag,Cu)9In4 

B5 In; (Ag,Cu)In2; ɔ-Cu9(In,Ga)4; ɕ-Ag3In; Cu3Ga 

C1 (Ag,Cu)In2; Cu10In7 

C2 In; (Ag,Cu)In2; ə-(Cu,Ga)2(Ag,In); ɖ-(Ag,Cu)16(In,Ga)9; 

C3 In; (Ag,Cu)In2; ə-(Cu,Ga)2(Ag,In);  

C4 In; (Ag,Cu)In2; ɔ-Cu9(In,Ga)4; ə-(Cu,Ga)2(Ag,In); 

a) underlines show the prominent element in the parenthesis 

 

 

Figure 5. 9 compares the lattice constants of the ə-(Cu,Ga)2(Ag,In) phase in 

these samples. In each figure, the lattice constant of the sample A1 is also shown as a 

reference. In both set of samples, the lattice constants are higher than in sample A1. In 

the fixed Ga ratio samples (Figure 5. 9(a)), the lattice parameter increases from 

7.095Å to 7.097Å with increasing Ag ratio from 0.13 to 0.51. The lattice constant 

varies with varying Ga ratio as well. It is seen in Figure 5. 9(b) that with increasing Ga 

ratio from 0.08 to 0.27, the a value decreases from 7.108Å to 7.096Å. Lack of 

information on the ə-phase composition in each sample makes the conclusion about 

lattice change with composition uncertain. This is due to the formation of multiple 

crystalline phases with a high range of solid solubility. However, the results suggest 

the existence of a range of solid solubility in the ə-phase particularly, which requires 

further analysis.  



 87 

 

Figure 5. 9 Variation of the ə-(Cu,Ga)2(Ag,In) lattice parameter with varying (a) 

Ag/(Ag+Cu) in samples B2-B4 and, (b) Ga/(Ga+In) in samples C2-C4 and B3. Results 

also compared with the group-I rich A1 sample. 

5.4 Conclusion 

In this chapter, a new quaternary Laves phase in thin films of Ag-Cu-In-Ga 

was identified. EDS analysis on a partially selenized sample indicated that the phase 

corresponds to (Cu1-xGax)2(AgyIn1-y) (x å 0.2, y å 0.3). Its structure was studied by 

Rietveld refinement on a thin film sample with a composition close to the pure phase. 

It is found that the new phase has a Cu2Mg-type crystal structure, space group of 

ὊὨσά and lattice parameter of 7.090ᴠ. Also, the formation of this phase in the 

composition range suitable for photovoltaic application was studied. The ə-

(Cu,Ga)2(Ag,In) phase forms in the quaternary system and shows a solid solubility 

range. 
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REACTION PATHWAY ANALYSIS OF A g-ALLOYED C u(In,Ga)Se2  

ABSORBER MATERIALS   

Abstract ð  In this chapter, we study reaction pathways to formation of 

ACIGS using ex-situ time-progressive experiments which help to develop an advanced 

precursor reaction process with a controlled composition profile. Ag-Cu-In-Ga 

precursors with Ag/(Ag+Cu) å 0.0, 0.25, 0.75, and 1.0 and Ga/(Ga+In) å 0.25 were 

reacted at 450°C using heating lamp in a tubular reactor charged with 5% H2Se/Ar. 

The reaction time was varied from 2ï45 min. Composition and structure were 

characterized by EDS, XRF, XRD, GIXRD and Raman spectroscopy. Reaction 

pathway analyses for Ag/(Ag+Cu) = 0.0 indicated that the reaction was completed 

after 20 min when the stable intermetallic phase ɔ-Cu9(In,Ga)4 was consumed. Similar 

analyses for low Ag/(Ag+Cu) å 25%, indicated that multi stable intermetallic phases 

were formed during the reaction including ə-(Cu,Ga)2(Ag,In), ɕ-(Ag,Cu)3(In,Ga) and 

ɔ-Cu9(In,Ga)4; however, the reaction was complete after 10 min. By increasing the Ag 

ratio to 100%, the initial formation of the chalcopyrite phase was delayed. The 

reaction was completed with formation of Ag(In,Ga)Se2 and AgIn5Se8 within 20 min. 

XRD analysis showed that Ag tends to stay in the stable ɕ-(Ag,Cu)3(In,Ga) phase 

during the reaction at higher Ag/(Ag+Cu) å 75% and 100% and this causes the longer 

reaction time and spatial non-uniformity. We also show the Ga accumulated in 

AgGaSe2 and Ga-Se phases at the back-side of all films regardless of the amount of 

Chapter 6 
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Ag-alloying, similar to films without Ag. However, with increasing amount of Ag in 

the films, the amount of Ga measured in the top 0.5 ɛm of the films was increased. 

6.1 Introduction  

Silver alloying of Cu(In,Ga)Se2 (CIGS) to (Ag,Cu)(In,Ga)Se2 (ACIGS) has 

been investigated due to the lower the melting temperature and widen the bandgap of 

Ag-alloys. Co-evaporated films have shown reduced defect densities [130], increased 

grain size [71] and enhanced device performance [72] up to 19.9% efficiency [75]. 

Also, Ag(In1-xGax)Se2 (AIGS) has been studied as a promising material for nonlinear 

and near IR optical devices and spin-polarized electron sources [131ï135]. This wide-

bandgap chalcopyrite material with high Ga content can potentially be used as the top 

cell in tandem solar cells. 

As mentioned in section 1.5 of Chapter 1, knowledge of the growth process 

during the absorber formation is essential to develop a high quality absorber material 

and therefore high performance solar cells. Reaction chemistry of the formation of 

ternary and quaternary chalcopyrites from metal precursors has been studied by 

different groups using time-progressive reactions [13,32,47] or in-situ analysis 

[15,33,48,49]. Verma et al.[32] and Orbey et al.[47] studied the chemical formation of 

CuInSe2 using time-progressive reactions of Cu-In precursors with H2Se at 250°C, 

325°C and 400°C in a tubular reactor. Brummer et al. [33] and Hergert et al. [15] 

performed in-situ x-ray diffraction analysis during annealing of Se-capped Cu-In 

precursors with Se excess in a temperature range from 25 to 550°C. Similar studies 

also have been done using in-situ energy dispersive XRD (EDXRD) [48,49] (for more 

information see Chapter 1, section 1.5).  
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In previous chapters, we studied the effect of Ag-alloying on the precursor 

structure using co-sputtered or stacked layer deposition. Here, the primary goal was to 

determine reaction pathways during the formation of ACIGS using ex-situ time-

progressive experiments and analyses to have a better understanding of the reaction 

leading to development of an advanced precursor reaction process with a controlled 

composition profile. Samples were reacted using rapid thermal processing (RTP) 

which allows precursors to quickly reach the desired reaction temperature following a 

rapid quench time. 

6.2 Experimental Procedures 

Ag-Cu-Ga-In metal precursors were deposited onto Mo/soda-lime glass (SLG) 

substrates by dc magnetron sputtering at room temperature using Cu0.77Ga0.23, 

Ag0.77Ga0.23, and In targets. Samples were deposited with Mo/Cu-Ga/In/Ag-Ga stacked 

layers, as described in Section 3.2. Sputtering parameters were determined to give 

Ag/(Ag+Cu) å 0.0, 0.25, 0.75 and 1.0 and (Ag+Cu)/(Ga+In) å 0.90 with an average 

thickness å 500 nm. Selenization was done using rapid thermal processing (RTP) at 

atmospheric pressure in a tubular quartz reactor (Figure 2. 2 and Figure 6. 1). For each 

run, a precursor was first loaded into the reactor, and then the reactor was charged 

with 5% H2Se in Ar. The H2Se concentration is chose based on the model presented in 

[136] to fully selenize the film. The reaction temperature was 450°C and the reaction 

time varied from 2 ï 45 min. The temperature ramp time was set to ~ 1 sec. At the end 

of reaction, the lamp was turned off and taken away from the sample and Ar was 

flown into the tube. The cool-down time of the sample surface temperature was ~ 30 

sec to 250°C. Temperature was predicted and controlled using a pyrometer and heat 

transfer models [79]. 
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Sample composition was measured by XRF and EDS. The XRF measurements 

sampled the entire film. EDS, however, with excitation voltage 20 keV gives a 

composition value weighted toward the top 0.3 ï 0.5 ɛm of the film. Cross-section 

EDS mapping was performed with 10 keV electrons to decrease the interaction 

volume. The crystal structures of the films were evaluated using XRD and GIXRD 

with Cu KŬ radiation. XRD patterns were analyzed using the ICDD database [80] and 

Rietveld refinements were performed by JADE software (Materials Data, Inc. (MDI) 

JADE 2010). Raman spectra were measured at room temperature with laser 

illumination at 532 nm. Laser power was set at the lowest available level (0.1 mW) to 

prevent peak shifting from local heating. The phases and composition variations at the 

chalcopyrite/Mo interface were studied by delamination of reacted films from 

Mo/SLG substrate. For more information on the reaction and characterization 

techniques see Section 2.2 and 2.3 in Chapter 2. 

 

Figure 6. 1 Schematic of the reaction process. Rapid thermal processing (RTP) was 

used to quickly reach the desired reaction temperature. 
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6.3 Results and Discussion 

6.3.1 Ag/(Ag+Cu) = 0.0 / Cu(In,Ga)Se2 

In order to compare the reaction analysis before and after Ag-alloying, reaction 

pathways during formation of Cu(In,Ga)Se2 was initially investigated by ex-situ time 

progressive experiments. Figure 6. 2 demonstrates the SEM plan-view images of the 

films reacted at different reaction times. SEM images of the as-deposited precursor 

and the 2 min reacted film are mostly similar, and display formation of In 

agglomerates on the surface. However, the morphology of the films significantly 

changed after 2.5 min.  

 

Figure 6. 2 Plan-view SEM images of the reacted Ag/(Ag+Cu) = 0.0 films for 

different reaction times. Scales bars represent 25ɛm. 
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XRD analysis of each sample is shown in Figure 6. 3. As-deposited precursor 

contains In and Cu16(In,Ga)9 phases. After 2 min reaction InSe, (In,Ga)4Se3 and ɔ-

Cu9(In,Ga)4 phases were identified in the XRD pattern accompanied with In and 

Cu16(In,Ga)9 phases. A hump at 2ɗ å 27
° can be related either to Cu-Se or CuInSe2 

(CIS) phases. With increasing the reaction time to 3.5 min, an intense (112) peak of 

CuInSe2 phase appeared at 2ɗ å 26.7
°while the In and Cu16(In,Ga)9 intermetallic 

phases were disappeared. With increasing the reaction time and further reaction of In 

atoms, its solubility decreases in the ɔ-Cu9(In,Ga)4, therefore (114) peak (2ɗ å 43.3
°) 

shifts to higher values and gets convoluted with the chalcopyrite (220/204) peaks at 2ɗ 

å 44.3°. Between 15 to 20 min reaction time, ɔ-Cu9(In,Ga)4 reacts and form CuGaSe2 

(CGS) which is detected after 20 min on the right side of the CuInSe2 (112) peak. On 

the other hand, InSe phase is seen in the XRD patterns up to 15 min. With formation 

of CGS at 20 min, InSe phase was disappeared and only chalcogenide phases were 

detected. There were no significant changes in the XRD patterns between 20-45 min 

except peaks sharpening after 45 min, indicating crystallinity improvement of the 

chalcogenide phases. There is a broad peak on the left side of the CuInSe2 (112) peak 

in films reacted for 3.5-20 min. It is attributed to formation of Cu2-xSe phase with 

orthorhombic crystal structure. Raman scattering analysis indicated formation of Cu2-

xSe phase on the surface of films reacted for 10-20 min. Figure 6. 4 shows formation 

of this phase on the surface of 20 min reacted film detected by Raman analysis. This 

phase was formed between 3-7 min reaction and vanished at 45 min. Based on XRD 

analysis, the other possible phase is Cu3In5Se9 or the so-called ñordered defect 

compound, (ODC)ò. It also has orthorhombic crystal structure with Pmm2 space 

group.  
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Figure 6. 3 XRD patterns of as-deposited and reacted Ag/(Ag+Cu) = 0.0 films for 

different reaction times. Phases are indicated as; ß: In, ƺ: ɔ-Cu9(In,Ga)4, Þ: 

Cu16(In,Ga)9, r: Cu2-xSe / Cu-In-Se (ODC), s; InSe, Ã: In4Se3,: s: CuGaSe2, and 

q: CuInSe2. The strong Mo peak is indicated by the dashed line. 
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Figure 6. 4 Raman spectrum of a spot on the surface of the Ag/(Ag+Cu) å 0.0 film 

selenized at 450°C for 20 min. The Raman modes of the CIS [137ï139] and Cu2-xSe 

[137] phases are shown. The Raman spot is shown in the inset optical microscope 

image. 

Se/M ſ Se/(Ag+Cu+Ga+In) and Ga/(Ga+In) profiles measured by XRF and 

EDS analyses are shown in Figure 6. 5. The XRF measurements sampled the entire 

film and measured the total amount of Se in the film. EDS, however, with excitation 

voltage 20 keV gives a composition value weighted toward the top 0.3 ï 0.5 ɛm of the 

film; hence it can show the Ga gradient in the film. 
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Figure 6. 5 Se/Metals and Ga/(Ga+In) ratios of the reacted Ag/(Ag+Cu) = 0.0 films 

versus reaction time. Se uptake was measured by EDS and XRF while Ga grading was 

measured with EDS. 

Based on EDS analysis, Se reaches its stoichiometric amount on the top 0.5 ɛm 

of the film after 3.5 min reaction; while the entire Se/M profile measured by XRF 

indicated 0.49 for the same sample. XRF data indicated a gradual increase in Se to 

0.80 after 20 min reaction. Ga grading analysis using EDS indicated that the Ga 

concentration near the surface of the films was gradually depleted by increasing the 

reaction time and reaches 0 after 20 min. These results together with XRD data 

indicate that the CuInSe2 phase was initially formed on the surface of the film after 3.5 

min; while the Ga remained in the stable ɔ-Cu9(In,Ga)4 phase. Then it reacts into 

CuGaSe2 phase at the back of the sample between ~15-25 min reaction time. Figure 6. 

6 summarizes the reaction pathways of formation of the Cu(In,Ga)Se2 absorber. 

Similar reaction pathways at 450°C was reported in literature [13]. Presence of Cu9Ga4 

intermetallic compound near the interface of Mo/CIGS was reported. Hanket et al. 
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[13] assumed that Ga accumulation at the back side of the films may be attributed to 

the slow reaction of the Cu9Ga4 phase. They also reported the presence of 

Cu9(In0.64Ga0.36)4 and Cu3Ga phases in the precursor.  

 

Figure 6. 6 Reaction pathway analysis of formation of chalcopyrite phase with 

Ag/(Ag+Cu) = 0.0 at 450°C. Intermetallic and selenide phases were differentiated by 

blue and yellow colors, respectively. 

6.3.2 Ag/(Ag+Cu) å 0.25 

Similar to the previous section, ex-situ characterization of time-progressive 

reactions was performed on precursors with Ag/(Ag+Cu) å 0.25. Plan-view (Figure 6. 

7) and cross-sectional (Figure 6. 8) SEM images of the reacted films show 

morphology evolution during formation of the chalcopyrite phase. A plan-view 

(Figure 6. 7(a)) and cross-section (Figure 6. 8(a)) SEM image of the as-deposited 
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metal precursor shows agglomerated nodules due to complex growth of In, discussed 

in details in Chapter 3. 

As seen in the plan-view images, surface morphology of the samples reacted 

for 5 to 45 min are similar (Figure 6. 7(c-f)). The bumpy morphology seen at Figure 6. 

7(d-f) can be attributed to slow reaction of Ga-rich stable intermetallic phases, which 

eventually form voids at the substrate/film interface as evident in cross-sectional 

images, Figure 6. 8(d-f). Localized unreacted intermetallic grains separated from a 

thin selenide layer on top are seen in Figure 6. 8(b). Cross sectional images show 

increasing thickness of the selenized layer with reaction time, reaching ~2 µm after 

reacting for 45 min, Figure 6. 8(c-f). 

Table 6. 1 summarizes the Ga/(Ga+In) and Se/M ḳ Se/(Ag+Cu+Ga+In) molar 

ratios measured by EDS and XRF versus reaction time. Measured values are plotted in 

Figure 6. 9. Front-side EDS results show Ga grading occurs in the first 10 minutes. 

Based on EDS analysis, Se/M reaches ~1.02 after 45 min; however, the bulk Se/M 

profile measured by XRF analysis indicated a gradual increase to ~0.93 by 10 minutes. 

The difference between EDS and XRF in Se/M for 5-10 min indicates the depth of 

fully reacted material moving through the film. 
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Figure 6. 7 Plan-view SEM images of the (a) as-deposited and reacted 

Ag/(Ag+Cu) å 0.25 films for (b) 3.5 min, (c) 5 min, (d) 10 min, (e) 20 min and (f) 45 

min different reaction times. Scale bars correspond to 10 µm. 

 

Figure 6. 8 Cross-sectional SEM images of the (a) as-deposited and reacted 

Ag/(Ag+Cu) å 0.25 films for (b) 3.5 min, (c) 5 min, (d) 10 min, (e) 20 min and (f) 45 

min different reaction times. Scale bars correspond to 1 µm. 
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Table 6. 1 Ga/(Ga+In) and Se/Metals molar ratios measured by EDS and XRF 

versus reaction time for the as-deposited and reacted Ag/(Ag+Cu) å 0.25 films 

Reaction time 

(min) 

EDS XRF 

Ga/ 

(Ga+In) 

Se/ 

Metals 

Ga/ 

(Ga+In) 

Se/ 

Metals 

0 (as-dep.) 0.18 0.00 0.22 0.00 

2 0.17 0.06 0.21 0.03 

3.5 0.13 0.59 0.21 0.25 

5 0.09 1.02 0.21 0.64 

10 0.05 1.06 0.21 0.93 

45 0.05 1.03 0.21 1.06 

 

 

 

Figure 6. 9 Ga/(Ga+In) and Se/Metals profile versus reaction time measured by 

EDS and XRF for as-deposited and reacted Ag/(Ag+Cu) å 0.25 films. 
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Symmetric XRD scans of the as-deposited precursor and reacted films are 

shown in Figure 6. 10. These results show that the as-deposited precursor contains 

(Ag,Cu)In2 (PDF# 65-1552), In (PDF# 5-0642), Cu3Ga (PDF# 44-1117) and ɔ-

Cu9(In,Ga)4 (PDF# 2-1253) phases. XRD analysis of the films annealed and selenized 

for 2 min are similar, notably that no crystalline selenide phases are detected (Figure 

6. 11). Raman spectroscopy, however, can provide phase information and is more 

sensitive to the top surface region. The Raman spectrum shown in Figure 6. 12(a) 

shows amorphous In-Se phases on the surface of the film after 2 min reaction. The 

broad band spreading from the lowest frequency to about 240 cm-1 is a common 

feature of Raman spectra of amorphous In-Se films [140]. Raman modes related to ɔ-

(In,Ga)2Se3 [140], InSe [141] and (In,Ga)4Se3 [142] phases are shown in Figure 6. 

12(a). XRD phase analysis of the 2 min annealed/selenized films indicated existence 

of In, (Ag,Cu)In2, ɕ-Ag3(In,Ga) (PDF#15-163) and ɔ-Cu9(In,Ga)4 phases, while peaks 

at 2ɗ = 21.6, 35.7, 42.1, and 44.1Á (indicated by a star in Figure 6. 10 and Figure 6. 11) 

were matched with the new Laves phase ə-(Cu,Ga)2(Ag,In) [87], discussed in Chapter 

5. This phase formed while the as-deposited Cu3Ga phase dissipated.  
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Figure 6. 10 X-ray diffraction patterns (square-root scale) of the (a) as-deposited and 

selenized Ag/(Ag+Cu) å 0.25 films at 450°C for 2-45 min reaction time. Phases are 

indicated as; q: In, s: (Ag,Cu)In2, ǒ: Cu3Ga, ƺ: ɔ-Cu9(In,Ga)4, Þ: ɕ-Ag3(In,Ga), Î: 

ə-(Cu,Ga)2(Ag,In), ǅ: ɔ-Ag9(In,Ga)4, Ø: Ŭ-(Ag)Ga, r: InSe, Ã: In4Se3, /: CuGaSe2, 

5: CuInSe2/CuIn3Se5 and p: (Ag,Cu)(In,Ga)Se2. The strong Mo peak is indicated by 

the dashed line. 
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Figure 6. 11 X-ray diffraction patterns (square-root scale) of the (a) Ar annealed and 

selenized Ag/(Ag+Cu) å 0.25 films at 450°C for 2 min. Phases are indicated as; q: In, 

s: (Ag,Cu)In2, ƺ: ɔ-Cu9(In,Ga)4, Þ: ɕ-Ag3(In,Ga) andÎ: ə-(Cu,Ga)2(Ag,In). The Mo 

peak is indicated by the dashed line. 

  

Figure 6. 12 (a) Raman scattering spectrum from the near surface region of the film 

reacted at 450°C for 2 min showing formation of amorphous In-Se phases on the 

surface. (b) Raman spectra of films reacted for 2-45 min. Raman modes were 

indicated as; ǒ: ɔ-(In,Ga)2Se, q: InSe and s: (In,Ga)4Se3,Î: chalcopyrite A1 mode. 

Raman modes of reacted films for 2 and 3.5 min were similar so it isnôt shown in 

figure (b). 
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After increasing the reaction time to 3.5 min, crystalline InSe (PDF# 01-073-

0609) and In4Se3 (PDF# 01-071-0521) were evident in the XRD analysis (Figure 6. 

10). The broad peak centered at 2ɗ = 26.7Á is attributed to formation of either CuInSe2 

(PDF# 40-1487) or the CuIn3Se5 (PDF# 51-1221) ordered defect compound (ODC) 

since their diffraction patterns are similar. However, the CuInSe2 phase was not 

identified in the cross-sectional EDS analysis (Figure 6. 13), but a Cu-poor 

chalcogenide phase was detected on the surface. Figure 6. 12 shows the Raman 

analysis from the near surface of the reacted films. The spectrum of the 3.5 min 

reacted sample is similar to that for the 2 min reacted film. However, the overlaps 

between A1 Raman mode of the CuInSe2 (174-176 cm-1[138,139]) and CuIn3Se5 (154 

cm-1[143]) with the In-Se modes rendered the Raman phase identification challenging. 

On the other hand, the XRD intensity of intermetallic phases, particularly In, 

(Ag,Cu)In2, and ɕ-Ag3(In,Ga) phases were decreased. Also a peak at 2ɗ = 38.6Á 

appeared and was attributed to ɔ-Ag9(In,Ga)4 (PDF# 31-564). Interestingly, Figure 6. 

13 also shows the formation of the ə-(Cu,Ga)2(Ag,In) intermetallic phase under a thin 

selenide layer. 



 105 

 

Figure 6. 13 SEM cross-section and spot-EDS analysis of the 3.5 min reacted film 

with Ag/(Ag+Cu) å 0.25. 

The Raman scattering spectrum from the near surface region of the film 

reacted for 5 min is consistent with formation of the chalcopyrite phase (Figure 6. 

12(b)). The position of the (112) reflection also shifted to lower 2ɗ, Figure 6. 14(a), 

while its intensity increased. This is accompanied by the disappearance of In and 

(Ag,Cu)In2 phases and decreasing intensity of the ə-(Cu,Ga)2(Ag,In) phase, while the 

intensity of the ɔ-Ag9(In,Ga)4 phase increased (Figure 6. 10 and Figure 6. 14(b)). The 

XRD (002) peak of ɕ-Ag3(In,Ga) (at 2ɗ = 37.84Á) also shifted to lower 2ɗ (Figure 6. 

14(b)). Figure 6. 15(a) compares the refined lattice constants of ɕ-Ag3(In,Ga) phase 

over the reaction time. It is seen that the 2 and 3.5 min reacted films have similar 

lattice constants. Increasing the reaction time to 5 and 7 min, however, results in a 

decrease in the value of a and increase in c. This is in good agreement with measured 

lattice parameter values for ɕ-Ag3In versus Ag at.% [144], Figure 6. 15(b). A wide 
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homogeneity range of the ɕ-Ag3In phase is shown in the Ag-In phase diagram (Figure 

6. 16). As a result, it is possible that by increasing the reaction time, In reacted to form 

InSe and chalcogenide phase while the ɕ-Ag3(In,Ga) phase was depleted. On the other 

hand, substitution of Ag/In with smaller Cu/Ga or residual stress in the film may have 

caused the shift.   

  

Figure 6. 14 (a) XRD (112) peak (linear-scale) of the chalcogenide phase and (b) 

XRD peak positions of ɕ-(Ag,Cu)3(In,Ga) over reaction time for Ag/(Ag+Cu) å 0.25 

films (left). Phases are indicated as; q: In, s: (Ag,Cu)In2, Þ: ɕ-Ag3(In,Ga), ǅ: ɔ-

Ag9(In,Ga)4, andÎ: ə-(Cu,Ga)2(Ag,In). The Mo peak is indicated by the dashed line. 
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Figure 6. 15 (a) Refined lattice constants of ɕ-Ag3(In,Ga) versus reaction time, and 

(b) ɕ-Ag3In lattice constant measured by King et al.[144]. 

 

Figure 6. 16 Ag-In phase diagram [145]. High-temperature ɕ-Ag3In phase is 

indicated by a marker. 

The XRD pattern of the film reacted for 7 min is similar to that of the one 

reacted for 5 minutes, (Figure 6. 10). The intensity of the chalcogenide phase, 
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however, increased (Figure 6. 14(a)). The results of SEM/EDS cross-sectional analysis 

of the 7 min reacted film (Figure 6. 17) show localized intermetallic compounds that 

are fully separated from the top chalcogenide layer. EDS mapping further shows two 

different grains with compositions corresponding with ɔ-Ag9(In,Ga)4 /ɕ-Ag3(In,Ga) 

and ə-(Cu,Ga)2(Ag,In).  

 

Figure 6. 17 Cross-sectional SEM/EDS elemental maps of the Ag/(Ag+Cu) å 0.25 

sample selenized for 7 min. Solid and dashed arrows indicate unreacted grains with ɔ-

Ag9(In,Ga)4 /ɕ-Ag3(In,Ga) and ə-(Cu,Ga)2(Ag,In) phases, respectively. 

XRD analysis of the sample selenized for 10 min (Figure 6. 10) shows almost 

no sign of intermetallic phase formation. The cross-sectional EDS analysis in Figure 6. 

18, however, reveals the existence of localized Ŭ-(Ag) and Cu9Ga4 residues at the back 
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