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ABSTRACT

Silver alloying of Cu(InGa)Se (CIGS)to form (AgCu)(In,Ga)Se (ACIGS)
has been investigated for thin film photovoltaieeevious research has found that
introducing silver into the CIGS lattice during-ewaporation resulted in improved
Voc and diminished defect concentration, attributed to the lower melting qicimé
alloy. Also, Ag alloying gave significant improvement in tbemation of ACIGS
with the hydride gaseaction of metal precursors includialgering the morphology of
the metal precursorenhancing adhesion to enable a wider process wiaholw
improved device performanc&he main goal of this research is to understhed
effects of Agalloying on the morphology and structure of-lduGa metal precursors
and their reaction in #$e to form ACIGSThis will lead to development of an
advanced precursoeaction process with a controlled composition prafild provide
the fundamental basis for scalp of this technology

In this projectAg-Cu-In-Ga precursor films were sputter deposited from
Ago.7/Ga.23 Cw.77:Gan.23 and In targets using differelatyer 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@&g layer followed by a layer with
co-sputtered CiGa and InThese precursor layers are shown to be urstabth a
phase evolution durg storage at room temperature or low temperature (20p0
annealing andbrmation ofa previously unknowrfAg1.xCuy)In2 phasewith Cu
content of~30%. All precursor gave similar phase composition after annealing at

300°C andcontained intermetallic phases including Bg(Cu)lre, Agsin, o-
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Cuw(In,Ga)s anda new, previously unidentifieldavestype phaseThis quaternary
phase corresponds to (G&a)2(Agyln1y) wi t handy & @®.. 23 .2Md-t has
type crystal structure ith space group 6O'@d and lattice parameter of 7.080
Reactionpathwaydo formation of ACIGSwvere determinedsingexsitutime-
progressive experiments to help develop an advanced precursor reaction process with
a controlled composition profile. AGu-In-Ga precursors with Ag/(Cu+Ag) 0.0,
0.25,0.75, and 10 and Ga/(Ga+InF 0.25 were reacted at 450°C using rapid thermal
processing (RTP) in a tubular reactor charged with 5%effAr. The reaction time
was varied from 245 min.
XRD analysisof films with Ag/(Ag+Cu) = 0.0indicatedthatthe CulnSe
phase initially formed after 3.5 miBut, slow reaction o& stablea-Cuy(In,Gau phase
slowed down theompletereactionto more than 20 mirHowever addition of 25%
Ag into the CIGS film accelerated the reactideDS/XRF results showed that the
completeSeuptake(S€(Ag+Cu+Ga+ln) occurred irthe first 10 mirand XRD
analysisindicated that the reaction completed within 10 rBEDSXRF analyses of
samples withAg/(Ag+Cu) = 0.75showed thaSe uptakeeached 0.9vithin 10
minutes;however SEM/EDS analysesieasured fronthe Mo-side of the film after 20
min revealed unreacte&-In remnants. B increasing the Ag ratio to 1.8¢ uptake
wasdelayed up to 20 minutehie to slow reaction &f t a bAbz@n,Ga) phaseThe
reaction was completed with formation of AgGa)Se and Ag(n,Ga)ySe; phases.
Finally, we show the Ga accurated in AgGaSgand GaSe phases at the
backside of all films However, the amount of Ga measured by EDS increased with
increasing Agconcentratiordue to lower melting temperature of the-Apyed

compoundso Ag can assist in controlling the througmfcomposition profile
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Chapter 1

INTRODUCTION

1.1 Thesis Statement

The formation of Cu(ln,Ga)S4dased thin films by a precursor reaction
process, in which precursor layer containing Cu, In, and Ga is reacted in a Se and/or
S atmosphere, is a promising approach for low cost@lufacturingpeing pursued
by several companies. The addition of Ag to@aln precursors for reaction to form
(Ag,Cu)(In,Ga)Sghasshown benefits including improved adhesion, greater process
tolerance and potentialfamproved device performance.

The primary objective of this project is to determine the effect ellaying
on the precursor structure arghction pathwag/during he formation of
(Ag,Cu)(In,Ga)Sgabsorber layes This will lead to development of an advanced
precursor reaction process with a controlled composition profilgarticular, the
mainfocusef this project are: (1) characterizing the properties ofthater
deposited AgCu-Galn metal precursorand(2) determining the reaction pathways
usingexsitu time-progressive experiments.

This chapter briefly introdusgAg-alloyed Cu(In,Ga)Sefor its application in
photovoltaics and then discesshe commonprocessing methodsf these alloysin
particular precursor reaction (selenization). Comprehensive literature review on
challenges of this process amldoreaction pathways during formation of

Cu(ln,Ga)Seare presented.



1.2 Motivation and Significance ofthe Research

Currently, the average annual rate of global energy consumption is about 18
terawatts (TW), and itds been predicted tc
many negative aspects of foskikl energy sources, such as rapid rise in atmospheric
CO; 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 aseneasingly importargource of
enegy [1,2].

Over the past decades, wafgrsolar cells have been rapidly developed.
Beside wafeiSi, various thin film solar cell technologies have been commercialized.
Among them, Cu(In,Ga)$asolarcells have shown to be promising candidates due to
their highest achieved efficiency 8% [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 scaj&st,5].
1.3 Introduction to Cu(In,Ga)Se:2

1.3.1 CulnSe2 Alloys

Several properties of Culnalloys m&e it a suitable material amonigil i
Vicompounds to be used in thin film solar
absorption coefficient (~2@m?) and straightforward bandgap engineering lead to
fabrication of high efficienthin film solar cellg[2,4]. The CulnSgabsorber layer can
be alloyed with Ga to any portion and forming Cu(In,Ga)Bewever, the highest
efficient cells are made from G&a+In)ratio of 0.20.3[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



tetragonal unit cell with a ratio afaclose to 2Figure 1.1(left). The singlephase
chalcopyrite region in the pseuttiary InSe-CuwSe phase diagram is relatively
narrow at room temperature and does not included the 25€86@position Also
ClS-alloy films used in the devices have polycrystalline structure with a typical grain
size of 1um; but its grain size is highly dependent on the processing cond#ipns
The typical structure of Cu(ln,Ga)Ssolar cells is
glass/Mo/Cu(In,Ga)SECdS/ZnO/Grid. A transmigsn electron microscopy (TEM)
micrograph of a&rosssectionof this structure is shown figure 1.1(right) [4]. The
most appropriate material for the back contact, uséeyh 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 Besatmospher®].

Substrate

Figure 1.1  The unit cell of chalcopyrite structufeght) andTEM crosssection
image of a typical CIGS solar céléft), reprinted froni4].

1.3.2 Processing Method
There are two maiapproaches to make the absorber layecofevaporation

of elements where a chalcogenide film is formed during deposition of all the elements



and (i) precursor reactior(selenizationyvhere a metal precursor is prepared in a first
step and then reactedth a Se and/or S containing atmosphere to form the
chalcogenide film in a second stp.

Foryearsthe 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 proceg6]; 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 increasetdgercentage points by the same
company to 22.3% using the reaction pro¢8ssProduction otip tol GW of
Cu(In,Ga)Sesolar modules per yeasing the precursor reaction process at high
conversion efficiency indicates the great potential of this method in PV application.
key advantage of the reaction process is the ability to utilize commercially compatible
techniques for the metal depositisuch as sputtering or electieposition processes
[4]. Therefore, A number of solar companies are targeting commercialization of

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

1.4 Precursor Reaction
Two basic approaches are used in the reaction method. The rmpaktrpo
approach, called 6SAS66 (sul furization afte
Solar Industries in 1991 and commercialized by Showa Shell Solar K.K. (now Solar
Frontier) in 200491 11]. SAS is a twestep reaction of the Cm-Ga metal precursor
at high temperature ind3e and ES reactant gasses, seqtially. Sulfur helps to
passive the surface and make a bettefjynction[12]. H,Se and S are utilized as a
highly reactive chalcogen sources to reduce Se and S consuegtpared to

processes with elemental Se or S. One of the disadvantages of this process8ethat H



is highly toxic and adds sonexpensdo the manufacturing. Furthermore the reaction
time could be more than an hd@r 11,13]

In the other approach, called reactive annealing;d®aining precursors are
reacted in an inert/#$ atmosphere using rapid thermadgessing (RTP). Here, the
process takes about 10 minutes to fully react the film due to more rapid synthesis
rates. Alspas precursors conta8e, it eliminates the need foe&e during reaction,

therefore reduce handling cost of the toxgSE[14i 17].

1.5 Precursor Deposition andRelevant 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 electdeposition and sputtering which are applicable for large area
depositia [4]. Table 1.1 summarizes various reports of precursors prepared by
sputtering from elemental or alloyed targétigiure 1.2 shows a plaiview scanning
electron microscopy (SEM) image of a-@uGa precursor deposited by sputtering of
350 alternating layers of In and §4ba.o. Agglomeration of the hmich nodules is a

common phenomenon even in the case edmatered filmg13,18]

Figure 1.2  Planview SEM image of Cun-Ga precursor, showingnch nodules
formed on a smooth GGa ba&ground, reprinted frorfiL8].



Knowledge of the initial precursor structuaed phase compositigurior to
selenization is important to determine teactionpathways of formation of the
chalcogyrite; however, there are some uncertainties in the identification of initial
precursor structures and its phase transitions at high tempejfa®23. In this
section, Ctin binary and Cun-Ga and AgCu-In ternary equilibrium phase diagrams

and reported phases will be discussed.

1.5.1 Cu-In

The thermodynamic phase diagram ofl@lhas been extensively studied.
Four intermediate phases have been reported for In content less than 33 at.% including
U-Cu, b-Cwln, U-Curins, anda-Cuelns. However, resolving the phase diagram in the
range of 3360 at.% In has been a challenge. In 1937, Weibke and Eg@déréound
an existence of a low temperatgfphase with Ctln formula at 46.753.5 at.% In.
They reportedh phase transition to high temperatqr@T)-CwzIn at 389C. Then,
Laves and Wallbaurj22] suggested a partially filled NiANi2In-type crystal
structure for the| phase with Cusln compositionin 1972, Jain et a[23] proposed a
group of five phases including three high temperature (€35thases dfi-CuwzIn , A-
Cuelng, A & uelng and two low tenperature phases BfandC at ~ 3338 at.% In.In
1989, Subramanian and Laughl##] presented a Gin phase diagram based on
assessment of different worksigure 1.3 (a))[21,23,25] Later, Bolavaget al.[26]
investigated the Gin diagram in the range of 3 at.% In They reported ontly
(LT)-Cweln, andd @ T)-Cwln phases in that region. In addition, a stable:[@ul
phase for higher In content was found. Using electron diffraction, ERamgén et al.
[27] suggested that tig  + redipd consists of a high temperature phasad low

temperature phas®&andC. These phases have NiAl.In-type structures and can be



describeds superstructures of the Luphasg27i 30]. An additional intermetallic
phase of Culy which has been deduced by Keppj#di, is a metastable phase and
does not exist in either G phase diagrams; h@ver, it has been reported in low
temperature deposited thin filr{is9].

Due to the uncertainties in the phase diagram and also similarities between the
indexed XRD patterns of the superstructy@sy, a variety of phases have been
reported for agleposited Cun precursors being used in CIGS productidheseare

summarized imable 1.1.

Table 1.1 Phases reported for-deposited precursors related in CIGS production

(Ag+Cuy Ga/
Precursor (Ga+In) (Ga+n) Phases Reference
Mo/Cu/In 0.9 - In, Cu1lng Verma et
al[32]
Mo/Cu/In 0.9 - Cu, Culn, Culn g:)t]ey etal.
Mo/Cu/In/Se 1.0 - Cu, Culn Brummer et
al.[33]
Mo/Cu/In/Se 0.9 - Culrg, Cuailng Hergert et
al.[15]
Mo/Cu/In 1.8,1.0,0.7 - Cu,Culn, Klopmann
et al.[19]
Mo/Cup.7Ga.dIn ~0.91.0 ~0.270.31 Cuwln, CwGa,
Cuuilng, In Park et al.
Mo/In/Cuo.7Gav 3 ~0.91.0  ~0.2%0.31 CulIn, CusGa [16]
Mo/Cu/In/Ga/Se 0.9 0.25 In, Cui(In,Ga)y Hle[rfse]rt et
al.
Mo/(Cu/CuG&/In)s 0.9 0.25 Cuielng, CwGas,  Purwins et
In al.[34]
Mo/Cuw.8:Ga.19/In 0.9 0.21 In, Culn, CuGa,
Hanket et
Cu, al.[13]
Cug(Ino.64Gan.36)4
Mo/(Cuo.7Ga.2dIn)ss0 0.8 0.19 In, CwGa, Culn, Kimet
Cug(Ino.edGan.ag)sa  al[18]
Mo/Ag/ ~0.9 ~0.20 Culn, Ag(In,Ga), Tauchi et
(Cw.77/Gan.291In)3s0 Cuy(In,Ga) al. [35]
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Figure 1.3  CuwIn equilibrium phase diagram reported by (a) Subramanian and
Laughlin[24] and (b) Bolcavagf6], reprinted fron{29].

1.5.2 Cu-Ga

The Cui Gasystemwasfirst studied by HumdRothery et alin 1934[36].
They studied the solidus and liquidus curveshoétCulsolid solution section. The
whole phasaliagram was later constructed by Weibke efdl]. Existence ofour o-
brasslike structurefo, 1,92adn d) indhe 29.542.6 at.% Ga regiowassuggested
by Betterton andHumeRothery[37]. Z e t -&acp)phase modified later by Kittl and
Massalski38]. These all were evaluated Bybramanian andaughlin[39] into a
Cu-Ga phase diagranrigure 1.4. The structure of theuGa phase wathenresolved
by Elboragy and Schubgr0] in 1972 withthe P4/mmmspacegroup Later,Zhang

et al.[41,42]found thatthis phase is a stoichiometric compound.
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1.5.3 Cu-Ga-In

To date, limited studies have been performetherquilibrium phase diagram

of CirGaln, 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 annegiat 350C for 2 minutes. They

indicated similar phases In, €lng and CyGas in the Ga{Ga+In)range of 0.20.3.

Using these experimental data, Kim ef{44{] calculated the phase diagram at 350

Table 1.1 summarizes some of the @GeIn initial precursor phasegported.



1.5.4 Ag-Cu-In
TheAg-In system was first studied by Weibke and Eg@#s$in 1935. They
reported three intermetallic phasesAasin, Agzlin and Aglr which undergoes mutti
phase transitions. Bahari et 6] confirmed the existence f  t hle at l0gkg
temperature intherange of 2830 at . %. Thi s phgdnsae transf or
200.9°C.Theg Astmphasewhi ch has a similar crystal st
Ga and AgGa phase diagramBPg§3mmq, shows a large solid solutigRigure 1.5)
[46].
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Figure 1.5  Ag-In phase diagram, redrawn from Bahari e{46).

The most comprehensive experimental investigatiotherAgCu-In system

has beemlsodone by Bahari et al46]. They found eight different phase regions

1C



(Figure 1.6) as: [(Ag) + (Cu) +HCwlIn)], [(Ag) + (bCwlin) + (UCwIn3)], [(Ag) +

(UCwin3) + (€AgzIn)], [(UCwINn3) + (8AgsIn) + (dCuln)], [(8AgsIn) + (dCuln) +

(AgzIn)], [(dCuln) + (AgeIn) + (Cuwalng)], [(Cuiilng) + (Ageln) + (Aginz)] and

[(Cuing) + (Agin)  + (I n) ] . Il tds worth mentioning t
Bolcavage Cun phase diagrant{gure 1.3(b)) and therefore did not consider the

group of five phasedq(A, A B, C) in the Culn phase diagram.

§§.ﬂ QE'\? _.s.'\' In
XS v v

Figure 1.6  Triangulation of theAg-Cu-In ternary system, redrawn form Bahari et
al. [46].
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1.6 Studies onthe ReactionPathways

Knowledge of thegrowth 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 beendied by different groups usiresitu time-progressive
reactiond13,32,47]or in-situ analysig15,33,48,49which will be described in th

section.

1.6.1 CulnSez

There are a number of studies on phase tiansiin Culn-Se system
[15,32,33,4749]. Verma et al[32] and Orbey et a[47] studied the chemical
formation of CulnSgusing Xray diffradion on timeprogressive reactions of €dn
precursors with bSe at 250C, 325°C and 400C in a tubular reactor. Brummer et al.
[33] performedn-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.Hergertetall5]per f or med similar studies as Brun
sourcein-situ X-ray analysis. The Scheer groj48,49]also reported the formatiaf
CulnSe usingin-situ Energy Dispersive XRD (EDXRD) and Raman spectroscopy
measurements.

In these experiments, by increasing the temperature, differetit Cu
intermetallic phases react with Se to form a series of binary selenide compounds.
Using Rieteld refinementKigure 1.7(a)), Hergert suggested a tvatep process for
the formation of the chalcopyrite phase. In the first step, Culio®as by reaction of

InSeand CuSe at the Se melting point (2€):
CuSe + InSe Y Cul@Se

12



The second step is a fast reaction of InSe and&®i(reaction B). Here, this

reaction starts by decomposition of CuSe inteSeuat 377C.

2InSe+CuxSe + Se % 2@BLul nSe

(a) f

e 7

100

_ 75
BIQ CulnSe,
o CuSe,
Q
B8 Culn, A
£ CuS

25

I In,Se
\ n48e3£ :E ﬁ 49€3  InSe : Cu, 4Se
0 T T L) T T T T T

2 3 4 5 5 7 8 9 10 11
time [min]

(b)
100

/ Cu(In,Ga)Se,
Cuy4(In,Ga)y B
75

T \ / E

3, A

= 50

i)

© Cuy4(In,Ga
o CuSe CuSe /11( )o
= 25 -

In,Se, CuGaSe,InSe

- T T T BN B—| T T T
2 3 4 5 6 7 8 9 10 11 12 13
time [min]

Figure 1.7  Time dependent chemical phase formatio(edfCulnSe and(b)

Cu(In,Ga)Seduring an RTP process, reprinted fr¢l®]. 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
[32,33,47 49], reaction (A) is not identifiedlable 1.2 shows the predicted reaction
pathways viaexsitu andin-situ experiments suggested by Veri2], Orbey[47] and
Brummer [33]. The difference between the pathway analyses could originate from
processig conditions; furthermoreexsitu analysis suffers from possible low
temperature phase transformations happening in the quenched samples at different

stages of the reaction procg38].

Table 1.2 Reaction chemistry to formation of CulnSem in-situ andexsitu
experiments

exsitu[32,47] in-situ[33]
Precursor: In, Culng Precursor: Cu, CubnSe (amorphous)
2 In +.58e Y In Cullk+ Cu 1¥ng Cu

In.Se + Se Y 2 1 nS[2Cuilng+ Se 4S&+ Cube+ CuSe +
CwpxSe

One of the following:
|InsSe+CuSe+ CuSe Y 24SesS
(2 Cul n +Se2+InSe Y
) 2InSe+CuxSe + Se ¥BR (
2Cwl n + 3 &e +IdSe2

2Cuine+ 20 SeS¥+9 1
In2Se)

2InNSe+CuSe + Se .{B)C

The Scheer groupt8,49]also reported the formation of CulnS&a reaction
(B); however, they described the chalcopyrite formation by consumptigiCafsing

during a dwell period at 55€ with a linear time law while the InSe pleaseaction

14



B) had vanished at 52C. Thed-Cuslng phase is formed through a transition between
Cuhilng to d-Curelng at 305°C. This is in good agreement with the work done by
Brummer et al[33] at similar temperature. But, in that studyCuielng was

decomposed before formation of InSe and.(Se&. Due to uncertainties in the
identification of Culn phases and its phase transitions at high temperatures, as
mentioned above, Orbey et pl7] supposed the presence of three different phases as

Culn, Culn or Cuailng in ther reactionpathway analysis.

1.6.2 Effect of Ga
The effect of Ga on theeaction pathwas/has been studied by Brumnjigg]
and Hergerfl15] usingin-situ XRD analysis. Ga was found to be contained in the
Cu(In,Ga) phase in the precursor-rdy analysis revealed that separateriGla and
Gapoor phases form during the reaction. Cubf®amed via (A) and (B) reactions
and CuGaSeformedfrom reaction of CeSe and GzBe; at 400°C via (D) (though the
reaction was natonfirmedduringin-situ X-ray analysis). In the next step, the
CulnSe and CuGaSschalcopyrites intediffuse and form Cu(In,Ga)geia (E)[15].
No evidence of formation of binary selenide phases with mixeshdl Ga were
detected15,33] Figure 1.7(b) shows the chemical pathway analysis of formation of
CIGS using Rietveld refinement wf-situ XRD measuremen{d 5].
1/2 CuySe + 1/2 GgSes Y CuGaSe (D)
3 CulnSe+ CuGaSeY 4 EiBhnSe (E)
Hanket et al[13] studied formation of Cu(ln,Ga)Sasingexsitutime
progressive analysisat480. They i ndi c aQuweaintgrmetallice n c e
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

15
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CuwGas phase. They also reported the presence efifGan.36)2and CyGaphases

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

1.7 Critical Problems in Precursor Reaction
Precursor reaction processes have encountered two critical proble@e: (
accumulation near the back of the filip€i 52] and (i) poor adhesion along with

void formation at the back interfaf#8,53 55].

1.7.1 Ga Accumulation

The first problem is the Ga accumulation at the back of the Cu(In,Ga}{(Se,S)
films [50i 52]. This decreases the bandgap in the depletion region of the absorber and
consequently lowers the open circuit voltdgec) [13]. As mentioned earlier, it has
been attributed to high stability of &Bbies intermetallicphases and preferential
reaction of In with Se and Ga with[£3].

The two step SAS process damprove the Ga distribution through the film. In
this process, precursors react isBle at 400450 C followed by reaction in b$ at
500-550°C to complete the reactigh3,56,57] A proven approach to control the Ga
gradient accumulated at the back contact during selenization is to only partially
selenize the GIn-Ga precursor before sutization at temperatures more than ~&D0
[58]. Figure 1.8 showsAuger dectron spectroscopy (AES) depth profile analysis of
Cu-Galn precursor films reacted in;8Be at 450C for 15 or 30 minutes then followed
by HS at 550C for 15 minuteg$57]. It is seen that Ga is accumulated to the back of
the film with a longer KSe reaction timeRigure 1.8(b)); however, the shorter the

H>Se reaction time, thess complete is the reaction in the first step. Therefore, Ga is

16



distributed throughout the film after the high temperatw® kaction, displayed in

Figure 1.8(a). In both cases, there is a S gradient near the film suage

60

—_—
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Figure 1.8  AES depth profiles of GGaIn films reacted in KSe at 450C for (a)
15 minor (b) 30 min and then reacted in$ifor 15 min at 550C, reprinted from
[57].
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A recent study by Kim et al12,1859] has shown that addition of an Ar
annealing step between the selenization and sulfurization enables good control over
the Ga distribution, increases the grain size, reduces the adhesion problem, and
enhances the cell performanégure 1.9(left) shows a schematic drawing of the
threestep HSe/Ar/H:S reaction with crossectional SEM images after each step.
First, CuGaIn metal precursors are selenized at 4Dfor 50 minutesKigure 1.
9(left) -1). The films are partially converted to chalcopyrite with fine microstructure.
AES analysisKigure 1.9(right) -1) after this step shows increased Cu and Ga
compositions near the Mo back contact due to th&&untermetallic. The second
step consists of an Ar anneal at 560for 20 minutes,asulting in significant
recrystallization and Ga homogenization. Recrystallizatfogufe 1.9(left) -2) is
attributed to an excess surface/interface energy withrttadl grain size and presence
of CwGa4 residual. Increasing temperature in the first step results in increasing the
grain size and lowering the amount ofsGa at the back; therefore, recrystallization
and Ga homogenization are not observed. Thst8psulfurization at 556C for 10
minutes provides sulfur incorporation; however, it appears that the films do not
undergo a significant change in the grain skagyre 1.9(left) -3) and Ga profile
(Figure 1.9(right) -3) [18].
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Figure 19  Schematic diagram of threstep reaction of Gin-Ga metal precursor
with crosssectional SEM images after each sfigft): (1) selenization, (2) Ar anneal
and (3) sulfurization, AES depth profilesrefacted filmsafter (right): (1) ¥ step, (2)
2" step, and (3)'$step, reprinted frorfiL8]. 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 adhaée#hen
interface of Mo/Cu(In,Ga)$¢18,53 55]. Thee are two proposed explanations for the
poor quality of the interface. One is the stress buidesulting from the volume
expansion due to conversion of-GaIn layers to Cu(In,Ga)SEb5]. This may also
cause tk formation of voids at the interface which are typically seen in selenized
films. Voids can also form because of slow reaction ef3auintermetallic phases at
the back of the filn§13,18] SEM images ifrigure 1.9 confirm the formation of the
voids even after the second and third steps.

The second proposed explanation for poor adhesion is formation obMoSe
with undesirable orientation at the Mo/Cu(In,Ga)Béerface. MoSgforms in a
hexagonal crystal structuf®3,60 63]. 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. Spadhesion of MoSss expected to be lower if it forms with the
c-axis perpendicular to the Mo surface and conversely for-thés parallel to the Mo
surface. It has been shown that thickness and orientation of the Mg&edepend on
the substrate temperature and also selenization atmosphere (pure Se or Setmixed wi
CuwIn-Ga)[54,61]) Some studies indicated formation of thin MpBger (~1030 nm)
with perpendiculac-axis at temperature lower than 580[62]. Thick MoSe layer
and also voids may cause series resistance at the back of the film and decrease the
device peformance[16].

Both problems (Ga accumulation and podhasion) are related to the process
conditions. In the tw«step procespl3,57], a large density of voids form at the

interface but this was decreased in the three step prid&3ss
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It has also been shown that precursor structure can affect both the void
formation and thickness tieMoSe layer in rapid thermal processifitg].
Precursors with different sequences of Cu, Ga, and In layers with a deposited Se layer
on top were reacted at 550 for 10 minutes in Ar atmephere. Films with a thick
MoSe layers formed without any voids from glass/Mo/In/CuGa/In precursor;
however, thinner MoSdayer plus voids formed at the interfdzye selenization of
glass/Mo/In/CuGa precursor. Aldooth of the samples had strong adhesion at the
interface. Based on the XRD analysis, thexis of the MoSglayers was parallel to
the Mo surface suggesting that the orientation and thickness ofMa%e more

impact on adhesion than the vo[d$§].

1.8 Ag Incorporation

The AgCuIn-Ga (ACIG) material system hascently shown promise for use
as a metal precursor for processing of wid@dgap thin film solar cel[85], in
addition to a possible candidate for |€fagk nontoxic solderf64]. Silver alloying of
Cu(ln,Ga)Seto form (Ag,Cu)(In,Ga)Se(ACIGS) has been investigated due to the
lower melting temperature and wider bandgap ofallgys[65i 68]. Figure 1.10
demonstrates the bandgaps and meltingtpafiternary Ag and Cuchalcopyrites
[69]. Widening the bandgap of the system by Ag alloying can improve the open circuit
voltage (Wbc) and subsequently loweiR losses. In addition, when the reaction
temperatures closer to the melting point of the alloy, the atomic mobility may be
higher resulting in films with reduced density of structural def@€kand enhanced
grain sizg68,71]. Consequently, wide band gap ACIGS degienade by the eo

evaporation method exhibit better overall performance compared to CIGS devices
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[72i 74]. Recently, a 19.9% efficient ACIGS thin film solar cell withdE 732 mV,
processed by a threstage ceevaporation process, was repotfés].

The formation of ACIGS films by the reaction of AQ+Ga-In precursors in
H>Se/HS has been reported previou3$%]. It was found that Agncorpoiation to the
Cu-Galn metal precursor altered the structure and morphology of the films. Addition
of a 5 or 32 nm thick Ag layer between the Mo and sputteré@&&un precursor
layers resulted in less agglomeration with no elemental In phase unlike typical
sputtered CUGad In films. Ag also gave significant improvement in the selenized
filmds adhesion that enabled a wider proce
reaction and improved device performaf®®]. This might berelatedto negative
thermal expansionoefficientalong thec axis( dJof the Agalloyedcompoundg76i

78]
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Figure 1.10 Bandgaps and melting points of ternary-A&gd Cuchalcopyrites,
reprinted fron69].
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1.9 Scope of Dissertation

This dissertation is focused time effect of Agalloying on the pecursor
structure andeaction pathwas/during the formation of (Ag,Cu)(In,Ga)Ssbsorber
layers. This will lead to development of an advanced precursor reaction process with a
controlled composition profile.

Chapter 2 discussthe precursodeposition ad reaction process and
characterization techniques used in this stédlgitional experimental details are
provided in each subsequent chapter as approptibtgter3 begins with studying
the effect of Agalloying on the morphology and structure of #saleposited and
annealed CUn-Ga metal precursoristability studies followdby low (<150@C) and
high temperature (>28Q) annealingexperiments lead to discovievo new crystalline
phases in the AGu-Galn system (Ag,Cu)lrea n d(CugGg2(Ag,In), which are
discussed in detail in Chapter 4 and Chapter 5, respectiMayformeris formed by
high solubility of Cu into Aglato form a new phase wh i |-(€u,GaiAly, ) ise
a highly stable phase which forms into a cubic closeked lattice struate reported
herefor the first time in this systen€hapter 6 reveals the reaction pathways during
formation of (Ag,Cu)(In,Ga)Seabsorber material with Ag/(Ag+C&)0.0, 0.250.75
and 1.0andGa/(Ga+In)= 0.25usingexsitutime progressive experiment&ims were
reacted at 450°C using rapid thermal processing (RTP) in a tubular reactor charged
with 5% HSe/Ar. The reaction time was varied froii8 min.Results showed that
reaction during formation of CIGS completed after 20 min. Howewdelitian of 5%
Ag to Cu(In,Ga)Sgreduced theeaction time by ~509%otentially allowing higher
commercial throughpuOn the other handhcreasing the Ag ratio to 1dklayed the
reaction XRD analysis osamples witlL00% Ag indicatedhat he reaction was

completed with formation of Adii,Ga)Se and Ag{n,GaySe phases within 20 min
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due to slow reaction of t a bADs@n,Ga) phaseGa graded toward the back interface
in all the alloys; however, the amount of
wasincreased by increasing the amount of Ag in the film. This is attributed to the

lower melting temperature of the Adloyed Cu(ln,Ga)Sscompounds.
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Chapter 2

EXPERIMENTAL APPROACH

2.1 Metal Precursor

Different sets of AgCu-Galn metal precursonseredeposited onto Mo
coated soddéime glass substrates by dc magnetron sputtering at room temperature
using Cuy.7/Ga.23 Ago.7/Ga.23 and In targetwith Ag/(Ag+Cu)a 0. 2 5,
(Ag+Cu)(Ga+ln)a 0. 90, and total thickness a
film with thicknesss 1. 7 Om i fThefsub$traty wagbde Gy Mok
coated soddéime glass (SLG), where a ~700 nm layer of Mo was deposited on SLG
prior to the metal precursoegosition using the same sputtering instrument. The

chamber baclpressure was 10Torr. 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 useddeposition of the metal precursors:

afi coputt er i ng-aandInlayerk arecdepositad onto a rotating
substrate (5 rpm) to give ~700 alternating layers, as desanlpgd]. To prepare the
Ag-Cu-In-Ga precursor witlthis approachathin Ag-Ga layerdepositecbn Mo
followed by a similar cesputtered C«Ga and In layer

b) dbydawegrr o dithpgifiesentsequenmces of Gba, AgGa, and
In. This approacls more compatible ith in-line manufacturing and enablas

completecontrol overAg/(Ag+Cu) composition with fixed Gé&lin+Ga).
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2.1.1 Sputtering System

Molybdenumand metal precursor deposition performedHsyltesker
sputtering systerwhich is a crygpumpedsputteringwith four6 i n dchametsd
TheLesker sputteringystem and the schematic of the substrate and targets position
are shown in th&igure 2.1. After loading the cleaned sulses, system pumped
overnight to reacthe backpressuref 107 Torr. Ar gas was used for deposition and
the typicaldepositionpressuresvas1.7 and 5 mTorr for Mo and metal precursor,
respectivelyMo deposited at 1.5 Ampgith power of -0.49kW; while the deposition
current for CeGa, In and AgGa targets werset at0.28, 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.

G

puttering Chamber

Figure 2.1  The sputteringystem(left) and its schematic (rightised to prepare
the metal precursors.
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2.2 Precursor Reaction(Selenization)

2.2.1 SelenizationSystem

Reactions were performed in a selenization syssfiown inFigure 2.2,
which wasused to react metal precursor films in as8e/HS atmosphere at
temperatures up to 650 08,571 A 2dametereactor tubean uilize either a
heating jacket or heating lamps. The system operates at atmospheric pressure, though
it is maintained under high vacuu0”’ Torr), using a turbo pumpyhen not in use.
Hydride gas mixtures used in the reaction are exhausted through asda@ter to
remove hydrides before venting into the enclosure exhaust duct. The reactor and
hazardous gas cylindefAr, N2, Ar/Oz, H2Se and HS) are enclosed in a hood or
explosionresistat gas cabineds appropriatelThe MDA Hazardous gas detection
system is configured to respond at hydride gas concentrations of 50 pge\@w
alarm) and 150 ppb (higlevel alarm). The lowevel alarm will shut down the system
via the Systeninterlock Panel, while the higlevel alarm willadditionally sound the

building alarm. HSe and HS cylinders changes undeddaysafe operating procedure.

2.2.1.1 Heating Jacket

Selenization processsing the heating jacketas done at atmospheric pressure
in 0.35% HSeA r i n-diantetertulilar quartz ractor. The reactor was first
ramped up talesiredcemperature (e.g. 430) in 20 min in flowing Ar. Then the t$e
gas flow was started. After 10 min, samples were pushedhiatmt zoneand held
during the reaction timéAfter that, the samples were pdlout from the heated zone

and cooled down to room temperature in Ar flow.
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Figure 22  (a) Selenization system utilizing (b) heating jacket, and (c) RTP
system.

2.2.1.2 Heating Lamp

Reactionpathways to formation of (Ag,Cu)(In,Ga)Seerestudied using time
progressiveexsitu experimentsTo increase the ramp up time, the reactor twhe
heated by rapidthermal processing (RTBystemFigure 2.3(left) compares the
ramptime of the heating lamp with the heating jacRdte RTP system conssstf an
infrared (IR) heater-or each run, a precursor was first loaded into the reactor, and
then the reactor was charged with 5%5kl in Ar. Thereaction temperature was
450°C and the reaction time varied frorm 25 min. The temperature ramp time was
set to ~ 1 sefor the temperature of 480 (Figure 2.3(left)). At the end of reaction,

the lamp is turned off and takewayfrom the sample and Ar is flown into the tube;
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cool time of sample surface temperature was ~ 30 sec to Zb@fil@e 2.3(right)).
Temperature is predicted and controlled using ampgter and heat transfer models

[79]. The rampingate of IR heater could be incred$e 1000°C in one minute from

room temperature.
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Figure 23  Ramptime of the heating lampompared withlthe heating jackdleft),
cooling profile ofsample surfackeated by the lamp to 480 for 20 min (right).

2.3 Characterization

2.3.1 Composition Analysis

Composition of the samples was measured gXfluorescence (XRF) using
an Oxford XStrata980 instrument. Energy dispersivey spectroscopy (EDS) was
used for speEDS analysis at 20 keV using an Amray model 1810T electron
microscope with an Oxford struments PentaFET® 6900 EDS detecitie XRF
measurements samplige entire film. EDS, however, with excitation voltage 20 keV
givesa composition value weighted toward the topi0B. 5 e m oThist he f i | m.
could help us to analyze the Ga grading mfihms. Crosssection EDS mapping was
performedwith ahigh-resolutionZeissAuriga 60 microscopwith 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 usyngmetric Xray
diffraction (XRD) and glancing incidence XRD (GIXRD$inga Rigaku D/Max 2500
with ChuK U r a dForaXRD studies a figd slit geometry was employedRD
patterns were analydaising the ICDD databa$&0]. Rietveld unit cell refinements
were performed byADE software (Materials Data, Inc. (MDI) JADE 2018)ng the
crystallographic information files (CIF) provided from ICSD datab§&s A March-
Dollase mode]82] and he spherical &armonicsmethod[83] wereused to refine the
preferred oentation Crystallographic structures were drawn by MDI JADE and
VESTA [84] software applications.

Raman spectra were measured at room tesiyrer with laser illumination at
532 nmusing a Thermo Scientific DXR Raman microscdpstimated spot size was
1.1 em using a Lasé& powenwas ket dt thealqwest availddlel .
(0.1 mW) tominimize peak shifting from local heating.

The phases and composition variations at the chalcopyrite/Mo interface were
studied by delamination of reacted films from Mo/S&bstrateising thepeeloff
techniques described jh8], shownin Figure 2.4. In this process, a glue is adde
the surface of the film antienanother glass stick on top of thatAfter hardening
the glue, the film couldédelaminated from the Mo back contact by peeling off the

top glass.
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Figure 24  Peeloff process: add a glue on the surface of the film and stick another
glass on top of that (leftpeeloff the film (right).

2.3.3 Rietveld Refinement

Rietveld (wholeprofile) refinement, introduced by Rietveld in 198%], is an
approach to extract the maximum information from ara)Xdiffraction pattern by
comparing the measured profile with the calculated one from crystal structure data.

The Rietveld method is based on the equatio&a[t

w & BTYBOOD O 6 0 OO (equation 2.)
where,w is the net intensity calculated at paiin the pattern is the background
intensity, Ois the intensity of the reflectidh "O is the normalized peak profile
function,”Y is the sale factorp is the reflection multiplicityp is the Lorentz
polarization factor,O is the structure factor with summation over contributing
phasesf) and peaksk). Here,6 R) andO are the absorption, orientation and

extinction corrections, respectively.

The scale factof'Y) contains other quantities:as

v

0 (equation 2.2)

where,” and” are the actual and theoretical densifies the specimen volume
and0 is the number of the unit cells per unit volume for each ppéseis the unit

cell volume of phasp). Considering w @ U , whereb is the mass per formula
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unit of phasep, and® is the number of formula units per unit cell, we caiteniy
& YOO w 0,whered isthe mass of the phapand C is constant in the

recording of the diffractio pattern. Therefore, the masfseachpha® can be

calculated by YO0 w [86]

2.4 Cell Fabrication

In order to characterize the electronic properties of the films and find the
optimum reaction process, ACIGS solar celerefabricated with the structure
SLG/Mo(700nm)/AIG]1.52 ¢ nCdF100nm)ZnO(50nmY)ITO(150nm)Ni-Al-grid.
ITO and ZnO layers were spei deposited at room temperature wiiile CdS layer
deposited using chemical bath deposition mefti8fi The completed devisavere
characterized by currenbltage(JV) measurements undeckss AAA solar
simulator with 100 mW/cfAM1.5 illumination, and quantum efficiency (QE)

measurements.
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Chapter 3
Ag-Cu-In-Ga METAL PRECURSOR THIN FILMS FOR (A g,Cu)(In,Ga)Se
SOLAR CELLS
Abstractd The AgCuIn-Ga (ACIG) material system has been investigated

overa composition range used for reaction to form,(Ag(In,Ga)Se thin films for
photovoltaic application. A€ u-In-Ga thin films were sputter deposited from
Ago.7/Ga.23 Cl.77:Gan.23 and In targets using different layer sequences with
Ag/(Ag+Cu)and (Ag+Cu)(Ga+lIn)ratios fixed at 0.25 and 0.90, respectively. The
most uniform morphology was achieved with a-@&g layer followed by a layer with
co-sputtered CiGa and In. Varying the sputtering sequence for stacked layers resulted
in dissimilar morphologieand structural phases-rdy diffraction analyses revealed
that AgGa and In layers intermix to form th&d,Cu)ln phase in all Agcontaining
samples except one with a A&2p/CuGa/ln sequence. In addition, precursors were
shown to be unstable during stgeaat room temperature where a secondary
(Ag,Cu)In2 phase with higher Cu content formed. Finally, phase composition of the

precursors annealed at 30Qvas characterized.

3.1 Introduction

Complete investigation of Aglloying in the reaction process requites
development of a stable walharacterized 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 andithei

ranges of solid solubility, which is discussed iBectionl.4, made phase identification
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in this system a challenga.variety of phases have been reported in the literature for
asdeposited Cun or Culn-Ga metal precursof43,15,16,1820,32 35]. Alloying

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

different sputtering sequences on the structural propertiesd#pasited AgCu-Ga-

In metal precursors is discuss@dso, the phase composition of AQu-GaIn metal
precurers using unit cell refinements of-deposited and he#teated filmss fully
characterizedin addition, we describe phase stability, morphological uniformity,
coverage and retention of a dense structure after processing.

Here Ag-CuIn-Ga precursor lgers have been deposited from-6g@, CuGa,
and In sputter targets. The goal is to optimize the process of formutgitgining
precursors with complete control over Myg+Cu) using a sequential layered process
that is compatible with Hine manufactung. The effect of different sputtering
sequences on the structural properties of the metal precursors was studiedraging x
diffraction (XRD) and scanning electron microscopy (SEM). Phase stability and
equilibrium conditions of the precursors were alddrassed. 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 €Déor 1 dayMost of the results in thiShapter are

published in87].

3.2 Experimental Procedures
Eight different sets of A@Cu-GaIn metd precursors were deposited by dc

magnetron sputtering at room temperature using Q& 23 Ado.77Ga.23 and In

targets to produce films with Aglg+Cu)a 0. 2 5, (Ga+#ya+ @u.)9/0 , and
thickness & 600 nm, whi c hthickiessi 1Ip.r7 d@ms ei fan
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fully reacted The substrate was® ¢& cn? Mo-coated soddime 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@sisuravas 10’ Torr.
Deposition was performed in an Ar atmosphere with 1.7 and 5 mTorr pressure for Mo
and met al precursor deposition,- respecti Vve
sputteri ngo -Gaiamd Inlapersarh deposited oftal a rotating subgbat
rpm) to give ~700 alternating layers, as describdd8]. Sample B incorporated a
~70 nm thick AgGa layer on Mo followed by a similar @puttered C«Ga and In
layer. Samples C to H wedeposited layeby-layer with different sequences of Cu
Ga, AgGa, and InTable 3.1 summarizes the sputtering sequences of samplés A
In order to characterizeghstructural composition of the sputtering targets, 200 nm
thick single layers of Agsa and CtGa were deposited on similar substrates. Samples
were annealed in flowing Ar at 300°C for 1 day and cooled down slowly in the
furnace.

Composition of tk samplesvas measured b¥RF. EDS was used for spot
EDS analysis at 20 ke\XXRD and GIXRD studies were performed with-&uJ
radiation.For more information on the characterization technigees section 2.3 in

Chapter 2.
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Table 3.1 Sputtering sequences and indexed XRD phases aigdeposited
precursors

Layers N
Indexed XRD Phases
Sample 1 2 3
A CU?r?*a * | I n ;Cuwdln,Gap
) CuGa+ . In; (Ag,Cu)lre; -(A,Cu)1e(In,Ga;
5 ATt Ty " 5(Ag.Cus(in G
C AgGa CuGa In In;(AgCulnz; -(A})Ga; CuGa
D Ag-Ga In Cu-Ga In; (Ag,Cu)irg; -(AD,Cu)ie(In,Ga)
E CuGa Ag-Ga InIn; (Ag,Cu)lry; -(Ag,Cu)e(In,Ga)s; CeGa
F Cu-Ga In Ag-Ga In; (Ag,Cu)lrnp; -(Ag,Cu)e(In,Ga)s; CeGa
) In; (Ag,Cu)lre; -(Ap,Cu)ie(In,Ga;
G In Ag-Ga CuGa 9-(Ag.CUs(In.Ga)s
In; (Ag,Cu)lre; -(AD,Cu)1e(In,Ga;
H In CuGa Ag-Ga 92-(Ag,Cu)o(In,Ga)s; (Ag,Cuk(In,Ga),
(Ag,Cu)In;

* co-sputtered in rotating mode
** underlines show the prominent element in the parenthesis

3.3 Resultsand Discussion

3.3.1 Ag-Ga and CuGalayers

In order to better understand the structure of the ACIG films, the phase
composition of the single layers of Aga and CeGa were also studied. Symmetric
XRD analysis of the as deposited-&a layer is shown iigure 3.1(a).Pea ks at 2d
=38.18and81.86ar e attri but ed -(Agpphase andsiall>eaksrati e nt e ¢
33.82,3888ar e at t r-AdGaplask withespaee greups of cuklldoa
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and hexagonal gcd , respectively. After a heateatment at 30T for 24h Figure 3.
1(b)) the peak intensity of both pkes increased, likely due to releasing the stress in
the film accompanied by gain growth anecrgstallization. Similar results have been

reported for heatreated bulk AgGa sample§41,88]. Gunnaes et aJ88] reported

formati®nanf»wUG&)L and ¢ ( 2@areaamentéhaAya) phase

(21.4 at.%) Gasampleat300 f or 260h. I n their study,

(Ag) phase linearly decreases from 4086 4.07% vby increasing the Ga content
from 0% to 18%. Her e, t {Ag) phaseavas fduradtotbe c e
T8t ewwhich is lower than the reported values, indicating higher solubility of Ga into
t h gAg)bhase or a higher stress in the film. Theamlattice constants derived for
the 6 phase dvex&ea Pivoqinydtfetthe hdatreated sample in

consistent with reported valuf29].

Intensity (arb. unit)

30 35 40 45 50 55 60 65 70 75 80 85

20 (degrees)

Figure 3.1  XRD patterns oMo/Ag-Ga film: (a) asdeposited and (b) annealed at
300C for 24h. Phasesereindicatedas;s : -(A§) , q : e-AgGa and : Mo.
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Symmetric and asymmetric XRD analysis of thalaposited CiGa film is
presented ifrigure 3.2. The symmetric scarr{gure 3.2(c)) shows only a single peak
at 2 d degreds2inhé GIXRD analysisRigure 3.2(a)) two other peaks at
39.84 and 72.90were observed. The XRD phase identification indicated formation of
a <001> oriented GGa phase with hexagonal structure (space grol6ammg. Its
lattice constantslf c& mhd T& T O were similar to reported valugél]. No

significant changes seen after hgaaitment.

Intensity (arb. unit)

s
| IR R P L M M PAl el |

38 42 46 50 54 58 62 66 70 74 78
20 (degrees)

Figure 3.2  Comparing the GIXRD patterns with incident beam angles of (a)
0.5and (b) 8with (c) the symmetric XRD pattern of the-dsposited Mo/C«Ga film.
Phases are indicated as;CwGa and : Mo.
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3.4 As-depositedCo-Sputtered Metal Precursors

3.4.1 Cu-Ga+tlIn (Sample A)

Figure 3.3(a,b)shows plarview and crossectional SEM images of theco
sputtered metal precursors A and B. Thespattered Ci«GaIn precursors (Sample A)
contained large nodules on the surface ofithe(Figure 3.3(a)), as reported
previously[13,18,35] SpotEDS measurements (imgo-view mode) indicated that the
nodules were kmich compared to the background. XRD patterns of thepeatered
metal precursors with the identified phases are showigure 3.4(a,b). XRD
analysis accompanied by Rietveld refinement confirmed the presence of In (PDF# 5
064 2) ;CuwdlmGla)y (@DF# 421475) phasedHgure 3.4(a)), where the
underlined element igredominant Ri et vel d ana(wihshes for t he
P63mmcsubstructurg90,91]) was performed based on the crystallographic
information from Laves etal22. According to the XRD refinei
accounted for > 64 wt.% of the precursor and the refined lattice constants for the
identified phases are shown in Table 2. A
phase comared to the reported values ( T& owito v& owifrom PDF# 421475)
is attributed to the solid solubility of
the d phase with Jda3183Muzzieetral. pseticdedn ear | i er
guaternary solubility of this phase with Ag and [64].
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Figure 3.3  Planview (left) and crossectional SEM (right) images of the-as
deposited cesputtered metal precursors samples A and B (a, b), and layered metal
precursors samples-B (c - h). Scale bars for planiew and crossectional images
correspondletno, b5reens paencdt i vel y.

40



@ , ' ‘ ' ' T\ ’\ sample A
| I : sample B
o [t M At i
:E ” P (:\ “ sample C
= I
4 X
& | ﬁ N ,l: sample D
.é* g
@ e : o, sample E
2 l
c PR VAN
- i samp[e F
£ I
L |
o 1L
Z T sample G
I
I
[: g* sample H
!
28 48
26 (degrees)

Figure 34  XRD patternsof asdepositedorecursors (a) Mo/GGa+In (sample A),
(b) Mo/Ag-Ga/CuGa+In (sample B), (c) Mo/Aga/CuGa/ln (sample C), (d)
Mo/Ag-Ga/In/CuGa (sample D), (e) Mo/CGa/AgGa/ln (ample E), (f) Mo/Cu
Ga/ln/AgGa (sample F), (g) Mo/In/AGa/CuGa (sample G) and (h) Mo/In/€u
Ga/Ag-Ga (sample H). Phases were indicatedjasin, s : (Ag,Cu)lrg, 1 :
(Ag,Cu)Inz, p : -(AQ,Cu)ie(In,Gap, r : (Ag)Ga,, : CusGa,l : - 2
(Ag,Cu)o(In,Ga)s,P : (Ag,Cu)Inz, A : (Ag,Cu)(In,Ga). Mo peak is shown by the
dashed line.

3.4.2 Ag-Ga(/Cu-Ga+lIn) (Sample B)
Incorporating a 70 nm Aa layer under the egputtered Cun-Ga (sample
B) results in a significant reduction of-tich agglomeration with no signs of a

nodularstructure Eigure 3.3(b)). The SEM crossection image also shows a more
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uniform film structure. The study by Tauchi et[85] showed that the addition of a
thin (5 or 32 nm) pure Ag layer under thesqmuttered Cdn-Ga film similarly
modifies themorphology of the metal precursor.
The XRD pattern for sample B Figure 3.4(b) shows theAg,Cu)lr phase.
The XRD peaks are indexed with the AgRDF card no 68.552; however, all the
peaks are slightly shifted to higher 2d.
range has been reported for the Agihase. Bahari et k6] reported only ~1%
homogeneity range for this phase after annealing the two metal surfaces of Ag and In
at 150C 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
Culr; and Agln phases, and therefore reduced hptinar spacing (showed in Table
2). The shift is less likely related to Ga, because Agfhase hasn't been reported in
literature and CuGahasg40] has diferent symmetry and lattice constants
(P4/mmm; a: 2.830, c: 5.839v) than Agin phase. Formation of thé&g,Cu)lrp
phase is accompanied by a consistent decrease of In peak intensity which appears as a
small shoul dsdeofthefdgClie (112ppeak Rigire 3.4(b)).
I n addition, @aspeak aAgalnCa)apaass Ths A
phase, which has a cubic structure with space groope, was r efi-i ned usi
CwGas PDF card no 2253. Four different GGas phases exist in the @Ba phase
di agram including a high temperature 2 phe
21, 2a0n d. Itis reported that by increasing the Ga siitylin this phase from 30.8
at.% Ga to 33.7 at.% Ga, its lattice parameter increases fronv8@3827/6& due to
the larger size of Ga atoms compared td4l). However, it decreases to 8.68by

further increasing the Ga content to 43.0 at.%, due to higher vacancy solution. The
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lattice parameter 8.77A6 calculated for this phase in sample B is larger than the

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

atoms, respectivVvelh-@QwGadadlunsiyn tshe(lmGd,i | i ty of
has been reported in several studligs34,92] The quaternary sol ubi
phase has also been predicted by Muzzillo

(Ag,Cu)g(In,Gaap has e c o miCwdag sCwtndaen dAgstns phases in

which have similar crystal structure of oé [64].

3.5 As-depositedLayered Metal Precursors
Figure 3.3(c-h) showsplanview and crossectional SEM images of the
layered metal precursors with six sequential structures. XRD patterns of the precursors

with thephases identified for each condition are displaydeigare 3.4(c-h).

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

For samples C and D, AGa layers deposited on the Mo substrate was
followed by two different sequences of-@a and In layers, as describedlable 3.
1. SEM imagesn Figure 3.3 (a) and (b) show that altering the order of theGaand
In layers changes the morphologytioé metal precursors significantly. Th@ss
section of sample G=(gure 3.3(a)) with Mo/AgGa/CuGa/ln stacked layers shows
the formation of up to ~1 pum high-iich agglomerates (containing ~90% In) oa th
Ag-Cu-In-Ga background. For sample D, the In layer deposited between 8@ Ag
and CuGa layers altered the morphology of the precursor to dikeaéppearance
(Figure 3.3(b)). SpotEDS analysis in plamiew mode indicated that Ag exists in the
leaf-like islands consisting of ~ 400 nm thick mixed-S&g:In nodules covered by a

~200 nm CuGa layer, as seen in the SEM crssstion imageRigure 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: Sttaresktanov (S
K) [93i 95], VolmerWeber (W) [96], and Frankvan der Merwg97,98]growth.

In the SK growth mode, initially a stable twdimensional layer forms,
followed by three dimensional growth from discrete nu@&i98] For example,
growth of In on Si(%7) follows the SK growth modg93i 95]. Using nolecular beam
epitaxial growth, Pavlovska et §.3] showed that only formation of a double layer of
In on Si(111) is stable, and subsequently the three dimensional growth staks in S
mode.

On the other hand, Frankan der Merwe describes a layerlayer growth
mode[97,98] This has been reported for the growth obina Si(111)

( 3xa3lo Wo)i Ga surface at room temperat(@éd,95].

In V-W growth mode, the formation of three dimensional islands starts by
nucleation and growth of the smallest stable clust&tsno monolayer formation.
This was reported for the growth of In on a Ss0bstrate using dsputtering
deposition at room temperaty@s].

The irreguér nodular morphology of In observed in sample C can be attributed
to V-W or SK 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 structurabne model (SZM) offered for electrdieam evaporated
[99] or sputter deposited filn{400], the morphology and grain growth mechanism
duringthe deposii on are related to the fAhomol ogous
of the substrate temperature during deposition to the melting point of the metal

(TdTm). At TdTm< 0.2 fine grains will form because the mobility of the adatoms is
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low and the incomingnes adhere where they land; while increasing $en® 0.5
results in squat grain structure with a higher grain size diameter to film thickness ratio
[99,100]

In our experiments,Tmd 0. 7 resulting in a rough s
which is apparent in sample Eigure 3.3(a)). It has been reported that reducing the
homologous temperature by d¢iomg down the substrate temperature during the In
deposition lead to the formation of thick In films with fine grain struct{#6s101]

XRD analysis of sample C shows that the presence ot@alayer between
the AgGa and In layers prevented the formation of Agfigure 3.4(c)). However,

Cullélwas detected with peakzsphasemostlytrepaitedt o | owe
in CwIn films, has similar lattice structure as Aglsymmetry group of4/mcn).

Rietveld refinement of this phase was performed using the crystallography data

obtained from Gossla et §01]. Its larger lattice spacin@ able 3.2) compared to the

reported valuesi§ @& o vy LS @ @, wuggests possible Ag solubility in this

phase. Therefore the phase was defined aCm.. This amount wasalculated as

~11 at. % using Vegardds |l aw. Indium was al
addition, a hump at 39.170 anAb)aad peak at 4
CwGa phases, respectively.

On the other hand, in sample D fast irdéfusion d In with the underlying
Ag-Ga layer led to formation of ledike islands of Ag,Cu)lre. The XRD pattern in
Figure 3.4(d) reveals intense peaks teldto Ag,Cu)in. phase. The rest of the In and

ot her el ements appeared as metallic I n anc
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Table 3.2
Sample

A a

c

5 a

c

c a

c

D a

c

£ a

c

E a

c

G a

c

4 a

c

In*
:3.252
:4.940

:3.262
14,913

:3.252
:4.945

:3.246
1 4.955

1 3.247
:4.935

:3.251
:4.945

:3.250
1 4.940

:3.245
:4.937

[

O 2 O 22 O 9L O 9D

O 9

(Ag,Cu)in2

1 6.841
:5.584

16.870
:5.614

16.870
:5.610

:6.875
:5.615

:6.865
:5.607

16.861
: 5.605

o 9

o 9

a
c

d

:4.216
:5.159

:4.203
:5.157

:4.218
:5.156

:4.209
:5.155

14.211
:5.148

)

a: 8.661

a: 8.667

a: 8.751

a:. 8.676

CusGa

[

O 2 O 9

:2.600
:4.240

:2.600
:4.229
:2.600
:4.238

Refined lattice constan{®) obtained by Rietveld analysis for the@esposited samples-A.

Others
U-(Ag) (Ag,Cu)inz
a: 6.661
a: 4.061  5.397
(Ag,Cu)o(In,Ga) (Ag.Cu)inz
a: 6.814
a:9.878 C:5.578

* lattice constants values (Ayeportedrom ICDD database mentioned in the textatr§.251,c: 4.945); Agin (a:
6.881,c: 5.620); Culn (a: 4.269,c: 5.239); CyGas (a: 8.747); Aglns: (a: 9.922), Cula: (a: 6.630,c: 5.369) and CsGa

(a: 2.599,c: 4.241)[41]
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3.5.2 Cu-Ga/Ag-Ga/ln (Sample E) and CuGa/ln/Ag-Ga (Sample F)

Samples E and F were deposited with aGaulayer followed by Agsa then
In or In then AgGa layersin sample E, with a GGa/AgGa/ln sequence, nodules up
to ~2.5 um high formed on the surfa¢egure 3.3(e)). In this case, spdEDS analysis
showed that nodules otain ~95% In. The In nodules on the-&a layer are more
separated than those deposited orGauas seen in sample C.

Sputtering the Agsa layer on top of an In layer (sample F) led to the
formation of ~1 um high agglomerated noduleg(re 3.3 (f)). Planview spotEDS
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 pbas®gositiors (Figure 3.
4(ef)). The Ag was present in thad,Cu)ln. phase and elemental In and:Ga were
observed in both of the Astwausctiudreenst.i fA ebdr oaz
phase with a similar mean lattice parameter ~ 8.6& both films. This is close to the
 atti ce c on sa#CapBasoi[4d]psoggestmgllowkraantribution 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 AGa and CitGa layers in each ordeCrosssection
SEM images of the samplesigure 3.3(g,h)) display noruniform 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/AKga/Cu-Ga sequencd-{gure 3.
4(g)), shows In,Ag,Cu)i,, d and o phas eGalayedbetwesratiep | e H,
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In and AgGa layers does not prevent the formatiorhef AgIn phase and Ag was

found in the Ag,Cu)lre and Ag,Cuk(In,Ga) phasesKigure 3.4(h)). Here, In as an

initial layer does not form a continuous layer, therefihe following layer of Cia

could not fully cover the In layer to prevent formation of the Aglimase Also peaks

def i
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n

Ad)Gu)Inhpeagshwerd identdiedd e o f

as a secondary (Ag,Oin2 phase with higher Cu ctent (~28%). Furthermore,

el eme nt a(Ag,Cuns(Indapdvere also observed in this structurgure 3.5

compar es

| a-(Ad,Culees@n, Gppa(AgeCunBptamd secondafy d

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

i n t-Quelrgh and Cuinto Aglnz phases is shown figure 3.5 where the lattice

constants are compared to those reported in the ICDD database.
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3.6 Stability of the Precursors

Figure 3.6 presents the XRD patterns of all films after aging in a nitroegen
purged desiccator for 3 months. Téwedeposited CiGa+In (A) and AgGa+In (B)
precursors dondét show any significant phas
however, all phases evolved during storage. The most significant phase evolution
happened i n s ad4ffg) pleaseComptelereaetediwithenetallic In to
form primary @Ag,Cu)lre, secondary (Ag,Cdinz and (AgCu)inz phases. These are
accompani-eAd,Cup(in,GapreasesThe secondary (Ag,¢lnz phase also
formed in samples with stacking order of-Ga/In/Ag-Ga (F) and In/AgGa/CuGa
(G). SampleH with In/CuGa/AgGa stacked layers contained this phase in the as
deposited film but its intensity increased after aging. Therlahase was not deted
in XRD patterns of samples with stacking order of@g/In/CuGa (D) and Cu
Ga/AgGA/ I n (E). The major chan@egCuiinGauhese fi
phase in sample D and splitting the broad
oft wo di ftypegphased-ormation of theacondary (Ag,C)Inz phase and its

effect on the selenized filmrediscussed in detail i@hapter 4.
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Figure 36  XRD patternsof aged precursors (a) Mo/&sia+In (sample A), (b)
Mo/Ag-Ga/CuGa+In (sample B), (c) Mo/Aga/CuGa/ln (sample C), (d) Mo/Ag
Ga/In/CuGa (sample D), (e) Mo/CGa/AgGa/ln (sample E), (f) Mo/GGa/In/Ag
Ga (sample F), (g) Mo/In/Aga/CuGa (sample G) andh] Mo/In/CuGa/AgGa
(sample H). Phases were indicatedeas)n, s : (Ag,Cu)lre, T : (Ag,Cu)Inz, p : d
(Ag,Cu)1e(In,Ga, . : CwGa,* : -(Ag,Cu)e(In,Ga)s andP : (Ag,Cu)inz,. The Mo
peak is defined by a dashed line.

3.7 PrecursorsAnnealed at 300°C
Aging thefilms at room temperature indicated phase instability in the as

depositedilms, as it discussed in section 3l6.order to achieve near room
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temperature equilibrium conditions to complete intermediate reactions, metal

precursors were annealed at €D€or 1 day.

3.7.1 Cu-Ga-In Co-Sputtered Precursors

Figure 3.7(a) shows the XRD pattern of the annealedGzin co-sputtered
precursor (A). After annealing, besides In @p@uis(In,Gapp h a s-Ew(In,Gam
phase also formed. Refinement indicated that lattice parameter of this phase increased
to8852vwhi ch is attributed to ~30% solubilit
Increasing intensity of the (10)n peak at 2d = 39.10A indic:

orientation after annealing. The refined lattice constants are preseiiiiolén3.3.

3.7.2 Ag-Cu-Ga-In Metal Precursors

The XRD pattern of sample F after annealing is showkigare 3.7(b). All
other Ag containing samples{B) show similar XRDpatterns with In(Ag,Cu)lre, - 2
(Ag,Cu)o(In,Ga)s phases identifiedfter annealing. lwever , peaks at 2d
35. 71A, 42.15A, 44.12A, 64.20A, 68.62A anc
known phase composition in this systerhese peakare relatd to a new phase with
CwMg-type crystal structure. This phase, referred as a Laves fdli#jehas a cubic
structure in the space group®@d and f or ms i n-the absence of

(Ag,Cu)16(In,Gap/CusGa phasesThis phases studied in detaiin Chapter 5.
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Figure 3.7  XRD patterns of the annealed precursors at@@@r 24h: (a) Mo/Cu
Ga+In (sample A) and (b) Mo/GBa/In/Ag-Ga (sample FPhases were indicated as;
g :In,s : (Ag,Cu)ir, p : 4Ag,Cu)1e(ln,Gap and* : -(Ag,Cu)e(In,Ga)s andb :
Lavestype phase. Mo peak is defined by a dashed line.

Table 3.3 Refined lattice constants (A) obtained by Rietveld analysis for annealed
precursors at 300 for 24h.For reported lattice constants, Seble 3.2.

n (Ag.Cu)inz d 2 Laves phase
a: 3.244 a:4.217 )
A ca924 ) c5167 8823 ]
a: 3.251 a: 6.854 _ .
F c: 4.940 c:5.501 - a: 8.745 a: 7.096

3.8 Conclusion

Ag-Cu-In-Ga metal precursors were prepared witkspattered and sequential
layer structures from GuGav.23 Ado.7/Ga.23 and In targets. A Aga/CuGa+in co
sputtered precursor has the most unifstmcture compared to the stacked layer

films. A Ag-Ga layer under egputtered CiGalIn layers decreased the formation of
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the elemental In phase, with In incorporated intd@ Cu)lrne phase instead. The

stacked layer sputtering sequence has a signifeféedt on the morphology and the
phase behavior of deposited films. SEM cresstions revealed that irregular islands,
agglomerates, and/or nodules of different phases may form based upon the sputtering
sequences. This can be explained by complex growthe Indium layer. In addition,
precursors were shown to be unstable during storage at room temperature including
formation of a secondary (Ag,Qln, phase with higher Cu content. Furthermore,

phase composition of the precursor annealed at 300°C sliomeation of a new

phase with Lavesype structure.
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Chapter 4
PHASE STABILITY IN Ag-Cu-In-Ga METAL PRECURSORS FOR
(Ag,Cu)(In,Ga)Se THIN FILMS

Abstractd In thischaptermetal precursors were sputtered with a Cu
Ga/ln/AgGa sequence with Ag/(Cu+Ag) = 0.25 andyAu)/(Ga+In) = 0.90. These
precursor layers are shown to be unstable, with a phase evolution during storage at
room temperature revealed byay diffraction (XRD). This behavior was studied in
samples annealed in the temperature range-@660C or stagd for up to 90 days.
XRD analyses indicated the formation of (AGux)In2with Cu content of 28% and
36% for samples annealed at 100°C and 150°C, respectively. Energy dispeasive X
spectroscopy and XRD analyses on selenized samples showed a winstoitration
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 performanee in V

and FF as a result of the precursor anneal.

4.1 Introduction

In theChapter3, thestructure and phase compositionAgf-Cu-GaIn metal
precursos were discussed. Stability of the precurstusing storage at room
temperatur@nd after annealing at 300%@re also studieth Sectiors 3.6and 3.7
XRD analysis showed that the-dsposted precursor witl\g/(Ag+Cu)a 0.25 and
( Ag+ Cu) / (.@0are hohsjableuring storage at room temperature o¥er

monthsincluding formation of a secondary (Ag,Gim. phase with higher Cu content

54



In thisstudy, Ag-Cu-GaIn metal precursors haveen deposited on Mo
coated soddéime glasses as Mo/GCG@a/In/AgGa stacked laye@ndwere analyzed for
changes in structure and phase composition of the @ @ssited metal precursor, (b)
after room temperature storage in nitrogen and (c) aft&56@ 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-Galn metal precursors were deposited onto-ddated soddime glass
substrates bgic magnetron sputtering at room temperature using 5N purity
Cu.7/Ga.23 Ago.77Ga.23 and In targets. Samples were deposited with a Mo/Cu
Ga/ln/Ag-Ga stacked layetrsicture, as described Chapter 3and in[103].
Sputtering parameters were determined to give Ag/(Cu8Ap25 and
(Ag+Cu)/(Ga+In)a 0.90 with an average total thickngs600 nm. To examine
stability, precursors wergtored 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 60°C to 150°C for 30 min and then
cooled down to room temperature slgwi the oven. Annealing and storage
conditions are summarized Trable 4.1. Then, the asleposited, stored and annealed
metal precursors reacted with$e, at atmgzheric pressure with 0.35%
H2Se/0.0035% &JAr in a tubular quartz reactor at 450°C for 50 1{difl]. The reactor
was first heated to 450°C in 20 min with continuous 0.003%fAr@low, while the
metal precursors were kept in the cold zone. Then tBe igas 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 tk samples was measuredXfigF. EDS was used for spot
EDS analysis at 20 ke\XXRD and GIXRD studies were performed with-&uJ
radiation.JADE software (Materials Data, In@vIDI) JADE 2010) was used to
perform Rieteld refinements using the crystallographic information files (CIF) of
Aglinz (PDF# 651552), In (PDF# 8642), CyGa (PDF# 441117), Cugln (PDF# 42
1475) and C¢Gas (PDF# 21253) phases. Solid solubility of the phases with other
elements was excluded frothe refinements. All lattice parameters of the crystalline
phases and their scale factors were refine
based on Mo peaks. The MafDlollase mode]82] was used to refine the preferred
orientation factors of the Mo, Agif{Ago.7Cuo.2g)In2, and CyGa phases with <110>,
<110> and <001> preferred orientation, respectively.

For more information on the characterizattenhniques and solar cell

fabrication see sections 2.3 and 2.4 in Chapter 2.
4.3 Resultsand Discussion

4.3.1 Metal Precursorsand Effect of Annealing

Structure and phase composition of thelagosited metal precursor with -Cu
Ga/In/Ag-Ga stacked layemserediscusged in details in Chapter. & was shown that
agglomerated nodules form on the surface of the film due to Vaedrer/ Straski-
Krastanov growth of InFigure 4.1 shows XRD patterns of ateposited and stored
metal precursors. The XRD pattern of thedaposited precursor indicated formation

of Agln, (PDF# 651552), In (PDF# $642), CuGa (PDF# 441117) and Ce¢Gay
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(PDF# 21253) phases, as listedTiable 4.1. Lattice parameters, derived from

Rietveld refinements, are summarized able 4.2.

Table 4.1 Storage and annealing conditions of the studied samples with the
identified phases for each case.

Sample  Condition XRD Phases

Al As-deposited In; Aglnz; -(Ag,Cu)s(In,Ga)s; CusGa

Bl Stored 10 days In; Aging; -(Ag,Cu)e(In,Ga)s; CeGa, (Ag-xCuy)iny,

B2 Stored 50 days In; Aging; -(Ag,Cu)e(In,Ga)s; CeGa, (Ag-xCuy)iny,

In; Aginz; -(Ag,Cu)e(In,Ga)s; CeGa, (AgxCuy)Inz,
B3 Stored 90 days O (AU G (Ag<Cug)In;

(CuAg)inz

c1 Annealed at In; Aglnz; -(Ag,Cu)e(In,Ga)s; CweGa, (AgxCu)lInz, -
60°C (Ag,Cu)16(In,Gap

co Annealed at In; Aginz; -(Ag,Cu)e(In,Ga)s; CeGa, (AgxCw)Iny, -
80°C (Ag,Cu)16(In,Gap

c3 Annealed at In; Aginz; -(Ag,Cu)e(In,Ga)s; CueGa,(Ag1xCw)Iny, -
100°C (Ag.Cu)1e(In,Gap

ca Annealed at  9-(Ag,Cu)o(In,Ga)s; CueGa, (AgxCuw)in2, - d

150°C (Ag,Cu)16(In,Gap
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Table 4.2 Lattice parameters (A) of primary Aglrsecondary (Ag<Cuy)In2 and
CwGas phases, derived from Rietveld analyses.

Sample  Condition Aglnz (Ag1xCuy)In2 CwGay
] a: 6.8752

Al As-deposited - a: 8.6674
c:5.6151
a: 6.8724 a: 6.8251

Bl Stored 10 days a: 8.7327
c: 5.6143 c: 5.5235
a: 6.8664 a: 6.8053

B2 Stored 50 days a: 8.7488
c: 5.6093 c: 5.5373
a: 6.8689 a: 6.8132

B3 Stored 90 days a: 8.7547
c: 5.6095 c: 5.5348
a: 6.8681 a: 6.8184

C1 Annealed at 60°C a: 8.7273
c: 5.6102 c: 5.5483
a. 6.8671 a: 6.8144

C2 Annealed at 80°C a: 8.7410
c: 5.6083 c: 5.5488
a: 6.8536 a: 6.8114

Cs3 Annealed at 100°C a: 8.7520
c: 5.6014 c: 5.5495

a: 6.7889
C4 Annealed at 150°C - a: 8.7601
c: 5.5278

58



XRD patterns of the stored filn{sigure 4.1) showed new diffraction peaks
(marked by *) on the higlngle side of the Agbphase and decreasing intensity of In
and Agln peaks. To further probe this phase evolution, low temperature annealing
experiments were performegigure 4.2 shows XRD patterns of the annealed

precursors at difrent temperatures compared to aialgsosited precursor.

Norm. Intensity (arb. unit)

20 (degrees)

Figure 4.1  XRD patterns of precursors (a)dsposited and stored for (b) 10, (c)
50 and (d) 90 days ina¢ontrolled desiccatoPhases were indicated as;Aglny, s :
In,: : CGa,, : -Cog(In,Ga)s, #: (CuAg)inz andl : (AgixCu)Inz. Mo peak is

shown by the dashed line. The diffraction scan is plotted in a square root scale (y
axis).
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Norm. Intensity (arb. unit)

30.33.36.39-42-45
20 (degrees)

Figure 42  XRD patterns of precursors (@¥deposited and annealed at (b) 60°C,
(c) 80°C, (d) 100°C and (e) 150®hases were indicated as;Aglnz, s : In,: :

CwGa,, : -Cog(In,Ga)s, P: -(AQ,Cu)is(In,Gap andl : (AgixCuy)Inz. Mo peak is
shown by the dashed line. The diffractidatais plotted in a square root scaledyis).

Formationof the new peaks are again accompanied by a decrease in the
intensity of In and Aglppeaks. Rietveld analysis confirmed that the new peaks
(marked by a star iRigure 4.1 andFigure 4.2) are related to formation of a
secondary Aglpalloy with smaller lattice spacing. Compositad homogeneity range
of Aglnz phase is not significaft04]. Bahari et al[46] reported only ~1%

homogeneous range for this phase after annealing of the two méaksof Ag and
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In at 150°C 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 Culphase has similar tetragonal structurdhw4/mcm

symmetry and lattice constantss 6 . 6 3c05.,369 ) si mihphased: t o t he
6.881 , c:5.620 )[31,91] This phase which was deduced by Kegg8l] is a

metastable phase and does not appear indHa ghase diagram and is only reported

in thin film materiald19]. Hence, they can form a continuous solid solution. The shift

is less likely related to Ga, because a Agf@®se hasn't been reported and the GuGa
phasd40] has different symmetry and lattice consta®&/fhmm; a:2.830v, c:

5.839v) than Agln. Lattice constants of the new (A uw)In2 phase are shown in
Table4d2and assuming Vegardodés | aw, we esti mat
into the (Ag-xCw)In2 phase based on the calculated lattice constants. According to our
alloy interpretation, the amotnof Cu in the sample annealed at 100°C (sar@f)ds

28% and this increased to 36% after annealing at 150°C (s@#jpPetails of the

crystal structure and atomic coordinates of the.(®ak)In2 phase are summarized in

Table 4.3.

Table 4.3 Atomic coordinates for the (AgCuse)In2 phase with thé4/mcmspace
group

Atom Wyckoff letter X y z
Cu da 0.00 0.00 0.25
Ag da 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 pgase after
storage/annealing shownTable 42al so suggests Cu solubilit
indicated ~10% Cu solubility in the primary Aglphase in sampl€3. Moreover, it is
seen that the lattice constant of the@ai phase increases lnycreasing the annealing
temperature or st ophasgsexidtwitm&milar Btoature indhie f f er er
Cu-Ga phase diagraf87].  Taipleaseds closertothe @ui ¢ h r egsicloser and o
toGar i ch region with | attice constant repor
solubility limit of Ga[41]. However, the results ifiable 4.2 (particularly for the
sample annealed at 150°C) ighmer than reported values for-@a phases, suggesting
substitution of In with higher atomic radi
Cuw(In,Ga)4 phase which has been reported in several st{tize$8,87]

Rietveld analyses was used to quantify the phase amounts as stagurén
4.3. The (AgxCu)In2 phase increases by increasing the storage tigerge 4.
3(left)) or annealing teperature Figure 4.3(right)). Formation of the (AgCu)In2
phase is accompanied by a decreasing amount of metallic In; &ginCyGa phases
and increasing amounot f -Cug(In,Ga)s phase. Furthermore, anoth@uAg)In2 phase
forms with 90 days storage. Il n addttion, t
(Ag,Cu)16(In,Gay phase after annealing. Rietveld analysis alone could not quantify the
solid solubility of he 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 Agln and In and A by CuGa:
0t OTH O 'OHON 6 WE 660 66 OBO®
O QR 65 Ot 6 WO OBOG 4.2)
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Figure 4.3  Phase quantification analyses using Rietveld analyses for stored (a) and

annealed metal precursors (b) compared to tlieepssited one. Symbols identify
phases refined from following CIF patterss: In (PDF# 50642),q : Agin2 (PDF#
65-1552),1 : (Ag72Clps)In,, , :CeGas (PDF# 21253) ! : CusGa (PDF# 441117),
U: Culr [8] andP Cugln (PDF# 421475).

4.3.2 Selenizedrilms

In order to study the effect of precursor condition &i@S formation and
device properties, egeposited and annealed metal precursors were selenized at 450°C
for 50 min.Figure 4.4 shows plarview and cross section SEMhages along with
EDS compositional analysis of the films selenized frordegsosited (sample Al) and
150°C annealed (sample C4) metal precursors. Thev@anand crossectional
SEM images show no major morphological differences withuraform morpholgy
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 metho[d. 8,105,106] It has been proposed that slow reaction oiGau
intermetallic phases with selenium during the selenization procesddezanid

formation[107]. This is also attributed to selective atomic diffusion of elements, the

63



Kirkendall effect{108,109] Poor adhesion leads to CIGS delamination from the Mo
back layer during the reon process or chemical bath deposition-type layer
(CdS)[35]. Significant adbsion improvement by Ag alloying has been reported by

Tauchi et al[35] and no filmdelamination occurred during the present work.

Figure 44  Planview (left) and cross section SEM Images (right) of the reacted
ACIGS films from (a) agleposited and (b) 150°C annealed.

GIXRD and XRD patterns of selenized film were also simiagure 4.5
shows GIXRD and XRD patterns of the film selenized from the 150°C annealed
precursor (sample G4The GIXRD pattern obtained at 0.5° incident angle, which
samples the top ~ 0.1 um of the filfigure 4.5(a)), only shows peaks related to the

(Ag,Cu)InSe chalcopyrite phase, shifted with a small Ga contribution. However, the
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symmetric XRD patterfFigure 4.5(b)) shows additional weak peaks around 27.4°,
45.6° and 54.4° indating the formation of a (Ag,Cu)GaSehalcopyrite phase nearer

to the back side of the film.

Norm. Intensity (arb. unit)

15 20 25 30 35 40 45 50 55 60

20 (degrees)

Figure 45 (a) GIXRD at angle of incident of 0.5° and (b) XRD graphs of
selenized films from the precursors annealed at 150%&d3twere indicated &s;:
(Ag,Cu)InSe,s : (Ag,Cu)GaSegandz : Mo. Graphs are plotted in square root scales

(y-axis).

4.4 Devices Performance of Selenized Films

Currentvoltage and diode parameteideality factor (A) and dark saturation
current (d), obtained using a simple diode mofle10,111] are summarized ihable
4. 4. Device labels refer to the precursor condition mentionddbie 4.1. The

ideality factor and dark satation current describe the recombination mechanism [14],
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with A=1 indicating neutral region recombination while A close to 2 indicating of
spacecharge recombinatiofi12]. Higher the ideality factor lower the activation

energy of the dark saturation current, which therefore leads to inced446,111]

Table 44 Device parameters and results of diode analysis.

Voc Jsc FF Efficiency A Jo (dark)

Film — Cond.-\v'" (maicm?) (%) (%)  (dark) (mAlcm?)
Al Asdep. 0490 364 666 1.7 17 4264
g3 Sred@0 o515 382 764 152 13  1.1E5
days)
C1  60°C 0495 370 646 118 17 4264
C2  80°C 0503 376 695 131 16  1.2E4
C3  100°C 0513 377 688 133 16  1.4E4
C4  150°C 0519 341 709 125 15  5.1E5

It was found that storage or annealing of the metal precursors improves open
circuit voltage (\bc) and fill factor (FF), thus overall efficiency, of the solar cells
compared to the cell prepared with thedaposited metal precursor. The highest
efficiency of 15.2% withthedcd 515 mV and FF & 76. 4% was
B3 from the precursor stored for 90 days. However, among the cells processed from
annealed precursors, the highest 519 mV and FF & 70. 9% wer
sample C4 in wioh all the metallic In and primary Agiphases in the precursor were
consumed to form the high @wontent (AgxCu)In2 phase though it gave the lowest
short circuit current gt). Improving Voc in stored and annealed precursors could
result from increasig the bandgap or less recombination in the sphaege region.
External quantum efficiency (EQE) of the latter devices and the one prepared from as

deposited precursor are showrFigure 4.6(a). The EQE of sample C4 shows poor
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current collection through the spectral range which corresponds to the lgywshie
there was a negligible difference between EQE of other devices. The first derivative of
the EQE curveshown inFigure 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 cdampls B3 and C4 is estimated as 1.03 eV derived from the
inflection point at long waveleng{i8].

The wavelength dependence of the EQB/J/EQE (0V) is shown irFigure 4.
7 for all devices. An increase in EQE with reverse voltage bias indicates voltage
dependent current collection loss which typically reducefLE®]. It is seen that by
increasing precursor anneal temperature from 60°C to 150°C the voltage dependence
at longer wavelength is decreased, which indicates a better minarrtgr collection

from the bulkof the absorberl10].
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Figure46 (a) EQE and (b) dEQE/da of ACI GS
precursors listed ifiable 4.1.
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Figure 47  Ratio of EQE {1V)/EQE (0V) of ACIGS solar cell processed from
metal precursors listed ifable 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 he 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 Cu.7/Gan.23 Ago.7Gan.23 and In sputtering targets. XRD
analyses showed the presence of In, Agh{AD,Cu)o(In,Ga)s and CyGa phases in

the asdeposited precursor. After precursors were stored at room temperature, the
(Ag1xCuy)In2 alloy phase formed, with increasing diffraction intensity over time. The
annealing of the precursors in the temperature range-d56%C also prompted the
formation of (Ag-xCu)In2 with higher Cu content, accompanied by decreasing the

intensity of themitial Aglnz, metallicinandCs¢Ga pr i mary phases.
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law, the amount of Cu was estimated as ~28% and ~36% for precursors annealed at

100°C and 150°C, respectively. Also, XRD analyses revealed that formation of the
(AgixCw)Inophasewasaccop ani ed by increasing intensit
(Ag,.Cuyg(InGauphase and t h@&gCuadinGay EDS and KRD

analysis on the selenized samples showed low Ga concentration at the film front, due

to a Ga gradient towards the back of the films. Deyierformance of cells made from

the asdeposited, 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. Thegtigherall cell

performance with 15.2% efficiency was achieved from the processing ofead

precursoistored for90 days.
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Chapter 5

A QUATERNARY LAVES -TYPE PHASE IN THE Ag-Cu-In-Ga THIN FILMS

Abstractd In thischapter formation of a new quaternary Lavigge phase
in sputterdeposited and evaporated thin films of-B8g-In-Ga (ACIG) ispresented
Films with different compositions are analyzed by energy dispersiag x
spectroscopy andray diffraction to determine compition and structure based on
Rietveld whole pattern refinement. Annealing and partial reaction wifte ldre used
to study the phase. The quaternary phase correspondsit@@d(Agylny)  wi t h
0.2, y & OMgaype crystal diractire i spaaee group d0@a and
lattice parameter of 7.090 Finally, formation of this phase is reported in the
composition rang@Ag+Cu)(Ga+In)a 0.9 8uitable for precursors to the formation

of chalcopyrite thin films for photovoltaic application.

5.1 Introduction

Formation of a new quaternary Lavgge phase in thin filmsfdAg-Cu-In-Ga
(ACIG) was mentioned in section 3.7The AgCuwIn-Ga (ACIG) material system
has recently shown promise in applications including use as a metal precursor for
processingf wide-bandgap thin film solar cel[85] and as a candidate for le&rde
nontoxicsolderg64]. Silver alloying of Cu(In,Ga)S€CIGS) to form
(Ag,Cu)(In,Ga)Se(ACIGS) has been investigated duelie tower melting
temperature and wider bandgap of-Based thin film chalcopyrite alloys

[66,67,71,103,1114116].
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Complete investigation of Aglloying in the reaction process to form ACIGS
requires the development of a stable veblaracterized precursor structure that
enables a broad rangeeammpositions to be investigated. However, the ACIG system
has not been deeply studied. Uncertainties in the binary and ternary phase diagrams of
the Culn-Ga system including a variety of intermetallic phases and their wide range
of solid solubility make phase identification in the system a challenge. Alloying this
material with Ag adds significant complexity.

Recently, we identified a new quaternary Ldaype phase in A@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 compouyidsi 120]. These materials
have useful properties for many practical applicatj{@d®,120]such as magneto
eladic transducer§l21], supercoductive material§l22], hydrogen storage
applicationd123] and high temperature structural uses due to their strength up to high
temperaturegl24].

Laves phases are tetrahedvaked clos@acked structures with high
coordination number between-18. While electrenegativities and valence electron
concentration affect the formation of the Laves phases, ggoaldactors 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 polyakedith 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
andKasper[125,126]systemically classified such polyhedrons with coordination

number of 12, 14, 15 and 16 that hav®lel and 6fold vertices. Wik that, the Laves
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phase with the chemical formula of AB 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 neighbuesthé
centers of the truncated hexagonal f§¢43,118] 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 l&¥es phase. An A
is atom surrounded by 12 B atoms at the vertices of a truncated tetratiedyoalgo

it is linked to tetrahedral group of 4A neighbors above the centers wlitieated
hexagonal faces (bottgm
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Laves phases have been observed methifferent general polytypes: the
cubic MgCu type (C15), the hexagonal MgZtype (C14), and the hexagonal MgNi
type (C36).In the cubic AB type, the larger A atoms sit on the famntered cubic
lattice sites and form tetrahedral interstitial sifése 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 radiusrafigéd 1. 225; however
experimentally measured ratio for a different varigftthe Laves phases is between
1.05 and 1.67117,119] The deviation from the observed and ideal values is
attributed to the ability of the atws to contract/expand from those of the pure A and B
atoms to obtain the ideal rafibl7].

The objectives of thishapterare first to investigate the atomic structure and
phase composition of a quaternary Laves phase i€@é&m-Ga thin films. Then we
investigate formation of this phase in the ACIGS thin fibmer the composition
range suitable for photovoltaic applicatidvost of the results in this Chapter are

published if127].

5.2 Experimental Procedures

Ag-Cu-GaIn thin filmswere prepared by electrdream evaporation and dc
magnetron sputtering at room temperature. Sputtering was performed using
Cu.7/Ga.23 Ago.77Ga.23 and In targets to produce films with different Ag/(Ag+Cu)
and fixed GglGa+In)d 0. 2 3. T o tsasétat 609 hnevkith sulsstsateACa
Ga/ln/AgGa sequence. With the exception of one film, all samples were deposited
group | deficient, with (Ag+CujGa+In)less than 1. The substrate was p dvio-
coated soddéime glass (SLG), where a ~700 nm layer of Mo waposited on cleaned

SLG prior to the metal precursor deposition using the same sputtering instrument. The
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chamber base pressure wag Torr. Deposition was performed in an Ar atmosphere
with 1.7 and 5 mTorr pressure for Mo and metal precursor depasitiespectively.
To investigate ACIG films with different Ga/(Ga+In), samples were prepared by
electronbeam evaporation with Cu/Ga/In/Ag sequenale 5.1 summarzes the list
of the samples. Then samples were annealed in an oven under flowing Ar at 300 °C 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 partiallselenized using rapid thermal processing (RTP) at atmospheric
pressure in a tubular quartz reactor charged with 5$eth Ar[18]. The reaction

temperature was 450°C and the reaction time wa7

Table 5.1 List of the AgCu-In-Ga thin film samples synthesized by either
evaporation or sputtering. Compositions were measured by XRF.

Sample ((ég:ﬁ]l;)/ Ag/(Ag+Cu) Ga/(Ga+In) Process
Al 1.78 0.15 0.53 evaporation
Bl 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
C1l 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 measureXR¥. In order to determine

possible indium loss during the hdegatment, compositions of the-dsposited and
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heattreated samples were compared and no significant composition variation was
found. XRF analysis of the @keposited samples are showTable 5.1. EDS was
performed at 20 keV. CrosectionSEMimage and EDS mapping were obtained with
ahighrresolutionZeiss Auriga 60 microscope with 10 keV to reduce matffects.
XRD andGIXRD studies were performed with@U r adi ati on in a fix
geometry. Crystallographic structures were drawdARE (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 8-(Cu,Ga)(Ag,In) Phase

Thes-(Cu,Ga)(Ag,In) phase was first observed during analysis of-hreated
ACIG meal precursorssigure 5.2 compares the XRD pattern of sample B3 before
and after annealing at 3009%CRD analysis of the adeposited sample indicated In
(PDF# 5642), Ag,Cu)lne (PDF# 651 5 5 2Quy(In,Ge)s (PDF# 21253) and CiGa
(PDF# 441117 phases (underlines show the prominent element in the parentheses).
After annealing, a similar set of phasesswdentified except GGa. However, peaks
at 2d = 21.62A, 35.71A, 42.15A, 44.12A, 6!
with any known phase composition in the-8g-GaIn system. Using XRD
refinements, unidentified peaks were related to a newepivéh CuMg-type crystal
structure. This phaseeferred as a Laves phd462], has a cubic structure in the

space group ¢fO'Qd .
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Norm. Intensity (arb. unit)

20 (degrees)

Figure 52  XRD patterns of the sampRkS3 (a) asdeposited, (b) hedteated at
300C for 24h.Phasesre indicated as) : In, s : (Ag,Cu)lrg, 6: CwGaand: : - 2
Cuw(In,Ga)s andl : Lavestype phase. Mo peak is defined by a dashed line.

5.3.2 9-(Cu,Ga)(Ag,In) Phase Composition

I n or der t ghasedramatheathee interrhetallicgphases and
understand its composition, samples were partially selenized at 450°C for 7 min. The
GIXRD pattern at 0.5° incident angleigure 5.3(a)) indicated the formation of
crystalline INS€PDF# 0:073-0609),and (AgCu)(In,Ga)Se (PDF# 351102)phases
on the surface of the film. GIXRD analyses at 4° incident argtpife 5.3(b))
indicated existence of Afin,Ga) (PDF# 31564),c-Agslin (PDF#151 6 3-) , 0

Cuo(In,Ga)s anda-(Cu,Ga)(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. Phassiadicated aspb : -Agasln,
T : -(Gu,Ga)Ag,In), A: Age(In,Ga), z : InSe,s : (Ag,Cu)(In,Ga)Se Mo peak is

defined by a dashduhe.

The SEM crossection imageRigure 5.4) indicates a selenized region on the

surface with localized intermetallic compounds separated from the top selemide lay

EDS mapping on the crosgction image, shows two grains withoflg,Ga) andes-

(Cu,Ga)(Ag,In) compositions. Compositions determined by p&DIS analysis

showed by the arrows ffigure 5.4 are listed inTable 5.2.
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Se Lal_2

Culal 2

In Lal Ga Lal_2

Figure 54  SEM/EDS mapping of therosssecton of thepartially selenized
sample Solid and dashed arrows indicate unreacted grains wigtinlGaka n d 8
(Cu,Ga)(Ag,In) phases, respectively.

Table 5.2 PointEDS analysis showed by the arrowd-igure 5.4

No. % Cu % Ga %Ag %In

#1 5.6 0.7 646 291
#2 544 129 113 214
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5.3.3 ©8-(Cu,Ga)(Ag,In) Structure

From the EDS resultg &ble 5.2), the composition of the Laves phase can be
calculated as either (GsGa.2)2(Agdo.3lNo.7) or (Cw.sAgdo.2)2(INo.6Gav.4) with the
average radius ratioggn /fcucyd 1. 1 hcalr@dpar 1. 03. Atomic r a
taken fromSlater[128] and Clementi et a[129] were calculated by setfonsistent
field functions. The theoretical radius ratio limits the Laves phases is 1.225 though
reported values vary from B0 1.67. Thus, the (CtlsGa.2)2(Agdo.alno.7) meets the
Laves phase atomic size criteria. In order to verify this identification, we attempted to
synthesis the pur e stiongnesswementSarspesitionon t he cc
analysis of the sample Al is shownTiable 5.3. Figure 5.5 shows the xay
diffraction pattern accompanied by the Rietveld analysis of the film Al after heat
treatment. XRD anal ysi s-(CuGap(i Ag,tderd) ,t hze f or n
Cuwo(In,Ga)s and a small amounf Agelns 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 grolp'@t . Details of the crystal
structure and a4CuEEp@g,lc)phase dre sumnaezedliable o
5.4 andTable 5.5, respectivelyFigure 5.6 displaysthe schematic representation of
t h gCuasa)(Ag,In) compoundRefined 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 Al via EDS and XRF

No. %Cu %Ag %Ga %In

EDS 565 7.7 175 18.2
XRF 543 95 19.2 16.9
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Figure 5.5
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Agolns and (4) Mo.

Table 54

Details of the crystal structure for tbgCu,Ga)(Ag,In) phase

patt e-fCnGa(0oArg ,elanciy(In EH24B$ eo:

Parameter Value

Formula INs.31A02.66G8p.82CU13.18
Formulamass 1934

Crystal system Cubic

Space group "O@a (No. 227)
Goodness of fit (GOF) 1.19

Lattice constanta (v) 7.0900(2)
Volume,V (v3) 356.40(2)
Calculated density,cac (g/cn?) 9.01
Temperature (K) 273

o ( OunmK 0.154059
Number oftotal reflections 12

Number of lines 11
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Table 55 Atomic coordinates and refined occupancy paraméberthe o-
(Cu,Ga)(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

Figure56 Schematic represent a{CuGa)Apif) t he strL
phase. Shading in spheres represents the occupancy factor at atomic sites.

Table 5.6 Refined lattice constants (A) obtained by Rietveld analysis for annealed
precursors at 300 for 24h. Wt.% of Mo excluded from the analyses.

Sample Crystal Lattice constant4) W1% (esd)
structure
Mo "‘Owd (229) 3.147 0.0(0.0)
9-CusGay Otod (215) 8.766 1.8 (0.2)
Agolns 0tod (215) 9.837 24.5 (0.7)
a-(Cu,Ga)(Ag,In) "0@a (227) 7.090 73.7 (2.3)
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5.3.4 Composition Range
For mat i o(Cu,Gap(Agtinh phase@was studied over the composition
range suitable for ACIG8halcogenide films used in photovoltaic application. In
particular, this requires films with (Ag+C@@Ba+In)a ©0.9[] as in samples BB5
and C1C4 inTable 5.1. Figure 5.7 andFigure 5.8 shows the XRD patterns of the
annealed samples H35 and C1C4, respectivelyTable 5.7 summarizes the phase in
each film.
XRD analysis of the Gin-Ga precursor (sample B1) indicated formation of
I n-Cudln,Gapa n dCufin,Ga)s phasesKigure 5.7(a)). Refinement indicated
that the | attice par ameuwhichisaftributedt® ~30% p h as e
solubilityof Incalch at ed from Vegardds | aw.
Incorporation of Ag into the metal precursor to Ag/(Ag+Cu) = 0.13 (sample
B2), led to formation of (Ag,Cu)tla n d -{Ch,&a)(Ag,In) phases in addition to
In, d-Cus(In,Gap a n dCusfin,Ga)s phases in the annealed sampligygre 5.7(b)).
About43% Cu solubility in the Aglaphase led to reducedspacing and therefore
shifted the peak positions of this phase to higher values.
Asmentoned n section 1.1, in sample B3 with
(Cu,Ga)(Ag,In) phase appeared accompanied byAg,Cu)lrp, -Cog(In,Ga)s
phases. Here, increasingthe® a c i n g oAqg,Cu)lh phases, indicated (ower
solubility of In and Cu atoms, respedly.
With increasing Ag/ (Ag+Cu) to-0.51 in s
(CuGa)( Ag, I n) phase decreased. Also higher A
AgslIn, Aglnz and @Ag,Cuklns intermetallic phases. The remaining Cu and Ga atoms

f or me eCwtiniGe)s pbaseFigure 5.7(d)).
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By increasing Ag/ (Ag+Cu) to 0.77 (sampl
the XRD pattern wAgslhandAglhphasesiricreasesli t i es of
Remnants of the Cu &omdnGgeandCaGaphase®s und i n
(Figure 5.7(e)).
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Figure 5.7

, - Culny, | :9-(Cu,Ga)Ag,In), p :

XRD graph ofheattreated films with fixed GéGa+In)a 0.23 anda)
Ag/(Ag+Cu)a 0.00 (sample B1), (b) 0.13 (sample B2), (c) 0.25 (sample B3), (d) 0.51
(sample B4), and (e) 0.{8ample B5)Phasesreindicated asg : In, s

: (Ag,Cu)lmp,
-(Ag,Cu)1s(In,Gap, r : s-Agsln, ,* : - 2

Cuw(In,Ga)s, P : (Ag,Cuklng, A: CweGa. Mo peak is shown by the dashed lfBee

Table 5.1 for compositions.
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Figure 5.8 displays the XRD patterns of the héagated films with fixed
Ag/(Ag+Cu) & 0. 30 and i @27/ Ip BaXRD patterndof sampl@ C1
with 0.00 Ga ratio, only (Ag,Cu)irand Cuoln7 phases were identified with <100>
and <010> preferred orientation, respectivéliggre 5.8(a)). Near 4% solubility of

CuatomsintotheAghphase, shifted the peaks to

(sample C1)

Intensity (arb. unit)

28 32 36 40 44 48
20 (degrees)
Figure 58  XRD graph of heatreated films with fixed Ag/(Ag+Cud 0 and(&)
Ga/(Ga+In)a 0.00 (sample C1), (b) 0.08 (sample C2), (c) 0.12 (sample C3), (d) 0.22
(sample B3), and (e) 0.27 (samplé). Phases airdicated asg : In, s : (Ag,Cu)lrp,
. Cuwolnz, T :8-(Cu,Gay(Ag,In), p : -(Ag,Cu)is(In,Gay, r : 6-Agsln, ,* : - 2

Cuw(In,Ga)s, P : (Ag,Cuklng, A: CweGa. Mo peak is shown by the dashed lfdee
Table 5.1 for compositions.
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By increasing Ga/(Ga+lIn) to 0.08 in sample C2;du phases disappeared
and instead, metallic In, (Ag,Cu}n -(AD,Cu)ie(In,Gap, a n d(CutGa)¢Ag, k)
phase appeared.
In sample C3 with 12% Ga/(Ga+In), ti€Ag,Cu)16(In,Gap phase
disappeared and peak positions of the,Cu)ln phase shifted to lowe dndicating
reducedCu solubility. On the other hand, the intensity of the metallic Ineand
(Cu,Ga)(Ag,In) increased. With further increasing the Ga ratio to 22% (sample B3),
t h €Ag,Lu)o(In,Ga)sphase appeared onthe shoulnldr t he o phase at 2c
whil e other phases remain. The intensity c
(sample C4) while the intensity of the 8 ¢
Ingeneraljti s seen that the 8 -@alingsamepledll) d not
or Ag-CwIn (sample C1) ternary films with G&@a+In)a 0. 23 and Ag/ (Ag+C

0.30, respectively. However, by adding the
appears. Inthe fixed Garatiosamples-8B%2) , t he & phase for med
betweer0.13-0 . 51 . lts peak declines in intensit)

disappears at 0.77.

In the fixed Ag ratio samples(@4) , t he © phase starts t
GalGa+ln)ad 0. 08. I'ts peak inten@atHnuptodl2r eases
However, with increasing G&a+In)to 0.27 the peak intensity declines dramatically.

't i s worth m€QuiGa)@agin) phase dithreotforn imany-as

deposited samples.
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Table 5.7 Indexed XM phases tthe heattreated films at 300°C for 1 dagee
Table 5.1 for compositions.

Sample Indexed XRD Phas®s

Bl I n iCudin,Ga); o-Cug(In,Ga)4

B2 In; (Ag,Cu)lrg; 9-Cue(In,Ga)s; -(@u,Ga}( A g, HAD)Cu)ie(ld,Ga;
B3 In; (Ag,Cu)lre; -Coo(In,Ga)s; -(@u,Ga)(Ag,In);

B4 In; (Ag,Cu)lrg; -Coo(In,Ga)s; -(@u,Ga)(Ag,In); e-Agsin; (Ad,Cuklna
B5 In; (Ag,Cu)lr; -Coo(In,Ga)s; e-AgslIn; CweGa

C1l (Ag,Cu)lre; Cuwoln?

c2 In; (Ag,Cu)lrg; -(@u,Ga}( A g, HAg)Cu)ie(ld,Gay;
Cc3 In; (Ag,Cu)lrg; -(@u,Ga)(Ag,In);

C4 In; (Ag,Cu)lrng; -Coo(In,Ga)s; -(@u,Ga)(Ag,In);

3 underlines show the prominent element in the parenthesis

Figure59c ompar es t he | at(CuGa¥Aghpphasegilmnt s of
these samples. In each figure, the lattice constant of the sample Al is also shown as a
reference. In both set of samples, itice constants are higher than in sample Al. In
the fixed Ga ratio sampleBifure 5.9(a)), the lattice parameter increases from
7.095A to 7.097A with increasingyg ratio from 0.13 to 0.51. The lattice constant
varies with varying Ga ratio as well. It is seerfigure 5.9(b) that with increasing Ga
ratio from 0.08 to 0.27hea value decreases from 7.108A to 7.096A. Lack of
i nf or mat i-pbase conmposttion én each sample makes the conclusion about
lattice change with composition uncertain. This is due to the formation of multiple

crystalline phases with a high rangesofid solubility. However, the results suggest

the existence of a r ghagegartxidlarlyswhich requireso | ubi | i

further analysis.
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Figure59 Var i at i o@u,Ga)Ag,lin)Haticeparameter witharying(a)

Ag/(Ag+Cu) in samples BB4 and (b) Ga/(Ga+lIn) in samples G24 and B3. Results

also compared with thgroup| rich A1 sample.

5.4 Conclusion

In thischapter a new quaternary Laves phase in thin films of@gIn-Ga

was identified. EDS analyse a partially selenized sample indicated that the phase

corresponds to (GuGa)2(Agylniy) (x a 0.2, y a 0.3). Its si
Rietveld refinement on a thin film sample with a composition close to the pure phase.

It is found that the new pise has a GMg-type crystal structure, space group of

"O@d and lattice parameter of 7.080Also, the formation of this phase in the
composition range suitable for-photovoltai
(Cu,Ga)(Ag,In) phase forms in the quatergaystem and shows a solid solubility

range.
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Chapter 6

REACTION PATHWAY ANALYSIS OF A g-ALLOYED C u(In,Ga)Sez
ABSORBER MATERIALS

Abstractd In this chapter, we studgaction pathwag/to formation of
ACIGS usingexsitu time-progressive experimenighich help todevelop an advanced
precursor reaction process with a controlled composition profileCén-Ga
precursors with AgAg+Cu)a 0.0, 025,0.75,and10 and Ga/ ( Ga+Iln) a o0
reacted at 450°C usirfgeating lampn a tubular reactor charged with 5%Sé/Ar.
The reaction time was varied frof45 min. Composition and structure were
characterized by EDS, XRF, XRGIXRD and Ramarspectroscopy. Reaction
pathway analyses for Ag/(Ag+Cu) = 0.0 indicated that the reaction was completed
after 20 min whentheatb | e i nt e r nG(lnpdakwasconsumad Similar
analyses for | ow Ag/ ( Ag+ OQle)nterdnetdliGphasesi ndi c a't
were formed during the reaction includiagCu,Gap(Ag,In), &-(Ag,Cuk(In,Ga)and
2-Cuw(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 AgGa)Se and AglisSe within 20 min.
XRD analysis showed #t Ag tends to stay in the stalg¢Ag,Cu)(In,Ga) phase
during the reaction at higher A&g+Cu)a 75% and 100% and this c
reaction time andpatialnon-uniformity. We also show the Ga accumulated in

AgGaSeand GaSe phases at the basikle of all films regardless of the amount of
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Ag-alloying, similar to filmswithout Ag. However, with increasing amount of Ag in

the fil ms, the amount of Ga measured in tF

6.1 Introduction

Silver alloying of Cu(InGa)Se (CIGS) to (AgCu)(In,Ga)Se (ACIGS) has
been investigated due to the lower the melting temperature and widen the bandgap of
Ag-alloys. Ceevaporated films have shown reduced defect den§ltd€d, increased
grain sizg71] and enhanced device parftanceg72] up to 19.9% efficiency75].

Also, Ag(In1.xGa)Se (AIGS) has been studied as a promising makéor nonlinear
and near IR optical devices and spivlarized electron sourc§s31i 135]. This wide
bandgap chalcopyrite material with high Ga contemt jgotentially be used as the top
cell in tandem solar cells.

As mentioned in section 1.5 of Chapter apwledge of the growth process
during the absorber formation is essential to develop a high quality absorber material
and therefore high performancdaacells. Reaction chemistry of the formation of
ternary and quaternary chalcopyrites from metal precursors has been studied by
different groups using timprogressive reactiorj&3,32,47]or in-situ analysis
[15,33,48,49] Verma et a]32] and Orbey et d¥7] studied the chemical formation of
CulnSe using timeprogressive reactions of &@n precursors with k5e at 250°C,
325°C and 400°C in a tubular reactor. Brummer g88|. and Hergert et aJ15]
performedn-situ x-ray diffraction analysis during annealinfSecapped Ctn
precursorsvith Se excess in a temperature range from 25 to 550°C. Similar studies
also have been done usiimgsitu energy dispersive XRD (EDXRD48,49] (for more

information see Chapter 1, section 1.5)
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In previous chaptersye studied the effect of Aglloying on the prearsor
structure using csputtered or stacked layer deposition. Here, the primary goal was to
determinaeactionpathways during the formation of ACIGS uskgsitu time-
progressive experimenggdanalyses to have a better understanding of the reaction
leading to development of an advanced precursor reaction process with a controlled
composition profile Samplesvere reactedsing rapid thermal processing (RTP)
which allows precursorso quickly reach the desired reaction temperature following a

rapid quach time.

6.2 Experimental Procedures
Ag-Cu-Galn metal precursors were deposited onto Mo/doda glass (SLG)
substrates by dc magnetron sputtering at room temperature usinges3,
Ago.7/Ga.23 and In targets. Samples were deposited MWCu-Ga/In/Ag-Ga stacked
layers, as described in Section.&Sputtering parameters were determined to give
Ag/(Ag+Cu)&0.0,0.250.75and1.6nd ( Ag+Cu)/ (Ga+Iln) & 0.90
thickness & 500 nm. Seleni zagsingdRTPvatas done
atmospheric pressure in a tubular quartz req€igure 2.2 andFigure 6.1). For each
run, a precursor was first loaded into the reactor, and then the reactor was charged
with 5% HSe in Ar.The BbSe concentration is chose based on the model presented in
[136] to fully selenize the filmThe reaction temperature was 450°C and the reaction
time varied from 2 45 min. The temperature ranime was set to ~ 1 sec. At the end
of reaction, the lampvas turned off and taken away from the sample and&s
flown into the tubeThe @ol-downtime of the sample surface temperature was ~ 30
sec to 250°C. Temperatuneas predicted and controlled using a pyrometer and heat

transfer model§79].
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Sample composition veameasured b}YRF and EDS. The XRF measurements
sampled the entire film. EDS, however, with excitation voltage 20 keV gives a
composition value weighted toward thetop0@. 5 e m of tsbckonf i | m. Cr
EDS mapping was performed with 10 keV electrons to decrease the interaction
volume. The crystal structures of the films were evaluated u@Rig and GXRD
with Cu KU radiation. XRD pattef8dandwer e ar
Rietveld refinements were performed by JADE software (Materials DatdMDd)
JADE 2010). Raman spectra were measured at room temperature with laser
illumination at 532 nm. Laser power wset 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 oftesbftims from
Mo/SLG substrate-or more information on theeaction andharacterization

techniques seBection 22 and 23 in Chapter 2

Heatlng Lamp

450 C

i Ar/5% st

Precursor Quartz tube

Figure 6.1  Schematic of the reaction proceRapid thermal processing (RTP) was
used to quickly reach the desired reaction temperature
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6.3 Resultsand Discussion

6.3.1 Ag/(Ag+Cu) =0.0/Cu(In,Ga)Se

In order to compare the reaction analysis before and aftell®gng, reaction
pathways during formation of Cu(In,G&e was initially investigated bgxsitutime
progressive experimentsSigure 6.2 demonstrates the SEM platew images of the
films reacted at differentactiontimes. SEM images of the ageposited precursor
and the 2 min reacted film are mostly similand display formation of In
agglomerates on the surface. However, the morphology of the films significantly

changed after 2.5 min

Figure 6.2  Planview SEM images of the reacted Ag/(Ag+Cu) = 0.0 films for
differentr eact i on ti mes. Scales bars represent
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XRD analysis of each sample is showrFigure 6.3. As-deposited precursor
contains In and Gg(In,Ga)p phases. After 2 mireaction InSe lf,GaxSe; ando-
Cuw(In,Ga)4 phases were identified in the XRD pattern accompanied with In and
Cue(In,Gapp hases. A h'canpe raated dtler té G207 CulnSe
(CIS) phases. With increasing the reaction time to 3.5 min, an intense (112) peak of
CulnSephase appe arwikthalh an@ ClIndGairsermetallic
phases were disappeared. With increasing the reaction time and further reaction of In
atons, its solubility decreases in theCu(In,Ga)a,t her ef ore (11¥) peak
shifts to higher values and gets convol ut e
& 4’ BetBeen 15 to 20 min reaction timeCu(In,Ga)s reacts and form CuGagsSe
(CGS) which is detecteafter 20 min on the right side of the Cula$El2) 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
detectedThere were no significant changes in the XRD patterns betwedh &0n
except peaks sharpening after 45 min, indicating crystallinity improvement of the
chalcogenide pdses. Thee is abroad peak on the left side of the Culp8e 2) peak
in films reacte for 3.520 min It is attributed to formation of GuSe phase with
orthorhombic crystal structure. Raman scattering analysis indicated formation of Cu
xSe phase on the surface of films reacted fe2@@nin.Figure 6.4 shows formation
of this phase on the surface of 20 min reacted film detected by Raman afdligsis.
phase was formed betweet¥ 3nin reaction and vanished at 45 niased on XRD
analysis, the othgyossible phase is GlasSeporthesec al | ed fAor dered def

c omp o und,ItalsoBd3 Grjharhombic crystal structure wRimn® space
group

93



Norm. Intensity (arb. unit)

20 (degrees)

Figure 6.3  XRD patterns of asleposited andeacted Ag/(Ag+Cu) = 0.0 films for
different reaction time$?hases armdicated as;’ : In, 3: -Cog(In,Ga)4, P :
Cuie(In,Gap, r : CpxSe /CwIn-Se (ODC) < ; InSe A : InsSe;,: s : CuGaSe, and
g : CulnSe. The strong Mo peak is indicated by the dashed line.
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Figure 64  Raman spectrum ofspoton thesurfaceof theA g / ( A g + Cfilm
selenized at 450°C f&0 min. The Raman modes of théSJ137i 139] and CuxSe
[137] phasesireshown The Raman spot is shown in the inset optical microscope
image.

Se/ M [ Sel ( AagdtCanNGatprofilenmeasure by XRF and
EDS analyses are shownFkigure 6.5. The XRF measurements sampled the entire
film and measured the total amount of Se in the fifDS, however, withxeitation
voltage 20 keV gives a composition value weighted towaeddp 0.3 0. 5 & m

film; hencet can show the Ga gradient in the film.
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306 e Sel/Metals XRF £
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Figure 65  Se/Metals and Ga/(Ga+In) ratios of the reacted Ag/(Ag+Cu) il
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¢om0.5
of the film after 3.5 min reactionyhile the entire Se/M profile measuat 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 th
reaction time and reaches 0 after 20 min. These results together with XRD data
indicate that the Culng@hase was initially formed on the surface of the film after 3.5
min; while the Ga remained in the stabl€uy(In,Ga)s phase. Then it reacts into
CuGaSe phase at the back of the sample between25L&in reaction timekigure 6.

6 summarizes the reaction pathways of formation of thénGGbé)Se absorber.
Similar reaction pathways at 48Dwas reported in literatufé3]. Presence o€uGay

intermetallic compound near the interface of Mo/CM&® reportedHanket et al.
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[13] assumed thabBa accumulation at the back side of the filmey be attributed to
the slow reaction of the @Ga phase. They also reported the presence of

Cuo(Ino.e4Gan.36)2 and CyGa phases in the precursor.

CuGaSe,

8 Cu,_Se / Culn;Se;
n
_‘CU CU'nsez
o InSe
ol L
% _(l_n,Ga)4SE3
T Cug(In,G
c Ug(In,Ga),

Cu4g(ln, Ga)g

In 0% Ag/(Ag+Cu)

0 4 8 12 16 20 24
Reaction Time (min.)

Figure 6.6  Reaction pathway analysis of formation of chalcopyrite phase with
Ag/(Ag+Cu)= 0.0at 450°C Intermetallic and selenide phases were differentiated by
blue and yellow colors, respectively.

6.3.2 Ag/(Ag+Cu) & 0.25

Similar to the previous sectioexsitu charactaeation of timeprogressive
reactions was performed on lpnriew(kigurg 6.r s
7) andcrosssectionalFigure 6.8) SEM images of the reacted filrsBow
morphology evolution during formation of the chalcopyrite phasglan-view

(Figure 6.7(a)) and crosssection Figure 6.8(a)) SEM image of the adeposited
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metal precursashows agglomeratenodules due toomplexgrowth of In discussed
in detailsin Chapter 3

As seen in the plamiew images, surface morphology of the samples reacted
for 5 to 45 min are similafHjgure 6.7(c-f)). The bumpy morphology seenFgure 6.
7(d-f) can be attributed to slow reaction of-@eh stable intermetallic phases, which
eventualy form voids at the substrate/film interface as evident in esestonal
images Figure 6.8(d-f). Localized unreacted intermetallic grains separated from a
thin selenide layer on top are seefrfrigure 6.8(b). Cross sectional images show
increasing thickness of the selenized layer with reaction time, reaching ~2 pum after
reacting for 45 minfigure 6.8(c-f).

Table 6.1 summarizes the Ga/(Ga+In) and Sé{Mbe/(Ag+Cu+Ga+Injolar
ratiosmeasured by EDS and XRrsus reaction timéleasured values are plotted in
Figure 6.9. Frontside 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 tdi06min indicates the depth of

fully reacted material moving through the film.
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Figure 6.7  Planview SEM images of théa) asdeposited and reacted
Ag/ (Ag+Cu) fdr(b)B.5mid, (ch5 ninmd) 10 min, (e) 20 min and (f) 45
min different reaction timesScale bars correspond16 um.

Figure 6.8  CrosssectionalSEM images of the (a) akeposited and reacted
Ag/ ( Ag + Ciilins f@r (b)03.5 i, (c) 5 min, (d) 10 min, (e) 20 min and (f) 45
min different reaction thes. Scale bars correspond tom.
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Table 6.1

Ga/(Ga+In) and Se/Metatsolar ratiosmeasured by EDS and XRF

versus reaction timfer the asdeposited andeactedd g/ ( Ag + Cidilms a8 0. 25
— EDS XRF
Reactiontime
(min) Ga/ Se/ Ga/ Se/
(Ga+In) Metals (Ga+In) Metals
0 (asdep.) 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
0.20 o R i e
! 00 JRrses 8 41.00
M ® #
= o045\ /= Galllfrontside EDS
(.'.'_J ' \ / ® Se/M XRF data 40.75
c !.-" o Sel/M front-side EDS | §
= &/ @
[N
0.05|jo ® “~am_____ = J0.25
E _ff\
U.UO‘IIrg T T T T O.UD
0 10 20 30 40 50

Figure 6.9

Reaction Time (min)

Ga/(Ga+In) and Se/Metals profile versus reaction time measured by

EDS and XRFor asdeposited andeactedA g / ( A g 0.254ilns. a
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Symmetric XRD scans of the-dgeposited precursor and reacted films are
shown inFigure 6.10. These results show that thedeposited precursor contains
(Ag,Cu)ln (PDF# 651552), In (PDF# $642), CyGa (PDF# 441117) anch-
Cuw(In,Ga)s (PDF# 21253) phases. XRD analysis of the films annealed and selenized
for 2 min are similar, notably that no crystalline selenide phases are detégtae (
6.11). Raman spectroscopy, however, can provide phase information and is more
sensitive to the top surface region. The Raman spectrum shduguie 6.12(a)
shows amorphous 18e phases on the surface of the film after 2 min reaction. The
broad band spreading from the lowest frequency to about 24@scancommon
feature of Raman spectra of amorphou$Séilms[140. Raman modes r el at
(In,Ga»Se;[140], InSe[141] and (n,GakSe; [142] phases are shown Kigure 6.
12(a). XRD phase analysis of the 2 min annealed/selenized films indicated existence
of In, (Ag,Cu)lrp, -Ags(In,Ga) (PDF#15L63) andb-Cuo(In,Ga)4 phases, while peaks
at 2d = 21.6, 35.7, 42.Hgure@al9andrgdredl1d (i ndi ¢
were matched wit h-(QulGcg(Agle)B7] ldiacussesl in Claptesr e  d
5. This phase formed while the-dsposited CsGa phase dspated
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Figure 6.10 X-ray diffraction patterns (squareot scale) of the (a) afeposited ath
selenizedA g / ( A g + C tilins ah45@C far 245 min reaction time. Phases are
indicated as;| : In, s : (Ag,Cu)lre, 0: CwGa,3: -Coo(In,Gay, b: -Ags(In,Ga),l :
a-(Cu,Ga)(Ag,In), 07 -Age(In,Ga), @: -(Afj)ca r : InSeA: InsSe, / : CuGaSe

5 : CulnSe/CulnsSes andp : (Ag,Cu)(In,Ga)Sg The strong Mo peak is indicated by
the dashed line.
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Norm. Intensity (arb. unit)

20

20 (degrees)

Figure 6.11 X-ray diffraction patterns (squareot scale) of the (a) Ar annealed and
selenizedA g / ( A g + C tilins ah45@C far2 min. Phases are indicated asln,

s : (Ag,Cu)ln, 3: -Coo(In,Gay, P : -Ags(In,Ga) and : -(®u,Ga}(Ag,In). The Mo
peak isindicated by the dashed line.

z[@ E Z [®) s
% o y-(In,Ga),Se; v 5 | —2min "ﬁ'
3 = —-=--3.5 min !
= YInSe s ... il
w | V (In,Ga),Se, 2 ;II
z : i
: ,
g | Front-side = _ y
S 2min E T N
. \ \ \ \ \ 2 ST \ T
350 300 250 200 150 100 50 350 300 250 200 150 100 50
Raman Shift (cm™) Raman Shift (cm™)

Figure 6.12 (a) Raman scattering spegatn from the near surface region of the film
reacted at 450°C for 2 min showing formation of amorphot3eliphases on the
surface (b) Raman spectra of films reacted fed2 min. Raman modes were
indicated asd: -(In,Ga)Se,q : InSe ands : (In,Ga)Ses,| : chalcopyrite A mode.

Raman modes of reacted films for 2 and

figure (b).
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After increasinghe reaction time to 3.5 min, crystalline IN&DF# 01073
0609)and InSe; (PDF# 01071-0521) wereevident in the XRD analysisigure 6.
100 . The broad peak centered at 2d 3 26.7A
(PDF# 401487) or the Culsbe (PDF# 511221) ordered defect compound (ODC)
since their diffraction pattes are similar. However, the CulnS#ase was not
identified in the crossectional EDS analysigigure 6.13), but a Cupoor
chalcogenide phase was detected orsthitace 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 meiacted film. However, the overlaps
between A Raman mode of the Culn8@d 74176 cm‘[138,139) and CulnSe; (154
cm}[143]) with the InSe modes rendered the Raman phase idEatiidn challenging.
On the other hand, the XRD intensity of intermetallic phases, particularly In,
(Ag,Cu)ire, a-Agd(lneGa) phases were decreased. Al sc
appeared and wAge@n Ga)(RDF#H 3h564). éntbrestinglyFmure 6.
13al so s hows t h e(CdGayAydn])inteonretalicc phade lureler a thin

selenide layer.
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L {1111 Ag/l [Gallll|Se/M|Possible Phase

1 0.26 0.00 0.10 0.92 Culn,Se;(ODC)
2 1.95 0.16 0.40 0.00 (Cu,Ga),(Ag,In)

Figure 6.13 SEM crosssection and speEDS analysis of the 3.5 min reacted film
with Ag/ (Ag+Cu) & 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 plrégearé 6.
120 b) ). The position of the (Fijutedlda),ef | ect i c
while its intensity increased. This is accompanied by the disappearance of In and
(Ag,Cu)ikphases and decr edQGaydg,In) phasenwhiietney of t h
i nt ensi-Ag(n,&d) phade excreasedFigure 6.10 andFigure 6.14(b)). The
XRD (002)p e a k-Aga(lh, @a) (at 2d = 37. 84Fgwreda !l so shi
14(b)).Figure 615 a) compares t he r eAgilmGapphaseat ti ce ¢
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 afand increase in. This is in good agreementtwimeasured

| atti ce par a-Agelnversus Agaal.%l&sFighre 6.15(lg. A wide
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homogeneity rangeft h &\gsla phaseas shown in the Agn phase diagrantgure

6.16). As a result, it is possibklat by increasing the reaction time, In reacted to form

Il nSe and chal cogeAyxlrdGa) phaseanwasdepleted. Orethetothee ¢
hand, substitution of Ag/In with smaller Cu/Ga or residual stress in the film may have

caused the shift.

| —— 2 min
—— 3.5 min

Norm. Intensity (arb. unit)

Norm. Intensity (arb. unit)

34 35 36 37 38 39 40 41
20 (degrees) 20 (degrees)

Figure 6.14 (a) XRD (112) peak (lineascale) of the chalcogenide phase and (b)

XRD peak pdghs,CukiingGa)overnrdactientimefekg/ ( Ag+Cu) & 0. 2

films (left). Phases are indicated as; In, s : (Ag,Cu)lrg, P : &-Ags(In,Ga),[07 - 9
Ago(In,Ga),and : -(@u,Ga)(Ag,In). The Mo peak is indicated by the dashed line.

10¢€



3.02¢ — —s—alla.79 3.021 . 5 /:.'f-—:': {14.79
3.01f " | P 3.01f——¢ /\\/ lazs
3.00} ’ 3.00} / '
— 2.99} 477 _ _ 299 '>< 1477
= =L <L
o 2:98} y 476 5 T 298 \ 14.76 5
2o 14.75 2.97¢ N {4.75
296F @ T—_ 2,96} ~.
14.74 ~ 14.74
2.95} 2.95 .
@) 2.9 ®) H' 4.73
29 4 6 e % 70 72 74 76 78
Reaction time (min.) Ag at.%
Figure615 (a) Ref i ned | &gsfiniGe)eersusorenstiondime, and o f

( b9Agsla lattice constant measurég King et alf144].

N E 157

1000 1 1 1 1 1 1 1 1 1
9623
9004 =
E
8004 N R
. O
695 * L
7004 2 B
670 P
© [ se0
G 600 | 3
o '
e ] A\
®
5003 = \ 3
1 B
£ ) §®
@ 4003 & \ 3
- 2 \ —
°°, \
\
300 | 0 3
N
\ / N 205
200 187 1 ~\Am} 169 E
=
t i & = 145
10073 = —8, S %, 'E-
< < |I< < &
U T T N T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Ag at. %

Figure 6.16 Ag-In phase diagranifi45]. High-temperature-Agsin phase is
indicated by a marker.

The XRD pattern of th&élm reacted for7 min is similar to that of the one

reacted for 5 minuteskigure 6.10). The intensity of the chalcogenide phase,



however, increasedr{gure 6.14(a)). The results of SEM/EDS cressctional analysis

of the 7 min reacted filmHRigure 6.17) show lo@lized intermetallic compounds that

are fully separated from the top chalcogenide layer. EDS mapping further shows two

di fferent grains with cAgp®Gadi-&gs(lno,Bad corr esyg
a n d(CugGa)(Ag,In).

Cu) & 0.2

Figure 6.17 Crosssectional SEM/EDS elemental maps ofthg / ( Ag +
l id and dast

sample selenized for 7 min. So
Ago(In,Ga}/ -8gs3(ln, Ga ) -(@uiGh)(Ag,In) phases, respectively.

XRD analysis of thesample selenized for 10 miRigure 6.10) shows almost
no sign of intermetallic phase formation. The cresstional EDS analysis Figure 6.

18 however, reveal s -(tAd) end EyGiedideesatthelmdk | oc a l
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