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This dissertation describes the deposition and characterization ofan amorphous 

thin film with a composition near that ofCuInSe2 (CIS). The creation ofan amorphous 

intermediate leads to a crystalline film at low annealing temperatures. Thin films were 

deposited from elemental sources in a custom built high vacuum chamber. 

Copper-selenium and indium-selenium binary layered samples were investigated 

to identitY interfacial reactions that would form undesired binary intermediate 

compounds resulting in the need for high temperature annealing. Although the indium­

selenium system did not form interfacial compounds on deposit. indium crystallized 

when the indium layer thickness exceeded 15 angstroms. disrupting the continuity of the 

elemental layers. Copper-selenium elemental layers with a repeat thickness ofover 30 

angstroms or compositions with less than 63% selenium formed CuSe on deposit. 
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Several deposition schemes were investigated to identify the proper deposition 

pattern and thicknesses to fonn the CIS amorphous film. Simple co-deposition resulted 

in the nucleation ofCIS. A simple stacking ofthe three elements in the order Se-In-Cu at 

a repeat thickness of60 angstroms resulted in the nucleation ofCuSe and sometimes CIS. 

The CIS most likely fonned due to the disruption ofthe elemental layers by the growth of 

the CuSe. Reduction ofthe repeat thickness to 20 angstroms eliminated the nucleation of 

CuSe, as predicted by the study of the binary Cu-Se layered samples, but resulted in the 

nucleation ofCIS, similar to the cO-deposited samples. 

To eliminate both the thick Cu-Se region, and prevent the intermixing ofall three 

elements, a more complex deposition pattern was initiated. The copper and selenium 

repeat thicknesses were reduced into a Se-Cu-Se-Cu-Se pattern followed by deposition of 

the indium layer at a total repeat thickness of60 angstroms. At a Se:Cu ratio of2:1 and 

the small repeat thickness, no Cu-Se phases nucleated. Additionally, the Cu-In interface 

was eliminated. For this deposition scheme, films with a selenium rich composition 

relative to CulnSe2 were generally amorphous. Those that were Cu-In rich always 

nucleated CIS on deposit. Annealing ofall samples produced crystalline CIS. 
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CHAPTER I
 

INTRODUCTION
 

Synthesis from Amorphous Precursors 

The synthesis of new solid state compounds is difficult. To make a new 

metastable compound, you fITst need to avoid forming all of the thermodynamically 

stable compounds in the phase space being explored. Control ofkinetics during the 

formation ofnew phases is crucial in the synthesis ofnew compounds. Alternatively, 

the uncontrolled formation ofphases is quite simple. In just one solid state 

combinatorial experiment involving materials with compositionally variable phases, 

almost an infinite number ofdifferent compositions can be produced, most ofwhich 

will produce a mixture ofphases. Analysis and characterization of these phases to find 

the new ones or to fmd samples with the desired properties becomes the rate limiting 

step to the discovery ofnew, usable materials. Although the combinatorial approach 

has shown its worth, especially when combined with a kinetic approach rather than the 

traditional heat and beat synthesis approach, a rational approach targeting specific 

compounds of interest significantly reduces analysis time. 

Generally speaking, most inorganic solids are produced from a high temperature 

reaction. If a homogeneous melt is required, a sufficiently high temperature must be 

achieved to melt not only the initial components, but also any intermediate compounds 

formed at the interface of the precursor solids and those formed by the precursors' 
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interface with the liquid phase. Controlled cooling and annealing of these melts are 

used to impart properties in the solid that deviate from the thermodynamically stable 

phases producing a 'metastable' product. 

When one looks at the surface of the Earth, one realizes that 'metastability' is 

the rule and not the exception. Stability relies heavily on how one defmes the system. 

Steel, slowly cooled from a melt, is thermodynamically stable, but when placed in an 

oxygen containing environment, it is not stable relative to its oxide. In a similar 

fashion, an isolated crystalline layer of a pure element is considered to be 

thermodynamically stable. When placed in intimate contact with another element or 

compound capable of inter-diffusion or phase formation, the system becomes 

metastable. One method of creating new compounds or stable compounds at 

temperatures below the melting point is to take advantage of the metastability of 

stacked thin elemental layers. By judicious control ofelemental layer thickness, layer 

order, and thermal annealing conditions including time, temperature, atmosphere, and 

pressure, metastable precursor materials and stable phases can be produced at low 

temperature. 

In a simple binary system, there is only one type of interface between the two 

elemental layers, and of course the front and back surfaces. For these systems, a 

'critical thickness' has been defined as the transition point between complete inter­

diffusion before nucleation, and phase formation at the interface before diffusion is 

complete. Either situation may be desirable depending on the targeted phases(s) and 

structure. Nucleation at an interface can result in a preferred alignment of the growing 
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crystallites. Complete diffusion before nucleation can be utilized to create a metastable 

amorphous intermediate that is further processed to form a crystalline phase. Elemental 

layer interaction becomes more complex when three elements are deposited as thin 

layers. There are now up to three elemental interfaces involved. Ternary layering has 

previously been used to form superlattices oftwo different binary phases with the 

common element to both phases separating the other two elements. 1, 2, 3 Ifone wishes 

to form a single phase from an amorphous precursor consisting ofthe three elements, 

then the layer thickness is limited to prevent nucleation of binary compounds before 

diffusion is complete. The question becomes, why not just co-deposit the three 

elements to form the amorphous precursor? Indeed this process will work, assuming 

that a binary or ternary phase does not nucleate under ambient deposition conditions. 

The desire for an amorphous precursor for the copper indium diselenide system 

has led to the investigation ofhow the order and thickenss of the elemental layers affect 

nucleation and growth of copper indium diselenide. In addition, the effects of the 

addition ofsodium on nucleation and growth of the CIS phase and the substitution of 

gallium. for indium was investigated. In this dissertation, I will present data 

characterizing the elemental layering, nucleation, and/or crystal growth ofbinary 

copper-selenium, binary indium selenium, ternary copper indium diselenide (with and 

without sodium), and copper gallium diselenide thin film layered systems. 

The motivation for this work has been to produce an amorphous thin film layer 

stack from which CIS can be formed on heating. Nucleation ofCIS during deposition 

would necessitate a high temperature anneal to drive crystal growth via an Ostwald 
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ripening process. The reduction of the necessary annealing temperature would enable 

the use of inexpensive substrates that are unable to withstand high temperatures. 

Additionally, low temperature annealing would open the door to the design of solar cell 

absorber layers with controlled graded band gaps via the adjustment of the Ga/(Ga+In) 

ratio. To better understand how the control of thermal history may lead to 

improvements in solar cell performance, a brief review ofCIGS solar cell technology is 

included. 

How a Solar Cell Works 

A brief review ofCIS type solar cells is in order to ground the reader with the 

technology and challenges with the CIGS material system and its interfaces with other 

solar cell materials. For electronic materials such as CIS, formation of the desired phase 

is only the first step in optimizing the material. The electronic properties, compared to 

the structural properties, are always more sensitive to the process used to make the 

desired phase. In addition, the formation of the electrical interface with other phases is 

often crucial to achieve the desired device characteristics. 

Figure 1.1 shows a simplified diagram of a solar cell. In its most simplified 

form, a solar cell is composed ofa semiconductor doped as n-type on one side and p­

type on the other, effectively a large flat bipolar diode. A conductive material on each 

surface is used to collect charge carriers. 
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Front Contact Grid
 

n-type 

p-type ffi 

t 

++++++++++++++++++ 

Metal Back Contact 

Figure 1.1 Simplified diagram ofa p-n junction solar cell. 

A solar cell works on the principle ofcharge carrier excitation in the presence of 

a static electric field. When an n-type and a p-type semiconductor are in intimate 

contact, electrons in the n type material migrate to the p type material until the 

electrostatic field produced by the charge imbalance counteracts the chemical potential. 

The resulting transfer of charge carriers produces a permanent electric field across the 

junction. Photons with energies greater than the band gap of the absorber layer may 

interact with a valence band electron and promote it to the conduction band leaving a 

hole. The static electric potential causes the electrons to migrate in the direction ofthe 

n type material and the holes to migrate in the direction of the p type material. The 

electrons and holes then travel through the conductive surface contacts and recombine 

in the external electrical load resulting in a current loop. 
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Solar Cell Efficiency 

Cell efficiency is a measure of the amount ofusable electric energy that a solar 

cell produces relative to the amount of light striking the surface of the solar cell. 

The efficiency ofa solar cell depends on both the efficient absorption ofphotons to 

generate carriers and the transport of those carriers. Recombination or charge trapping, 

where an electron and hole recombine in either the absorber layer or the interfaces 

reduces the efficiency of a solar cell. The usable energy ofthe charge carriers is 

determined by the band gap of the absorber layer which establishes the maximum 

voltage that can be produced by the cell. The current is determined by the number of 

photons that promote an electron from the valence band to the conduction band 

resulting in free charge carriers which may reach the external circuit. Since the solar 

spectrum is fixed, a trade offexists between voltage and current. A wide band gap 

material will utilize less of the solar spectrum but retain more of the energy from each 

created charge carrier pair. A narrow band gap material can use more of the solar 

spectrum but produce less energy per charge carrier pair. 

Fill Factor 

The fill factor is a measure of a solar cells operational efficiency relative to its 

maximum current and voltage. The open circuit voltage (Voc) is the physical 

measurement of the maximum voltage a solar cell will produce with no current flow, 

thereby eliminating voltage drops through the cell. The maximum voltage that a solar 

cell can produce is limited by the photon absorber's band gap. The short circuit current 
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(Jsc) is the maximum current that a solar cell can produce under no electrical load. The 

maximum current is limited by the number ofphotons striking the surface with enough 

energy to produce an electron hole pair. Fill factor, graphically represented in figure 

1.2, is a comparison between the power produced by a solar cell under a standard load 

and the theoretical maximum ofthe product of Jsc and Voc. Fill factor is commonly used 

to compare solar cells and identify inefficiencies in solar cells. 

Jsc 

Voc 

Figure 1.2. Sample graph for fill factor. A fill factor of 100% would be represented by 
the rectangle. A real cell is represented by a curve similar to the one pictured. 

The Chalcopyrite Crystal Structure 

Copper indium diselenide (CIS) is a commonly used absorber layer in solar 

cells. CIS is a member ofthe chalcopyrite mineral family with a general composition of 

1]111]VI2• The crystal structure is tetragonal (figure 1.3), space group I4(bar)2d with 

lattice parameters of a,b=5.78 angstroms and the c parameter being about twice that of 

the a, b parameters at 11.6 angstroms.4 Each copper and indium is tetrahedrally 

coordinated with four selenium atoms as closest neighbors. Each selenium atom has 

two copper and two indium atoms as closest neighbors. A series ofordered vacancy 
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Figure 1.3. A schematic representation of the copper (indium, gallium) diselenide 
chalcopyrite structure. 

compounds exist (CuIn3SeS, CuInsSeg, etc.) produced by the substitution ofan indium 

on a copper site (Ineu) and the creation of two copper vacancies (Veu) necessary for 

charge neutrality. The ordered vacancy compounds exist as stable structures due to the 

low formation energy of the Inen substitution and copper vacancies.s Copper indium 

diselenide has a large compositional range in the indium rich, copper poor portion ofthe 

ternary phase space (In1+xCUl_xSe2). There is very little solubility for excess copper in 
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the CIS structure, with excess copper fonning copper selenide impurities.6 

Composition detennines if the material is n type or p type. CIS can be n type with a 

Cu/In ratio ofless than 0.73. The material used to make solar cells is p type with a 

Cu/In ratio between 0.73 and 1.0.7 

Grain Boundaries 

Grain boundaries have been identified as major sites for carrier recombination in 

most polycrystalline electronic materials. CIS is unique in this regard because 

polycrystalline CIS has similar electrical properties to single crystalline CIS. Optimized 

CIS solar cells have been shown to be copper-poor at the surface. The composition of 

the surfaces tends to indicate that a layer of the ordered vacancy compound Culn3Ses 

fonns at the surfaces of the CIS grains. The creation of this layer can be enhanced by 

indium rich deposition conditions in the final stage ofabsorber layer deposition. This 

copper poor layer is intrinsically n-type and fonns a repulsion field for the electrons, 

effectively shielding the surface and reducing recombination. Calculations perfonned 

by Rockett, has shown that defects such as Veu-In-Veu sets fonn super clusters whose 

surfaces are charged. The surface charge on these clusters ofdefects repels charges and 

reduces recombination losses by the defects.8 

Front Interface 

The front interface ofthe highest efficiency CIGS based solar cell is composed 

of a cadmium sulfide layer deposited via chemical bath deposition, a highly resistive 
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zinc oxide layer and an aluminum doped conductive zinc oxide layer, both sputter 

deposited. The final layer is a metallic grid that collects and delivers the charge carriers 

to the external surface. For the purposes of this project, I will focus my review on the 

CIGS/CdS interface and how it affects optimization of the CIGS layer. The CIGS/CdS 

interface was first thought to be a heterojunction with the pin interface at the material 

interface. There is now compelling evidence that the actual pin junction is buried in the 

CIGS layer. There is a significant advantage to a buried junction in that recombination 

at the pin junction is reduced and one can now focus on optimizing the material 

interface.9 

Back Interface 

For many years now, molybdenum has been the overwhelming choice for the 

back conductive charge collector and interface with the CIS absorber layer. During 

growth ofthe CIS layer at elevated temperatures, a randomly oriented MoS~ layer 

forms between the CIS and molybdenum metal, eliminating the Schottky barrier formed 

by the CIS/Mo junction and replacing it with an ohmic electrical interface. Simply 

growing a MoSez layer on the molybdenum before CIS deposition produced highly 

oriented MoSez with its c-axis perpendicular to the Mo surface. Since MoSez is a 

layered van der Waals gap type structure, this orientation often results in delamination 

of the MoS~ from the Mo surface. lO• 11, lZ 
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Sodium 

Historically, sodium was inadvertently added to the CIS layer during thermal 

deposition through diffusion from soda lime glass substrates. It was observed that 

samples grown on molybdenum coated soda lime glass produced higher efficiency solar 

cells compared to those grown on molybdenum coated borosilicate glass. Initially, the 

improvement was believed to be due to compatible thermal expansion coefficients 

between the soda lime glass and the CIS layer. Later, it was determined that sodium 

was diffusing through the molybdenum layer into the CIS material. A lot of speculation 

surrounded this new discovery. 13 

It has been determined that the major effects of the presence of sodium are an 

increased hole density increasing film conductivity, and suppression of the formation of 

the CIS ordered vacancy compounds. Theoretical calculations performed by Wei, has 

shown that the effects that sodium has on the CIS structure depends on the amount of 

sodium available during crystal growth. The major effect of trace amounts of sodium is 

the destabilization of Incu defects with the indium being replaced by sodium. The loss 

of the Incu substitution defects eliminates the population of the (VCU-+Incu2++Vcu") 

clusters and destabilizes the ordered vacancy compound (OVC) structures. Further 

addition of sodium results in nucleation and growth of a secondary phase composed of 

NaInSe2.14 

The presence of sodium has shown the unexpected side effect ofreducing 

gallium and indium diffusion in CIGS as it is being deposited. Lundberg and coworkers 

have shown that with sodium present, Ga-In diffusion is suppressed in both copper rich 
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and copper poor samples. The diffusion is believed to be higher in sodium free films 

due to increased concentration ofmetal vacancies. Additionally, they observed that the 

diffusion pathway is similar through the grains as through the grain boundaries.15 The 

control of metal diffusion will playa vital part in creating CIGS layers with a graded 

composition. 

Alloying with Copper Gallium Diselenide 

The alloying ofCuGaSez (CGS) with CuInSez to form CIGS has been used to 

improve the properties ofthe absorber layer and its interfaces with the other cell layers. 

The crystal structure of CGS is the same as the CIS chalcopyrite structure with larger 

lattice parameters with the a,b parameters being 5.5963 angstroms and the c parameter 

being 11.0036.6 By far, the most important reason for alloying CGS with CIS is to 

increase the band gap of the material. The optimal band gap of the absorber layer for 

our solar spectrum is 1.4 eV, maximizing cell power. 

The increase in band gap with CGS alloying is nearly linear and follows the equation: 

Eg(x)=(1-x)Eg(CIS)+xEg(CGS)-bx(1-x) 

where Eg(x) is the band gap at a gallium to indium atomic ratio ofx =Ga/(Ga+In) 

and b is the bowing coefficient equal to about 0.15-0.24 eV for this material system.16 

Theoretical band offset studies ofthe CIS/CGS interface using a first-principles band 
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structure method, has determined that the offset is predominately at the conduction band 

level and only a small offset exists at the valence band levelP 

Alloying with CGS also reduces the stability of the ordered vacancy compounds 

relative to the 1:1:2 CIS structure.17 The destabilization of the avc phases also results 

in defect cluster destabilization and a loss of the avc phases at the surface of the grain 

boundaries which normally shield the carriers from recombination centers at the 

surface. Calculations performed by Zhang and others identified the band gap of the CIS 

avc's present in CIS structures as being between 1.17 and 1.28 eV. 5 For CIS with a 

band gap of 1.0 eV, the avc structural defects are electrically benign due to their large 

band gaps. The increase in band gap ofCIGS with increasing gallium content, results 

in the avc structures now being sites for charge recombination. For these reasons, the 

gallium fraction is usually kept at or below about 0.3 Ga/(Ga+In), even though this band 

gap of 1.2 eV is not ideal for the solar spectrum. 

The best cell efficiency will be realized utilizing a graded Ga/(In+Ga) 

composition. The primary objective is to simultaneously optimize current, voltage, and 

fill factor. The Voc is primarily determined by the highest band gap in the space charge 

region ofthe absorber layer; however a high band gap reduces the percentage of usable 

photons that will generate carriers. This inefficiency can be partially overcome by 

reducing the Ga/(In+Ga) outside the space charge region so the lower energy photons 

can be absorbed. IS. 19 
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Modern Synthesis Technique 

The current technique producing the most efficient CrGS based solar cells uses a 

three stage process developed at NREL. In the first stage, indium, gallium, and 

selenium are co-deposited onto a molybdenum coated soda-lime glass substrate heated 

to a temperature between 250 and 300 °C. The composition of the absorber layer at this 

stage is (Inx,Gal-xhSe3. It has been shown that this In,Ga rich layer forms a thicker 

MoSe2 layer at the interface. The precursor layer is then exposed to a copper selenium 

flux at a substrate temperature of 540 °C until the material is slightly Cu rich relative to 

the In and Ga. The copper rich composition will enhance grain growth through the 

formation of a molten Cu-Se growth flux layer on the surface of the grains. In the fmal 

stage, additional indium and selenium are added to adjust the composition back to the 

desired In, Ga rich stoichiometry.2o Adjustments on the three stage growth process 

later resulted in a record breaking CrGS solar cell with an efficiency of 18.8 percent.21 

The current three stage synthesis technique limits the ability to grade the gallium 

composition. Precise gallium grading is more compatible with evaporation techniques 

requiring low substrate temperatures.22 

Previous Stacked Elemental Layer Techniques 

Copper indium diselenide has previously been made from stacked elemental 

23processes. ,24, 25 Knowles, et al annealed elemental stacks of copper, indium, and 

selenium layers with a total repeat thickness of 1560 angstroms. Annealing at 500 °C 

for a halfhour produced crystalline CIS with a 112 preferred orientation.23 Karg and 
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coworkers found that rapid thermal annealing of stacked elemental layers, as compared 

to vacuum oven annealing, produced a solar cell with much higher efficiencies, over 

10% as compared to less than 3%. They attributed the improvement to the rapid heating 

rate minimizing the production ofbinary intermediates and dewetting problems 

experienced in conventional annealing methods.24 Generally, the processes included 

thermal deposition of relatively thick layered elemental stacks with individual layers on 

the order of several hundred angstroms thick followed by laser or thermal annealing. 

Due to the thickness of the layers, high temperatures at or above 500°C were necessary 

to ensure complete mixing and crystallization. Many ofthese techniques did produce 

the chalcopyrite phase of CIS but never produced cells with record efficiencies. The 

high temperatures necessary to fully react thick elemental layers restricts the selection 

of a substrate to one that is stable under these conditions. 

Low Temperature Deposition 

The desire to utilize substrates which are structurally sensitive to high 

temperatures, such as polyimide films, has led to a search for low temperature 

processing conditions that would result in device quality CIGS materials. Nishiwaki 

and coworkers used the first two stages ofthe standard three stage process to grow 

CIGS films on Mo-coated soda lime glass substrates at temperatures from 350 to 500 

°C. They found that the sample grown at 350°C contained a Cu/Se gradient with less 
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copper at the back of the cell but no gradient in the samples grown at higher 

temperatures. A CIGS cell manufactured from the film deposited at 350 °C showed an 

efficiency of 12.4%.26 

Advantages of the Multilayer Process 

To use low cost flexible substrates and to develop the capability of multi zone 

grading of the indium:gallium ratio in the CIGS structure, a synthesis technique that is 

effective at low temperatures is required. The presence of crystalline material in the 

deposited layers would necessitate high temperature annealing to convert the film to 

large CIGS grains. Therefore, an amorphous intermediate that could undergo rapid 

thermal annealing to form the CIGS material is desirable. The magnitude of this 

challenge becomes clear when one considers that co-deposited Cu-In-Se will form 

crystalline CIS on deposit at ambient temperature necessitating a high temperature 

Ostwald ripening process to grow large CIGS grains. Generally, if the layers are 

deposited thick enough to prevent inter-diffusion and formation of the CIGS structure, 

binary compounds will form at the elemental interfaces, necessitating high annealing 

temperatures to react the crystalline binary compounds with the remaining mass to form 

the CIGS compound. The ability to form an amorphous thin film precursor, with 

compositional modulation on a small length scale may allow us to control initial 

nucleation and grain growth. This control could lead to an annealing process that 

utilizes low temperatures for crystallization of the CIGS while limiting indium/gallium 

interdiffusion, and ultimately allow for the use of lower temperature substrates. 
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Summary 

The next four chapters will summarize my work toward the goal of creating an 

amorphous thin film structure for the synthesis of a CI(G)S layer. Chapter II will 

describe the unique characteristics of the vacuum deposition chamber used to deposit 

the elemental layers for this research. Additionally, the instrumental methods used to 

characterize the composition, layering, and phases of the materials formed will be 

described. Chapter III will describe the results for co-deposited copper-selenium 

powder samples characterized by DSC and XRD. Chapter N will discuss the process 

by which an amorphous copper-indium-selenium thin layer precursor is formed via 

control over elemental layer order and thickness. This chapter will also include relevant 

results for layered copper-selenium and layered indium selenium work that was utilized 

to create the amorphous CIS precursor. 

Chapter V will discuss the deposition, annealing, and characterization of thin 

film Cu-In-Se samples containing sodium and compare them to films with no sodium. 

Additionally the deposition, annealing, and characterization of some CGS samples will 

be described and the results compared to compatible CIS samples. 
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CHAPTER II
 

EXPERIMENTAL
 

Deposition Chamber 

The films described in this work were deposited in a custom built high vacuum 

chamber maintained at a vacuum of lxlO-6 Torr or below. The chamber is equipped 

with four positions for mounting thermal sources. Each thermal source has a quartz 

crystal monitor mounted above it to quantify the depo~ition rate. The thermal sources 

are all directed at the same rotating substrate holder approximately 22 inches above the 

thermal sources. The cycling of shutters between the thermal sources and substrate 

determine the deposited layer thicknesses. The substrate is rotated to improve 

deposition consistency across the six inch substrate mount. Due to the long deposition 

times of up to seven hours for making thick CIS samples, special procedures were 

developed to ensure consistent deposition over a long time span. 

Copper was deposited from an e-beam gun using a glassy carbon crucible for 

thermal isolation from the e-beam guns hearth. After several hours of deposition, the as 

received copper formed an insulating film across the molten slug that blocked the 

copper flux, producing an erratic deposition rate and resulting in cyclical power surges 

to the e-beam gun. The presence of the film was eliminated by pre-melting the copper 

in the chamber and polishing the cooled slug with sand paper followed by an acetone 
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nnse. This process was repeated until visual observation of the molten copper indicated 

that no residue remained. 

Selenium, sodium, indium, and gallium were all deposited from effusion cells. 

Gallium cannot be deposited from an e-beam gun for extended periods of time due to 

the liquefaction of the gallium on the quartz crystal monitors surface resulting in an 

artificially low reading ofdeposition rate and thermal run away of the e-beam gun. To 

circumvent this problem, the gallium was deposited from and Applied Epi SUMOlM 

cell. This cell is designed to maintain a stable temperature and flux for several hours. 

The cell was rapidly heated and the deposition rate established before the gallium 

liquefied on the quartz crystal surface. Deposition was then performed according to 

shutter cycling time assuming a stable deposition rate. Selenium was also deposited 

from a SUMO™ cell equipped with a top insert. Although the selenium source was 

stable, the thickness reading from the crystal monitor was used to cycle the shutter. 

Sodium was also deposited from a SUMO™ cell. Desired deposition rate was almost 

impossible to quantify, so the desired deposition rate was determined via compositional 

analysis ofprevious samples. 

The deposition of indium presented a special problem. Small amounts of 

selenium vapor, probably re evaporated from surfaces inside the chamber, were 

depositing onto the indium quartz crystal. The presence of the selenium in the indium 

produced a non linear effect on deposition rate indication. After several hours of 

deposition, not only did the deposition rate become inaccurate, but the crystal would 

often completely fail. To circumvent this problem, a shield was installed around the 
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path of the indium flux from near the indium source to the crystal monitor surface. 

Additionally, like the gallium, deposition rate was established and the shutters were 

cycled by time. 

The elemental sources were deposited onto a rotating six inch diameter silicon 

wafer located approximately 22 inches above the elemental sources. The wafer was 

coated with polymethylmethacrylate (PMMA), which was later dissolved in acetone to 

release the deposited material for collection on a filter paper. Additionally, small chips 

of silicon were attached to the surface of the silicon wafer for use in compositional 

analysis and to observe layering via X-ray reflectivity. Sometimes, pieces ofoff-angle 

cut, polished quartz were also mounted for annealing studies when interference at high 

XRD angles was to be avoided. The target wafer was not actively heated or cooled 

during deposition. 

Composition 

The composition ofCIGS samples must be accurately determined to produce 

usable samples. The CIS phase cannot accommodate excess copper in the structure and 

will produce CU2-xSe impurity phases which will result in electrical shorting. The 

copper to indium ratio will affect whether the material is n- orp- type and the level of 

doping. While the loss ofexcess selenium during annealing will create excessively 

large grain boundaries and crevice formation, insufficient selenium will result in the 

formation ofbinary phases in the sample. A narrow compositional range around the 

In2Se3-Cu2Se tie line must be adhered to in order to produce quality samples. 
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The composition of samples has been determined using two different methods: 

Electron Probe Microanalysis (microprobe) and, for some copper selenium binary 

samples, thermal gravimetric oxidation (TGOX). TGOX can be used for binary 

samples containing selenium and takes advantage ofthe creation ofthermally stable 

copper or indium oxides and the loss of selenium at high temperatures in air. This 

method consists of slowly heating a pre-weighed sample in air to a fmal temperature of 

800· C and held for 30 minutes. During this time, the selenium volatilizes out ofthe 

sample and indium or copper is oxidized to In20 3 or CuO respectively. After oxidation, 

the sample is reweighed with the sample weight attributed to the metal oxide. In this 

work, a TA Instruments model 2950 thermogravimetric analyzer was used to oxidize 

the samples and quantify the mass loss. The primary disadvantage of this method is that 

only binary samples can be analyzed. 

Microprobe data was collected on a Cameca XS 50 electron probe 

microanalyzer. Microprobe utilizes high energy electrons as the activation source to 

induce the emission ofcharacteristic x-rays from elements in the sample. The x-rays 

are formed in a one micron diameter or smaller sphere near the surface of the sample. 

The x-rays are then detected and quantified by various types ofdetectors. These signals 

are further fed into an algorithm which takes into account a calibration curve and 

shielding of the x-rays by the elements in the sample. Although the microprobe 

technique can be as accurate as 1%, there are several sources for error which must be 

considered. The primary concern with respect to thin film samples is the sample 

thickness. The algorithm used to calculate atomic composition assumes that the sample 
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is continuous and at least one micron thick, the activation area produced by the high 

energy electrons. When the sample is too thin, the x-ray flux for some elements will be 

preferentially affected. This will lead to an inaccurate calculation ofcomposition. 

Since thin film samples are usually less than a micron thick, the sample pieces are 

stacked to produce a micron thick sample. Simple stacking may lead to low density of 

material and erroneous results. 

In the later parts ofmy research, a new thin film modeling technique was used to 

determine sample composition. This new technique uses the intensities of characteristic 

x-rays produced at several electron accelerating energies. If the composition of the 

substrate is known, silicon in this case, the sample can be modeled using the 

StratagemTM software package. From these intensities, both composition and, to a 

lesser degree, thickness of the sample can be determined. A comparison between 

TGOX and microprobe data for a series ofco-deposited copper selenium samples is 

presented in figure 2.1 and shows this to be a viable technique for composition 

determination. 
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Figure 2.1. TGOX vs. microprobe composition data for a series of cO-deposited copper­
selenium samples. 

Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is a method of determining the amount 

ofheat evolved or absorbed from a material during a constant temperature change. In 

this project, the materials were analyzed on a TA Instruments model 2920 modulated 

DSC. The DSC can be run in either normal or modulated modes. In normal mode, the 

DSC heats the sample and a reference at a constant rate between two temperatures. The 

thermal scan can then be repeated as a method ofsubtracting offthe background signal 

to better define weak peaks. In modulated mode, the sample is heated in stages ofa few 

degrees and then slightly cooled. Reversal of the heat flow on cooling indicates 

reversibility in the thennal event occurring. Modulated mode is better for identifying 

weak thermal events. One must also consider that the former mode, when using a 
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second scan to subtract background interference, is comparing the sample as it is 

reacting (the first scan) to that of the :final product after it is fully annealed (the second 

scan) while the latter method is comparing the sample to itself at that temperature 

during the scan. 

X-ray Diffraction 

Three different X-ray diffractometers were used to collect X-ray Diffraction 

(XRD) and X-ray Reflectivity (XRR) data on as-deposited and annealed samples. The 

Scintag XDS 2000 was used to collect XRD and XRR data from powder and substrate 

supported samples, while the Philips X'Pert MRD and Bruker D8 Discover 

Diffractometer were used to collect data from supported samples. No distinction will be 

made between data from the three diffractometers unless special features of the 

diffractometer were used. 
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CHAPTER III
 

NUCLEATION AND GROWTH OF SELENIUM RICH COPPER
 

SELENIDES FROM AMORPHOUS INTERMEDIATES
 

Introduction 

The synthesis ofmost molecular compounds occurs in a homogeneous, liquid 

environment. In this environment, diffusion is rapid and is often aided by agitation of 

the solution. Most desired organic products are metastable, so both reaction duration 

and temperature are regulated to maximize the yield of the desired product. Generally 

speaking, most inorganic solids are produced from a high temperature melt of the 

component elements. A sufficiently high temperature must be achieved to melt not only 

the initial components, but also any intermediate compounds formed at the interface of 

the precursor particles and those formed by the precursors interface with the liquid 

phase. Controlled cooling and annealing programs are used to impart properties in the 

solid that deviate from the thermodynamically stable phases. 

A co-deposited precursor eliminates undesired intermediate reactions by 

eliminating particle-particle interfaces. Similar to molecular synthesis, the precursor is 

initially homogeneous. Unlike molecular synthesis, diffusion is not aided by agitation, 
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and may be the rate limiting step of a reaction. In this chapter, we will discuss the 

evolution of copper selenium phases from selenium rich co-deposited samples from 

thermal sources. 

Several binary phases ofthe copper-selenium system have been thoroughly 

explored under both ambient conditions and at elevated temperature and pressure.1, 2, 3 

Copper selenium binary compounds have previously been investigated for their 

photovoltaic properties.4, 5,6,7,8 Additionally, CuSe has been used as a precursor layer 

for the formation ofcopper indium diselenide from a selenized stacked elemental 

layer.9
, 10, 11 CuSe and orthorhombic CuSe2 have been identified as impurity phases in 

copper indium diselenide grown by electrodeposition and vacuum deposition 

I2processes. , 13, 14 Binary copper-selenium compounds have been made by several 

methods including melt techniques,I, 2, 3 mechanical alloying,I5 electrodeposition,16 

plasma assisted selenization,I7 and at aqueous-organic interfaces. I8 

The use ofCuSe and CuSe2 as precursors in the synthesis of, and their presence 

as secondary phases in copper indium diselenide prompted this study ofthe nucleation 

and growth kinetics ofthe selenium rich portion ofthe copper-selenium phase diagram. 

This chapter examines the evolution ofamorphous precursors prepared by co-depositing 

the elements on a cold substrate. XRD and DSC were used to explore the phase 

evolution of the samples as a function ofannealing rate and temperature. Surprisingly 

we observed the nucleation and growth ofthe metastable phase cubic CuSe2 over a 

broad composition range at moderate temperatures. 
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The Cu-Se phase diagram was explored in the 1960's3 and the crystal structures 

of the phases and phase formation at elevated temperature and pressure in the 70'S.I, 2 

The phase diagram contains three selenium rich compounds as shown in figure 3.1.19 

CuSe has three polymorphs. The form ofCuSe stable at room temperature is hexagonal 

nCuSe. nCuSe undergoes a reversible polymorphic change to orthorhombic ~CuSe at 

51°C and then to hexagonal rCuSe at 120°C. rCuSe peritectically disproportionates 

into ~(Cu2_xSe) and a selenium rich liquid phase at 377°C. The composition ofCuSe2 

has two polymorphs. The thermodynamically stable phase is orthorhombic and 
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peritectically disproportionates into CuSe and a selenium rich melt at 332 °C. The 

orthorhombic phase is grown through slow cooling from a melt. 1 The metastable 

polymorph is cubic and can be produced by annealing orthorhombic CuSez at 12kbar 

and 420 °c for 2 hours followed by rapid cooling. l Cu3Sez was not observed in the 

composition range and annealing conditions studied. 

Experimental 

The co-deposited copper selenium films described in this study were deposited 

as described in chapter ll. The target wafer was coated with polymethylmethacrylate 

(PMMA), which was later dissolved in acetone to release the deposited material for 

collection on a filter paper. Additionally, a small chip ofsilicon was attached to the 

surface of the silicon wafer for use in compositional analysis by microprobe. The target 

wafer was not actively heated or cooled during deposition. Duration ofthe deposition 

was selected to ensure sufficient quantity ofsample for analysis. 

Differential Scanning Calorimetry ofCo-Deposited Copper-Selenium 

Samples were prepared by cO-depositing the elements onto a cold substrate 

varying the ratio of the deposition rates to prepare samples between 50 and 85% 

selenium. Figure 3.2 contains the DSC scans of these samples performed at a heating 

rate of4 °C/min. The atomic percent of selenium in each sample is indicated by where 

the DSC scan begins on the left Y-axis. The behavior ofthe samples can be roughly 

divided into three different groups depending on their concentration. Below 60% 



29 

Se 
Melting 

\81%5e 

78%5e 

72%5e ­
~ 

69%Se V 

67%5e 

66%5e 

64% 5a 

f 

.J 

)
63%5e 
62%5a 

57%Se 

51% 5e 

CuSe to B(Cu2_xSe) 

CUSo," euse-S"'~ _ 

.--- ,/ 

'---' 

-
"\./ 
'-/ 

1,...-

o	 100 200 300 400 
Temperature °c 
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selenium, hexagonal CuSe forms as-deposited. Between 62% and 66% selenium the 

samples are amorphous as-deposited and have broad exotherms between 330 and 350 

°C. Above 66% the DSC's contain an endotherm corresponding to selenium melting at 

221°C. Each of these groups of samples is discussed in more detail in the following 

paragraphs. 

Some of the temperatures of the thermal events in the DSC scans coincide with 

transitions identified in the copper-selenium phase diagram. This is especially true at 

higher temperatures. Since the phase diagram is based on the formation ofphases from 

a slowly cooling melt, and these samples are from a heated metastable precursor, the 

phase formation at low temperatures may not align with the phase diagram. Generally, 

phases that have already formed will decompose at the temperature indicated on the 

phase diagram. The identity ofphases that will preferentially form from a co-deposited 

precursor at specific composition, heating rate, and temperature/time are not indicated 

by the phase diagram. 

The powder XRD scans were performed on samples after they were cooled back 

to room temperature. Since phase transitions will occur during this cooling process, the 

only phases detected after an elevated temperature anneal will be those phases 

remaining at ambient temperature. So, although these XRD results may identify phase 

creation after a thermal event, they do not actually identify the phases present at the 

elevated temperature. 
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The 50% to 60% Selenium Composition Range 

Co-deposited samples with selenium composition between 50% and 60% 

nucleate crystalline CuSe on deposit. This was confirmed by XRD of additional co­

deposited samples with compositions of60% and 50% selenium. Figure 3.3 presents 

XRD data for a 51% selenium sample as-deposited and annealed in a DSC. All 

diffraction peaks in the as-deposited sample can be indexed to hexagonal CuSe. 

Samples were annealed in the DSC to identify any changes in the phases present. In 

this compositional region, a small endotherm is present in the DSC scan at 130 DC. A 

reheating of the same sample produces the same endotherm indicating that it represents 

a reversible process and would not be identifiable when cooled to ambient temperature. 

This endotherm is probably produced by the pto y phase transition. By 180 DC, the 

hexagonal CuSe phase is still the only phase present, and has grown larger crystallites 

as indicated by the narrowing of the diffraction peaks. After annealing at 320 DC, the 

CuSe crystallites have significantly increased in size, but orthorhombic CuS~ has 

appeared as a minor phase as predicted by the phase diagram. The broad endotherm 

centered at 330 DC present in the 57% selenium DSC will be discussed in the section on 

selenium between 62 and 66%. The sharp endotherm present in all of the DSC scans at 

377 DC is the decomposition ofCuSe to P(Cu2_xSe) and a selenium rich melt as expected 

from the phase diagram. 
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Figure 3.3. XRD data for a sample containing 51 % selenium annealed to various 
temperatures in a DSC at a rate of4 °C/min. Hexagonal CuSe peaks are indexed on the 
top graph (H-). Those prefixed with an '0-' indicate orthorhombic CuSez. 

The 67% to 81% Selenium Composition Range 

Samples with a composition between 67 and 85% selenium are amorphous on 

deposit. Figure 3.4 presents XRD data on powder samples containing 68% selenium 

annealed in a DSC to temperatures near thermal transitions identified by the DSC scans. 

After the first exotherm near 110 °C multiple phases consisting ofboth hexagonal CuSe 

and cubic CuSez begin to nucleate and grow. The presence ofCuSe is surprising since 
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Figure 3.4. XRD data for a sample containing 68% selenium annealed to various 
temperatures in a DSC. Scan rates are 4 °C/min. unless otherwise indicated: H­
Hexagonal CuSe, C- Cubic CuSe2, 0- Orthorhombic CuSe2. 
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it is not present at this composition on the phase diagram. Additionally, since CuSe 

forms above 51°C, it should be the beta phase that is nucleating. If the DSC heating 

rate is reduced to 0.1 °C/min., almost phase pure cubic CuS~ is produced. Apparently, 

at this composition, the nucleation of the hexagonal CuSe phase is kinetically 

unfavorable over that of the cubic CuSe2 phase. 

Additional samples were heated to higher temperatures at 4°C/min. By 150°C 

no significant change has occurred. By 215 °C, before the melting point of selenium, 

the CuSe phase has disappeared and the cubic CuSe2 phase is converting to its 

orthorhombic polymorph. Although CuSe morphs into other structures, it should not 

decompose until 377 °C. The small CuSe crystallites appear to be less stable in this 

environment. The conversion of the CuSe2 phase at this temperature is surprising since 

it has previously been found to be more thermally stable than the orthorhombic phase at 

350 °C.1 In that case, the material consisted ofonly the two CuS~ phases as large 

crystals. Perhaps the small crystal size or the presence ofunreacted material is driving 

the conversion. 

The presence ofunreacted selenium in these samples is indicated by an 

endotherm at 221°C, the melting point of selenium. At higher selenium percentages, 

this endotherm becomes more pronounced indicating more unreacted selenium. Upon 

the melting of the selenium, reactions now occur in a solid/liquid mixture with 

increased atomic diffusion. The sharp endotherm at 332°C indicates the reversible 

conversion of the orthorhombic CuS~ to CuSe and a selenium rich melt as indicated in 

the phase diagram. 
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The selectivity of nucleation between CuSe and cubic CuSe2 near 100°C was 

further investigated with a sample containing 67% selenium. As seen in figure 3.2, the 

DSC at this composition has a distinctive double exotherm centered at 105°C. Separate 

samples were heated at 4°C/min. and 10°C/min. to a temperature above the double 

exotherm with results presented in figure 3.5. 

67% Selenium 

Heating rate = 10 °C/min. 

Heating rate = 4 °C/min. 

60 70 80 90 100 110 120 

Temperature (oC) 

Figure 3.5. DSC scans for 67% selenium samples at heating rates of4°C/min. and 10 
°C/min. The higher heating rate results in an increase in the magnitude of the second 
peak. 

Figure 3.6 presents the XRD patterns that were collected on each sample. The 

DSC results clearly indicate that an increase in heating rate results in an increase in the 

magnitude of the second exotherm at the expense of the first exotherm. XRD patterns 

indicate that the higher heating rate resulted in nucleation and growth of more ofthe 

CuSe phase over that of the cubic CuSe2 phase. This makes it clear that the first DSC 

peak represents the nucleation of cubic CuSe2 and the second is the nucleation of CuSe. 
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Figure 3.6. XRD patterns of 67% selenium samples heated at 4°C/min. and 10°C/min. 
The higher heating rate results in more of the CuSe phase being produced. 

At the selenium rich end of this composition range, a powder sample consisting 

of 79% selenium was annealed at similar temperatures. XRD patterns for these 

annealings are presented in figure 3.7. The sample remains amorphous up to 90°C. 

Like in the 68% selenium sample, both CuSe and cubic CuSe2 nucleate when heated to 

110°C at 4°C/min. Relative to the 68% sample, less cubic CuSe2 is formed. This is 

not surprising since the composition is further from the ideal 1Cu:2Se for CuSe2 

nucleation. When the heating rate is lowered to 0.1 °C/min., the amount ofCuSe is 

reduced but not eliminated as it was at 68% selenium. Additionally, crystalline 

selenium has formed, probably due to the longer time at elevated temperatures. The 

nucleation ofhexagonal CuSe across this composition range conflicts with the phases 

indicated on the phase diagram and appears to be more dominant as composition 

deviates further from 1:2 stoichiometry. On heating to 140°C at 4°C/min., amorphous 

selenium now crystallizes. Higher temperature annealings result in the complete 
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conversion of cubic CuSe2 to the orthorhombic polymorph. As seen in the 68% 

selenium sample, hexagonal CuSe diminishes above 140°C. 
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Figure 3.7. XRD data for a sample containing 79% selenium annealed to various 
temperatures in a DSC at a rate of4°C/min. unless otherwise indicated: H- Hexagonal 
CuSe, C- Cubic CuSe2, 0- Orthorhombic CuSe2, S- Selenium. 



38 

The 62% to 66% Selenium Composition Range 

Co-deposited samples with selenium composition between 62 and 66% selenium 

are amorphous as-deposited. Figure 3.8 presents the XRD patterns collected from 
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Figure 3.8. XRD data for a sample containing 64% selenium annealed to various 
temperatures in a DSC at a rate of4 ltC/min.: H- Hexagonal CuSe, C- Cubic CuS~, 0­
Orthorhombic CUSe2. 
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powder samples annealed at temperatures up to 350°C. Like the selenium rich 

compositions containing more selenium, most of these samples produced both CuSe and 

cubic CuS~ on heating to 115°C. In this composition range, however, the sharp 

endothenn at 332°C is replaced by a broad endotherm. A second DSC scan of the same 

sample to 400°C produced the same endotherm indicating that it is a reversible process. 

XRD patterns collected by Murray showed this transition to be the slow conversion of 

orthorhombic CuS~ to CuSe and selenium. The process by which this conversion 

occurs appears to be different for samples containing excess liquid selenium and those 

in a completely solid state. 

For the selenium rich compositions of the copper-selenium binary system, the 

composition near 66% selenium is unique. As shown in figure 3.9, only cubic CuSe2 
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~ l") ;;; 
~~ 6 9 ~~ 

? ocr 6 

20 30 40 50 60 

2 Theta 

Figure 3.9. XRD data for a sample containing 66% selenium annealed to various 
temperatures in a DSC at a rate of4°C/min.: C- Cubic CuSe2, 0- Orthorhombic CuSe2. 
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forms during the ftrst exothermic event between 100 and 110 0c. Since only one phase 

forms near 110 °c, DSC data was collected at heating rates from 0.1 to 10 OC/min. to 

determine the activation energy for cubic CuSez. Non isothermal DSC data can be 

analyzed using a Kissinger analysis. In a Kissinger analysis, the activation energy is 

obtained from the peak: temperature of the DSC exotherm, Tp, as a function of thermal 

scan rate Q:zo 

where R is the gas constant. Graphing In[QIT/] versus liT gives a straight line with a 

slope equaling -EIR from which the activation energy for the nucleation and growth 

process is extracted?O DSC data was collected on samples containing 66% selenium at 

heating rates of 0.1, 1, 4, and 10 °C/min. to 110 °C. Each sample was then characterized 

by XRD to conftrm that only the cubic CuSez phase was present and to quantify the 

lattice parameter of the crystallites. The Scintag software was used to locate the peak: 

centers. The lattice parameter calculated from this data agreed with the published value 

of 6.116 angstroms. I The DSC data was plotted (ftgure 3.10) and the activation energy 

extracted. The activation energy for nucleation was determined to be 1.6 eV. 
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Figure 3.10. Kissinger plot used to derive the activation energy for nucleation ofcubic 
CuSe2. DSC heating rates were 0.1, 1.0, 4.0, and 10°C/min. The arguments of the 
logarithm were made unitless by dividing by the constant To

2/Qo where To is 1000 K 
and Qo is 1 deg.lmin. 

Copper selenide compounds have been known to form and reorder over 

extended time periods under ambient conditions. Murray found that new XRD 

reflections had appeared in a seven year old sample ofCuSe indicating a slow ordering 

process.1 More recently Ohtani produced CU3Se2 in an ambient temperature solid state 

reaction between a-CuSe and a-Cu2Se over a span of several daYS.21 XRD patterns 

were collected on three powder samples that were stored in vials at ambient temperature 

for 44 months. The sample consisting of 72% selenium remained amorphous and the 

sample at 57% selenium remained unchanged with the presence of small CuSe 



42 

crystallites. XRD patterns are presented in figure 3.11 for a sample consisting of64% 

selenium that had nucleated and grown both cubic CuS~ and CuSe with cubic CuSe2 

being the dominant phase. 
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Figure 3.11. XRD patterns for a 64% selenium sample soon after deposition and 44 
months later. 

Summary 

The most surprising result ofthis research has been the low temperature 

nucleation ofcubic CuSe2 over its thermodynamically stable orthorhombic polymorph. 

The nucleation ofthe cubic phase occurred over a wide range of selenium rich 

compositions. The composition containing 66% selenium distinguished itselfby 

forming phase pure cubic CuS~ at heating rates up to 10 1>C/min. At compositions 

close to the stoichiometrically ideal 1:2 the cubic CuS~ phase could be preferentially 

nucleated over CuSe via kinetic control by slow heating rates. This would imply that 

the CuSe2 phase nucleates first on heating. Additionally the cubic phase showed lower 
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thennal stability than previously reported, converting to the orthorhombic phase near 

200°C. 

Another surprise was the broad compositional range over which hexagonal CuSe 

formed. In the phase diagram, the CuSe phase is restricted to compositions with less 

than 67% selenium. IfCuSe2 is the first phase to form at compositions above 67%, then 

the remaining material becomes enriched in selenium, driving the remaining unreacted 

phase further from the ideal 1: 1 stoichiometry ofCuSe. CuSe appears to be kinetically 

stable at compositions above 67% selenium but decomposes on annealing above 140°C. 
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CHAPTER IV
 

THE EFFECT OF ELEMENTAL STACKING ORDER AND LAYER
 

THICKNESS IN CONTROLLING THE FORMATION
 

KINETICS OF COPPER INDIUM DISELENIDE
 

Introduction 

Generally speaking, most inorganic solids are produced from a high temperature 

reaction of the granular component elements. A sufficiently high temperature must be 

achieved not only to react the initial components, but also any intermediate compounds 

formed at the interface of the precursor particles and those formed by the precursors 

interface with the liquid phase. Controlled cooling and annealing programs are used to 

impart properties in the solid that deviate from the thermodynamically stable phases. 

Among these, macroscopic properties such as number and identity ofphases, grain size, 

phase segregation, crystal orientation, and a host of other properties are sought to 

produce a material with the desired properties. 

To access new metastable phases or to create thermodynamically stable phases 

at lower temperatures, a rational approach utilizing control ofcomposition, diffusion, 

and phase nucleation needs to be used. One such approach is the creation of a stacked 
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elemental layer that will inter-diffuse to form an amorphous intermediate precursor. 

Judicious selection of annealing conditions allows the elemental layers to inter-diffuse 

before nucleation occurs. 

In a simple binary thin film, there is only one type of interface between the two 

elemental layers, and of course the front and back surfaces. For these systems, a 

'critical thickness' has been defIned as the transition point between complete inner 

diffusion before nucleation, and phase formation at the interface before diffusion is 

complete. Either situation may be desirable depending on the targeted phases(s) and 

structure. Nucleation at an interface can result in a preferred alignment of the growing 

crystallites. Complete diffusion before nucleation can be utilized to create a metastable 

amorphous intermediate that is further processed to form a crystalline phase. 

Elemental layer interaction becomes more complex when three elements are 

deposited as thin films. There are now up to three elemental interfaces. Ternary 

layering has previously been used to form superlattices of two different binary phases 

with the common element to both phases separating the other two elements. i 
,2,3 Ifone 

wishes to form a single phase from an amorphous precursor consisting of the three 

elements, then the layer thickness is limited to prevent nucleation of binary compounds 

before diffusion is complete. The situation becomes even more complicated when one 

wishes to form an amorphous, homogeneous precursor from which to nucleate the 

desired phase. The question becomes, why not just co-deposit the three elements to 

form the amorphous precursor. Indeed this process will work, assuming that a binary or 

ternary phase does not nucleate under ambient deposition conditions. In addition, the 
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energetics of the annealing must be conducive to nucleation of the ternary over those of 

the possible binary compounds. 

The desire for an amorphous precursor for the copper indium diselenide system 

has led to an investigation ofhow the order and thickness of elemental selenium, 

indium, and copper layers affect nucleation and growth of copper indium diselenide. 

For this material system, co-deposition of the three elements close to the lCu:lIn:2Se 

stoichiometry resulted in nucleation of CIS and other unidentified crystalline phases. 

Additionally, depositing the elements in a simple repeat pattern of Se:In:Cu at repeat 

length scales of20 and 60 angstroms resulted in nucleation ofCIS and a CuSe phase. A 

more complex deposition order stabilizing the copper and selenium while separating the 

indium from the copper was developed to suppress the nucleation of binary and ternary 

phases. 

Experimental 

The films described in this chapter were deposited in a custom built high 

vacuum chamber described in chapter II. The composition ofall samples was 

determined using the thin film technique for microprobe described in chapter II. XRD 

and XRR patterns were collected on either the Scintag XDS 2000 or the Broker D8 

Discover Diffractometers. No distinction will be made as to which one was used to 

collect each pattern. XRD patterns were compared to ICDD powder diffraction file 

patterns4 for identification purposes. Using the Bragg equation, the position of the low 

order reflectivity peaks in the XRR data was used to calculate layer repeat thickness. 
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Indium Selenium Layers 

As a prelude to investigating the layering of selenium, indium, and copper, the 

indium-selenium and copper-selenium binary layered systems were investigated. To 

make smooth, amorphous films, it is important to understand the interactions of the 

metals with the selenium at short length scales. 

A series of indium-selenium binary films were deposited to calculate the 

selenium and indium layer thicknesses. Samples were made by depositing 20 repeat 

sets ofthe two elements. Indium was deposited from an e-beam gun and selenium from 

an effusion cell. The desired deposition thickness of the selenium layer was held 

constant for all films while varying the layer thickness of indium in each sample. 

Figure 4.1 presents the XRR patterns for the binary thin films. As indicated by the lack 

ofK.iessig fringes at higher 2e, films with indium thicknesses above 15 angstroms 

appear significantly rougher. 

Total repeat thickness was calculated from the Bragg equation using the 

reflection peaks from the bottom five patterns. The total repeat thickness was plotted 

against the indicated indium thickness. Indicated thickness is not the same as actual 

layer thickness due to a difference in source to crystal monitor and source to substrate 

distance (tooling factor), though the correction is linear. The Y-intercept ofa linear 

regression line fitted to the data denotes the total repeat thickness with effectively no 

indium layer, only the selenium layer. The selenium layer thickness was calculated to 

be 63 angstroms. Subtracting 63 angstroms from each of the total repeat thicknesses 

gives the true indium thickness for each sample. 
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Figure 4.1. X-ray reflectivity scans of indium selenium layered thin films. 

Figure 4.2 presents the indium layer thickness versus both total repeat thickness 

and the indium to selenium atomic ratio as determined by microprobe. The indium 

layer thickness for the two thickest films was calculated from the linear regression data 

and plotted as a visual aide. Along with layer thickness, the ratio of indium to selenium 

is plotted and referenced by the right hand Y-axis. 
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Figure 4.2. Total repeat thickness (circles) and composition (squares) vs. indium layer 
thickness. 

XRR patterns ofthe two indium-selenium films with 15 and 20 angstrom indium 

layer thicknesses shows them to be significantly rougher as indicated by the lack ofhigh 

order Bragg reflections. XRD patterns in figure 4.3 ofthe three films with the thickest 

indium layer show the formation ofcrystalline indium when the indium layer thickness 

has reached 20 angstroms. The full width at half the maximum intensity of the indium 

(101) peak was measured and the Debye-Scherrer equation used to calculate the crystal 

size as over 200 angstroms. The indium crystallites have grown larger than the repeat 

thickness of the indium-selenium repeat layers revealing the source ofthe interfacial 

roughness. To prevent inner mixing ofthe elements in a Cu-In-Se thin film, the indium 

layer must be thinner than 15 angstroms to prevent nucleation ofelemental indium. 
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Figure 4.3. Indium crystallization at layer thicknesses above 15 angstroms. 

Copper Selenium Layers 

The copper selenium binary system was investigated to determine the conditions 

ofcomposition and repeat thickness that would produce an amorphous intermediate 

film. A set of 11 binary copper-selenium layered :films were deposited to investigate 

the effect of repeat thickness and composition on ambient temperature nucleation and 

growth ofcrystalline phases. Films were simultaneously deposited on quartz for XRD 

and silicon for XRR and composition analysis. The nucleation of crystallite phases at 

the copper selenium interface will produce both roughness in the CIS layers and 

produce a binary phase that would need to be thermally annealed to produce the CIS. 

Nominally, four compositions were deposited at three repeat thicknesses with both the 

selenium and copper deposition times varied to achieve the desired composition and 

repeat thickness. 

60 70 80
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Figure 4.4 presents the XRR patterns for the sample films deposited on silicon. 

The repeat thickness for the top two patterns was calculated from the position of the 

ftrst order reflections. All other repeat thicknesses were approximated from these two 

values. The black dots on the patterns show the location of the highest order Kiessig 

fringe visibly discernable. Diminishing ofthe Kiessig fringes correlates with film 

roughness. The films with selenium composition above 65% are signiftcantly smoother 

compared to those with less selenium. 
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Figure 4.4. XRR data for Cu-Se layered films at compositions between 57 and 69% 
selenium at three different repeat thicknesses. The solid dots indicate the highest angle 
of discernible Kiessig fringes. 
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Figure 4.5 presents the XRD data for these same samples. Taken together, the 

XRR and XRD patterns present an informative story of what is happening at the 

compositions and repeat thicknesses of interest. In the films with a selenium 

concentration below 62%, euSe is nucleating and growing under ambient conditions at 

all repeat thicknesses. This crystalline growth is disrupting the elemental layering and 

is the cause for the general weakness ofboth the XRR first order reflections and Kiessig 

fringes. The sample composed of62% selenium and a repeat thickness of 15 angstroms 

has crystalline euSe present and layering still present as indicated by the first order 

diffraction peak. Although the first order diffraction peak indicates the presence of 

some layering, the Kiessig fringes have been lost due to film roughness. This 

conflicting result would imply that there are two distinct regions intermixed within the 

film. The films with selenium compositions above 66% selenium are distinctly 

smoother as indicated by the presence ofthe first order reflections and Kiessig fringes 

extending out to about 5 degrees 2 theta. 
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Figure 4.5. XRD patterns for layered copper-selenium samples. Nucleation ofCuSe 
occurs for compositions containing less than 65% selenium. 
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Throughout a broader investigation ofthe copper-selenium phase space, 

additional copper-selenium films were deposited, both layered and co-deposited. A 

summary oftheir propensity toward nucleation as-deposited is presented in figure 4.6. 

The distribution of the data indicates that increased layer thickness or a reduction in the 

selenium percentage drives the system toward nucleation and growth ofhexagonal 

CuSe. At a large layer thickness, inter-diffusion of the copper and selenium is 

Figure 4.6. Summary ofXRD results for copper-selenium layered and co-deposited 
films. Films with less selenium or larger repeat thicknesses will nucleate the CuSe 
phase. 
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incomplete resulting in a gradation of composition through the sample. If the elemental 

composition is close to 1:1 for a sufficiently large region, nucleation and growth occurs. 

Copper-Indium-Selenium Layers 

Multiple films containing copper, indium, and selenium layers at differing layer 

thicknesses, composition, and elemental order were deposited on both quartz and 

silicon. Figure 4.7 depicts three of the four deposition strategies, the other being simple 

o Selenium D Indium II Copper 

I S~In~u i I S~[n~u I Se-Cu-Se-Cu-Se-In 
60A 20A 60A 

Figure 4.7. Schematic representations of the three repeat layering schemes used to 
investigate the effect of layer repeat thickness and order (co-deposition not pictured). 
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cO-deposition. The first two are simple stacking of the three elements at a 60 angstrom 

and 20 angstrom repeat thickness. The third structure sandwiches the copper between 

three selenium layers, isolating the copper from the indium. The total thickness of all 

the samples ranged from 0.2 to 1 micron. 

Figure 4.8 summarizes the results ofthese depositions. The axes are identified 

as the stoichiometric ratio ofcopper (X-axis) and indium (Y-axis) to 2 seleniums. The 

diagonal line represents compositions along the In2Se3-Cu2Se tie line. The only 

amorphous films exist for selenium rich compositions using the Se-Cu-Se-Cu-Se-In 

stacking order. Each layer order/thickness will be discussed in further detail below. 
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Figure 4.8. Summary of deposition results indicating the stacking order/thickness and 
composition resulting in as-deposited nucleated and amorphous films. The diagonal 
line represents compositions along the In2Se3-Cu2Se tie line. 
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Co-Deposited Selenium-Indium-Copper 

Four thin films composed ofco-deposited copper, indium, and selenium were 

deposited onto quartz. Each film was approximately 3000 angstroms thick as 

approximated by microprobe. The XRD patterns of the as-deposited films are presented 

in figure 4.9. All four films show the presence of crystalline CIS and an unidentified 

secondary phase. The samples with compositions closer to the 1: 1:2 stoichiometry have 

more intense diffraction peaks indicating a higher level ofcrystallinity. Nucleation of 

CIS in the co-deposited films indicates that simple co-deposition will not produce the 

desired amorphous precursor. 
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Figure 4.9. XRD patterns for copper, indium, and selenium co-deposited onto quartz to 
a depth ofapproximately 3000 angstroms. 
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60 Angstrom Repeat Layered Selenium-Indium-Copper Films 

From the results of the co-deposited samples, it became obvious that it was 

necessary to prevent inner mixing of the three elements to produce an amorphous 

precursor. Several films were deposited with the deposition order Se-In-Cu onto silicon 

substrates. The XRD patterns for films composed of Se:In:Cu with a 60 angstrom 

repeat thickness are presented in figure 4.10. All films with this repeat thickness were 

crystalline as-deposited. At this large repeat thickness, diffusion ofcopper and 

selenium produced a region of the necessary composition and thickness to nucleate 

Se-In-Cu 60 Angstroms Repeat 

Cu=0.87,ln=0.76 

S 

Cu=0.88, In=0.98 

Cu=O.94, In=1.05 

Cu=0.88, In=1.09 

Cu=0.99, In=0.96 

CIS 
(204)(220) 

-:::J co 
'-" 

20 30 40 
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50 60 

Figure 4.10. XRD scans for Se:In:Cu films with a 60 angstrom repeat thickness. 
Composition ofeach film is displayed on the right above each XRD pattern. The peak: 
at 33 degrees is from the substrate. 
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hexagonal CuSe as indicated by the presence of its (006) peak. Additionally, XRD 

peaks consistent with crystalline CIS are present in samples with compositions close to 

1Cu: 1In:2Se. The CIS ternary phase may have been produced by simple diffusion of 

the three elements, or by the disruption of the elemental layers by the growth of the 

CuSe. 

20 Angstrom Repeat Layered Selenium-Indium-Copper Films 

To prevent the conditions under which the CuSe binary formed, the repeat 

thickness was reduced to 20 angstroms while maintaining the same deposition order. 

Figure 4.11 presents the XRD patterns for the as-deposited samples. As expected from 

the layered binary Cu-Se samples, reduction ofthe repeat thickness eliminated the 

conditions under which CuSe could nucleate. However, at this thin repeat thickness, the 

three elements came into contact and the ternary CIS phase nucleated. 

At large repeat thicknesses, the copper and selenium layers diffuse and nucleate 

CuSe. At short repeat thickneses, the copper, indium, and selenium are in intimate 

contact and nucleate CIS similar to the co-deposited samples, but without the 

unidentified second phase. The key to forming an amorphous intermediate is to 

maintain a smooth layering to prevent the three elements from coming into contact with 

each other while preventing a region of copper and selenium forming near the 1: 1 

stoichiometry. 
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Figure 4.11. XRD patterns for thin film samples deposited in the order Se:In:Cu with a 
20 angstrom repeat thickness. 

60 Angstrom Repeat Layered Se-Cu-Se-Cu-Se-In Films 

To meet these requirements, a new deposition order was used (Se-Cu-Se-Cu-Se-

In) at a repeat thickness of 60 angstroms. For this repeat pattern, the copper and 

selenium layers are thin enough to rapidly diffuse forming a 1:2 Cu:Se composition that 

will not nucleate CuSe. The indium layer is only 10 angstroms thick, preventing the 

crystallization ofthe indium. In addition, the time required for copper diffusion through 

the selenium layer next to the indium prevents all three elements from contacting each 

other. Figure 4.8 summarizes the compositions using this deposition strategy that 
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resulted in an amorphous film or one that nucleated CIS on deposit and figure 4.12 

presents the XRD patterns for the amorphous Se-Cu-Se-Cu-Se-In films and one XRD 

pattern for a crystalline thin film for comparison purposes. Films containing copper and 

indium in excess ofthe In2Se3-Cu2Se tie line were crystalline while those with excess 

selenium were generally amorphous. 

(112) 
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Cu=0.95, In=1.02 

Cu=O.94, In=1.0 
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CU=0.79,ln=0.96 

Cu=0.80, In=0.97 

Cu=0.91, In=O.99 

15 25 35 45 55 65 75 
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Figure 4.12. XRD patterns for the as-deposited Se-Cu-Se-Cu-Se-In films deposited at a 
repeat thickness of 60 angstroms and 5000 angstroms total thickness. The bottom seven 
patterns represent the samples that were amorphous on deposit. The top pattern is 
presented as an example ofa film that crystallized. 
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The position of the third order diffraction peak: on the XRR patterns for the 

amorphous Se-Cu-Se-Cu-Se-In films presented in figure 4.13 were used to calculate the 

thickness of the Se-Cu-Se-Cu-Se-In repeating layer. Repeat thickness ranged from 58 

to 63 angstroms. The presence of the three orders ofBragg peaks indicates that the 

layering of the thin film, though highly inter-diffused, is still in tact. 
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Figure 4.13. XRR patterns for some amorphous Se-Cu-Se-Cu-Se-In thin films. 
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A silicon supported amorphous film composed ofCu 0.95:In 1.02:Se 2 was 

annealed under nitrogen at 100°C increments for one hour each. High angle XRD data 

was collected after each annealing up to 500°C and is presented in figure 4.14.. The 

dominant diffraction peak in the annealed sample patterns correlates to the (112) peak 

ofCIS. The broad peak near 29 degrees 29 was not identified and the small sharp peak 

near 33 degrees 29 is from the silicon substrate. On annealing, the CIS (112) peak 

becomes more intense and narrower indicating an increase in the crystallinity and 

crystal size of the CIS in the thin film. The 500°C anneal plot includes an insert of the 

impurity peak at the same dimensional scale as the 100°C graph. The impurity is still 

present after the 500 °C anneal, but has reduced in quantity and crystal size. 
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Figure 4.14. XRD patterns for an amorphous CIS film annealed in 100°C increments to 
500°C. 
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The CIS crystal size was approximated using the Scherrer equation on the CIS 

(112) peak for the annealed samples. Figure 4.15 shows that the crystal size ofthe CIS 

increases continuously on increasing annealing temperature. The largest gain in crystal 

size is between 400°C and 500 0c. This indicates that high temperature anneals are 

necessary, at these slow heating rates, to form large CIS crystallites. 
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Figure 4.15. The increase in crystallite size for an amorphous CIS sample annealed at 
100°C increments to 500 °C. 

Summary 

Control ofelemental layer repeat thickness and deposition order was used to 

inhibit nucleation ofCIS in a thin film composed ofcopper, indium, and selenium. A 

study ofthe layered binary systems produced information necessary to design the 

precursor layer stack. The results from the copper-selenium films predicted that the 50 

angstrom thick Cu-Se layers in the 60 angstrom Se-Cu-In stacks would nucleate CuSe. 

o +--e<--,--.--.---,---.,.J 
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This result, along with the problem with indium crystallization necessitated the use of 

thinner elemental layers. When the layers were thinned to a 20 angstrom repeat 

thickness, the elements inter-diffused and nucleated the CIS phase, similar to the co­

deposited samples. To prevent the nucleation of CuSe at the Cu-Se interface, two 

copper layers were sandwiched between three selenium layers, reducing the Cu-Se 

repeat thickness. The copper and selenium now fonned an amorphous mixed layer 

adjacent to the amorphous indium layer. The copper did not diffuse far enough through 

the selenium to produce the mixing ofall three elements that would have resulted in 

nucleation ofCIS. The general process of controlling a reaction pathway of a thin 

ternary film via elemental order and thickness by utilization of infonnation gathered 

from its component binary films may be applicable to other material systems. 
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CHAPTER V
 

THE EFFECT OF SODIUM AND SUBSTITUTION OF GALLIUM ON
 

THE NUCLEATION OF THE CHALCOPYRITE STRUCTURE
 

Introduction 

In chapter I, I discussed how the addition ofsodium to copper indium diselenide 

is found to have positive effects on CIS electrical properties. In chapter N, data was 

presented showing how an elemental amorphous precursor stack containing copper, 

indium, and selenium could be deposited. In this chapter, I will discuss how the 

addition ofsodium affects the crystallization ofCIS and how the substitution ofgallium 

for indium affects crystallization. 

The Addition of Sodium 

Samples with the Se:Cu:Se:Cu:Se:1n layer pattern at a repeat thickness of 

nominally 60 angstroms were deposited with the substrate continuously exposed to a 

sodium flux from a thermal source. Sufficient repeat layers were deposited to form a 

total thickness ofapproximately 4800 angstroms. Microprobe was used to determine 

composition and XRD was performed on silicon supported samples to ascertain the 

presence ofcrystalline phases. Figure 5.1 summarizes the XRD results and compares 

them to similar samples containing no sodium. Numbers above or below the data points 
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identify the amount of sodium in the sample relative to a composition consisting of2 

seleniums. The number to the right of the data points representing samples that were 

crystalline on deposit indicates the as-deposited crystal size as determined by the full 

width at halfmaximum ofthe CIS (112) diffraction peak and the Scherrer equation. 

It can be seen from the data that samples containing small amounts ofsodium 

follow the same trends as those without sodium. Those that are Cu+In rich relative to 

2(Cu+In):2Se are crystalline, while those with less copper and indium are generally 

amorphous. One sample containing a significant excess of sodium, 0.19, was 

crystalline with relatively small crystallites. This could be explained by a disruption of 

the layering by the large amount of sodium or even a substitution of the sodium for 

copper pushing the composition across the 1:1 Cu+In:Se composition line. In all 

crystalline samples containing sodium, the crystal growth has been inhibited by the 

presence of the sodium. From this data, it can not be conclusively determined whether 

the presence of the sodium inhibits or enhances CIS nucleation on deposit, however one 

can conclude that the creation ofan amorphous CIS precursor with trace amounts of 

sodium is possible. 
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Figure 5.1. Comparison of sodium and non-sodium containing Se-Cu-Se-Cu-Se-In 
samples for crystallinity on deposit. 

Silicon supported samples were annealed under nitrogen to a temperature of 500 

°C for one hour. XRD patterns were collected on each thin film sample and crystallite 

size approximated using the Scherrer equation and the full width at halfmaximum of 

the CIS (112) diffraction peak. Results are summarized for both sodium and non­
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sodium containing samples in figure 5.2. The data clustered between 0.9-1.0 Cu and 

1.0-1.05 In tells an interesting story. All the samples that were originally amorphous 

grew larger crystallites than those that crystallized on deposit. Since these samples 
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Figure 5.2. A Comparison of sodium and non-sodium containing Se-Cu-Se-Cu-Se-In 
samples for crystal size after annealing to 500°C in nitrogen. 
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were heated at a rate ofabout 10 °C/min., nucleation and crystal growth was not rapid 

and the evolution ofcrystallinity in each sample occurred over time. The larger 

crystallite size ofthe originally amorphous samples is probably due to a lower 

nucleation density in the amorphous samples during heating leading to a higher 

availability ofunreacted material per grain. A comparison ofthe crystallite size for 

sodium Ino sodium samples is inconclusive as some produced larger and some produced 

smaller crystallites relative to others at similar compositions. 

The Cower Gallium Diselenide Ternary System 

Samples composed of selenium-gallium-copper elemental layers were deposited 

from thermal sources. The same copper and selenium sources used to deposit the 

samples described in chapter N were used to make these samples. An effusion cell 

equivalent to the one used to deposit indium was used to deposit the gallium. Gallium 

presents a special challenge when using a quartz crystal for deposition rate monitoring. 

After a short period of time, the gallium on the crystal monitor begins to melt and the 

indicated deposition rate begins to decrease. To prevent this error, the deposition rate 

was determined after the gallium source had reached a stable temperature and before the 

drop off in rate was observed. 
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To detennine the consistency ofa Se-Ga-Cu deposition, five samples were 

deposited over a time span of six hours using the same deposition conditions. Each 

sample consisted of fifty Se-Ga-Cu repeats for a thickness ofapproximately 1700 

angstroms for each of the five thin films. The composition ofeach sample was 

detennined by microprobe with the results tabulated in Table 5.1. The results show that 

the deposition conditions remain stable over a six hour span. 

Sample Copper Gallium 
1 0.96 0.78 
2 0.95 0.76 
3 0.97 0.76 
4 0.95 0.75 
5 0.95 0.78 

Table 5.1. Deposition consistency for five Se-Ga-Cu samples over a six hour time span. 

Thicker samples ofthe simple Se-Ga-Cu stacking scheme were deposited at 

repeat thicknesses between 18 and 59 angstroms. The repeat thickness ofthe CGS 

samples was approximated using equivalent selenium and copper layer thicknesses as 

those of the CIS samples described in chapter N. The XRD results for five as 

deposited samples are shown in figure 5.3. The CGS samples show similar trends to 

those ofthe CIS layered samples. The layered samples with excess gallium (top two) 

show significant CGS crystallinity as deposited. The sample with the thinner repeat 

thickness shows significantly more crystallinity. Like the CIS samples, all ofthe 

thicker Se-Ga-Cu layered samples have a peak near 31°, consistent with the presence of 

CuSe. The sample closest to being amorphous was deficient in copper and gallium. 
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Figure 5.3. XRD patterns for as deposited Se-Ga-Cu layered films. 

A Comparison ofAnnealed CIS and CGS Samples 

Several of the samples were annealed to 500 °c for one hour each in a dry 

nitrogen environment. XRD was performed on the samples after annealing to identify 

phases and determine the crystallite size. Figure 5.4 summarizes the crystallite size 

data. Calculations identifying crystallite sizes greater than 2000 angstroms were 

rounded down to 2000 angstroms due to the limitations of the Scherrer equation. 

Distribution ofthe crystallite sizes indicates that there is no consistent difference in 

crystallite size for the CIS and CGS films. There is however a cluster offilms 
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producing large crystallite sizes near 1Cu:0.95(InlGa):2Se. Samples closer to the 

stoichiometrically correct composition appear to produce the largest crystallites on 

annealing. 
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Figure 5.4. Summary ofcrystallite sizes for annealed films ofCIS/CGS. 

Summary 

The presence ofsmall amounts ofsodium dispersed through the Se-Cu-Se-Cu-

Se-In film does not appear to significantly affect nucleation ofthe CIS phase. 

Additionally, there is no conclusive evidence as to how sodium affects the growth of 

CIS on annealing to 500 OC. Composition, specifically the Cu+In:Se ratio has the 

greatest effect on crystal size with as deposited amorphous films producing larger 
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crystallites. CGS samples with an equivalent Se-Cu-Se-Cu-Se-Ga to the amorphous 

CIS samples were not deposited. Samples with the simple Se-Ga-Cu layer scheme were 

produced and followed the trends found in the equivalent Se-In-Cu samples. It should 

be possible to deposit amorphous CGS and CIGS precursor films using the processes 

identified in chapter N. 
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CHAPTER VI
 

SUMMARY AND CONCLUSIONS
 

The creation ofelectronic materials for devices such as solar cells, solid state 

displays, and other macro electronics yet to be imagined on inexpensive and flexible 

substrates will require the development of low temperature processes for depositing 

materials onto the substrate. In the case ofCIGS solar cells, the high temperature 

deposition conditions currently used to make quality CIGS films is incompatible with 

the thermal limits ofmost flexible substrates. In addition, greater control over InIGa 

diffusion will be possible using an elemental layered approach combined with moderate 

annealing conditions. One method ofreducing thermal history is to deposit an 

amorphous material and use a rapid heating profile to convert the amorphous precursor 

directly to the crystalline phase without the creation ofintermediate binary phases or 

small crystallites that would require extended thermal processing. 

This dissertation has described the deposition and characterization ofan 

amorphous thin film with a composition near that ofCulnSe2 (CIS). Copper-selenium 

and indium-selenium binary layered samples were initially investigated to identify 

interfacial reactions that would form undesired binary intermediate compounds 

resulting in the need for high temperature annealing. Although the indium-selenium did 

not form interfacial compounds on deposit, indium crystallized when its layer thickness 

exceeded 15 angstroms, disrupting the continuity of the elemental layers. Copper­
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selenium elemental layers with a repeat thickness ofover 30 angstroms or compositions 

with less than 63% selenium formed CuSe on deposit. 

Several deposition schemes were investigated to identify the proper deposition 

pattern and thicknesses to form the CIS amorphous film. Simple co-deposition resulted 

in the nucleation of CIS. A simple stacking of the three elements in the order Se-In-Cu 

at a repeat thickness of60 angstroms resulted in the nucleation ofCuSe and sometimes 

CIS. The CIS most likely formed due to the disruption ofthe elemental layers by the 

growth ofthe CuSe. Reduction ofthe repeat thickness to 20 angstroms eliminated the 

nucleation ofCuSe, as predicted by the study ofthe binary Cu-Se layered samples, but 

resulted in the nucleation of CIS, similar to the co-deposited samples. 

To eliminate both the thick Cu-Se region, and prevent the intermixing ofall three 

elements, a more complex deposition pattern was initiated. The copper and selenium 

repeat thicknesses were reduced into a Se-Cu-Se-Cu-Se pattern followed by deposition of 

the indium layer for a total repeat thickness of60 angstroms. At a Se:Cu ratio of2: I and 

the small repeat thickness, no Cu-Se phases nucleated. Additionally, the Cu-In interface 

was eliminated. For this deposition scheme, films with a selenium rich composition 

relative to CuInS~ were generally amorphous. Those that were Cu-In rich always 

nucleated CIS on deposit. Annealing ofall samples produced crystalline CIS with the as 

deposited amorphous samples producing significantly larger crystallites indicating a 

different reaction pathway from those that nucleated on deposit. 

The addition ofsodium during the deposition ofSe-Cu-Se-Cu-Se-In samples did 

not significantly alter the composition range where amorphous precursors could be 
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deposited. Addition ofsodium during the deposition process may be necessary to 

optimize the electrical properties ofthe CI(G)S layer since there will no longer be 

diffusion from the soda lime glass substrate as used in the modern high temperature 

processes. It has been predicted that the partial substitution ofgallium for indium 

necessary to increase the band gap ofthe solar cell absorber layer will not prevent the 

deposition ofamorphous CIGS precursor films. These collective results have shown that 

an amorphous CIGS(Na) can be produced and may lead to a low temperature route to 

large crystalline CIGS(Na) films. 
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