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ABSTRACT OF DISSERTATION 

THE IMPACT OF DELIBERATE SODIUM INCORPORATION ON CuInSe2-BASED

SOLAR CELLS

The beneficial effect of sodium incorporation in CuInSe2-based solar cells is 

systematically and quantitatively explored in this thesis. For the first time, a range of 

sodium concentrations that yield optimal device performance is presented. The primary 

cause of solar-cell performance improvement is shown to be grain-boundary passivation, 

but a secondary cause in some cases comes about through an alteration of the growth 

process. A model is presented based on these observations. The parameters most 

affected by the sodium concentration are open-circuit voltage, fill factor, and dopant 

density.

CuInSe2 thin films and photovoltaic devices are analyzed to determine how much 

sodium is needed to improve device performance, and to uncover the effect of sodium at 

grain boundary surfaces and in the bulk material. A broad range of sodium 

concentrations in CuInSe2 from 0.001 to 0.15 at% Na is found to result in optimal device 

performance, which includes high efficiency, high fill factor, high dopant density, low 

series resistance, and good diode quality. Efficiencies improve by as much as 4% when 

sodium is added. Beyond this range, both device and material properties degrade. It is

iii

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



assumed that this range supplies sufficient sodium for well-passivated grain boundaries, 

but not so much as to produce secondary phases, which tend to reduce solar cell 

performance. Diode junction quality improves with the addition of sodium, as observed 

by improvements in fill factor and diode quality factor.

Analysis of the trends observed in the change in diode parameters with increasing 

sodium concentration reveals that sodium affects both grain boundary and bulk 

properties. Secondary ion mass spectroscopy and scanning electron microscope data 

suggest that the sodium most likely resides at grain boundary surfaces. This analysis 

leads to a model that explains nearly all the changes that occur in the presence of sodium. 

A grain-boundary passivation model, including (a) the direct effects of sodium and (b) 

sodium as a catalyst to oxygen, explains the increase in open-circuit voltage, dopant 

density, and capacitance. It is likely that when sodium is co-evaporated, it (c) affects the 

bulk layer by layer by altering the growth process, without remaining in the bulk. Adding 

sodium during CuInSe2 growth can add flexibility in choosing substrate materials and can 

reduce constraints on CuInSe2 fabrication control, both important points for 

manufacturers o f CuInSe2-based solar cells.

Jennifer Elaine Granata 
Department of Physics 

Colorado State University 
Fort Collins, CO 80523 

Spring 1999
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"In the beginning, when God created the universe,. . .  everything was engulfed in total 
darkness, and the power o f  God was moving over the water. Then God commanded, 'Let

there be light ’ • and light appeared. ”
Genesis 1:1-3

"You are like light for the whole world. A city built on a hill cannot be hid. No one 
lights a lamp and puts it under a bowl; instead he puts it on the lampstand, where it gives 
light for everyone in the house. In the same way your light must shine before people, so 

that they will see the good things you do and praise your Creator in heaven. ”
Matthew 5:14-16

“ 7 am the light o f the world,' Jesus said. Whoever follows me will have the light o f life
and will never walk in darkness.

John 8:12

"There shall be no more night, and they will not need lamps or sunlight, because the
Lord God will be their light... ”

Revelation 22:5
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CHAPTER 1

INTRODUCTION

Solar energy offers a clean, viable energy source for the future, and has the 

potential to become one of the world’s primary energy producers. To achieve this goal, 

solar cells, based on photovoltaic materials, must be efficient and cost-effective. Thin- 

film solar cells, including amorphous silicon, CuIn(Ga)Se2 and CdTe, have emerged in 

the last 30 years as a balance to the crystalline technologies including silicon and GaAs. 

Although the thin-film materials are likely to achieve lower maximum efficiencies than 

their crystalline counterparts, they are less expensive and easier to produce. In a field 

ruled by economic trade-offs, a reduction in the amount of raw materials used can mean 

the difference between success and failure. It is shown in this work that the presence of 

sodium in CuInSe2-based solar-cell devices in particular can increase the efficiency of 

these devices and reduce constraints on manufacturing them.

The group in the photovoltaics laboratory in the Colorado State University 

Department of Physics has chosen to concentrate its efforts on thin-film solar cell 

technologies; specifically CuIn(Ga)Se2 and CdTe. Work with CuIn(Ga)Se2 (CIS or 

CIGS) has made great strides in the last five years, achieving a single cell, laboratory 

device efficiency of 17.7% [1]. This efficiency is just under three-quarters of the

1
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theoretical maximum of 24%. Many laboratory devices average 12-15% in efficiency. 

CdTe devices have reached an efficiency of near 16% in the laboratory [2,3]; this is just 

under two-thirds of the maximum efficiency of 25.5%. CdTe test device efficiencies 

consistently average 10- 13%.

Historically, the highest efficiency laboratory-size CuIn(Ga)Se2 devices have been 

fabricated on soda-lime glass [1,4]. The original explanation why these substrates work 

so well pointed to a compatibility of the thermal expansion coefficients of the substrate 

and the photovoltaic material [5]. This explanation is somewhat suspect, however, since 

there are layers of other materials between the glass and the CuIn(Ga)Se2 which do not 

have compatible thermal expansion coefficients.

In recent years, interest has returned to understanding why soda-lime glass works 

so well as a substrate for CuInSe2 devices in particular. It has been discovered that 

component atoms, such as sodium, potassium and calcium, diffuse out of the glass and 

into the CuIn(Ga)Se2 absorber film during growth. Experiments have shown that the 

presence of sodium in particular has a positive effect on device performance, mainly by 

increasing open-circuit voltage, fill factor and effective dopant density. Some researchers 

have also found that sodium increases grain size and grain texture. A literature review of 

this subject is in the following chapter. Although much has been done in this area, many 

questions remain unanswered. The following questions are the focus of this dissertation. 

How much sodium is needed to affect these characteristics? Does the sodium mainly 

affect grain boundary surfaces, or is the bulk affected as well? How does the sodium 

affect the junction quality? What mechanisms are involved?

2
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Deliberate incorporation of sodium in CuInSe2 onto both sodium-containing and 

non-sodium-containing substrates demonstrates a range of sodium concentrations that 

yield optimal device performance. CuInSe2-based solar cell device performance is 

optimal with sodium concentrations in the range of 0.001 to 0.15 at% Na. It is assumed 

that this range supplies sufficient sodium for well-passivated grain boundaries, but not so 

much as to produce secondary phases, which may diminish device performance. The 

main improvements are in open-circuit voltage and hole concentration, with secondary 

improvements in fill factor. Diode junction quality also improves. Beyond this range, 

both device parameters and material properties show significant degradation.

Analysis of the affected parameters demonstrates that sodium has the greatest 

effect on grain boundary properties, with a secondary effect on bulk-related properties. 

These observations lead to a model of the mechanisms involved when sodium is present 

in CuInSe2 based on grain-boundary passivation and growth-alteration.

From a technological perspective, deliberately adding sodium enhances device 

performance and reduces constraints on key areas of CuInSe2  solar-cell fabrication. 

Extrinsically incorporating sodium during CuInSe2 deposition may allow researchers and 

manufacturers greater flexibility in choosing substrate materials.

This work brings the world one step closer to finding clean energy solutions to the 

problem of providing energy for everyone.

3
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CHAPTER 2

BACKGROUND

This chapter lays the groundwork and motivation for the work presented in this 

thesis. Included are the physics of solar cells, the details of the chalcopyrite materials 

used, an introduction to device characterization, and the background and previous work 

that has been done on the sodium issue. A review of the semiconductor physics pertinent 

to this field is presented first to lay the groundwork for understanding the workings of 

solar cell devices. An overview is given, and the reader is directed to noted references for 

more in-depth coverage. The term “CIS” will be used at times in this thesis to denote 

thin-film CuInSe2 and its cation-vacancy counterparts, as well as the CuInSe2 thin-film 

technology in general.

2.1 CuInSe? Solar Cells 

The basis of the solar cell is the p-n semiconductor junction. See references 6 and 

7 for an overview of semiconductors and p-n junction theory. The property which makes 

a semiconductor useful as a photovoltaic material is a bandgap fairly well matched to the 

solar spectrum (the radiation spectrum the sun produces). The ideal single-junction 

photovoltaic semiconductor bandgap for the terrestrial solar spectrum is about 1.4 eV.

4
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Semiconductors in common photovoltaic use range in bandgap from 1.0 eV (CuInSe2) to 

1.7 eV (amorphous silicon).

One commonly speaks of only one of the materials in a p-n junction as the 

primary absorber material, even when heterojunctions are used. In the case of CuInSe2 , 

the p-n junction is theoretically formed at the interface of a p-type CuInSe2 layer and an 

n-type layer of, most commonly, CdS. The CuInSe2 layer is referred to as the absorber 

because, ideally, all the electron-hole generation takes place in that layer. It is assumed 

that the n-type semiconductors used are heavily doped compared to the CuInSe2, so the 

majority of the space-charge region is in the p-type CuInSe2 . Hence, all or nearly all the 

current collection stems from this layer.

CuInSe2 is fabricated in the substrate configuration; meaning light enters the 

layers in the opposite order to their fabrication (see Figure 2.1). Soda-lime glass is 

commonly used as the substrate. A metal back-electrode, or back contact, is the first 

layer. 1-2 pm of molybdenum (Mo) is most often used, and RF-sputrering is the most 

common deposition process. 2-4 pm of CuInSe2 is deposited on top of the Mo. Many 

processes can be used for this layer, which is commonly fabricated to be intrinsically 

doped p-type. An n-type window layer is deposited on top of the CuInSe2 . 50-100 nm of 

CdS is common and is either sputtered or put down by a chemical bath deposition 

process. 1-2 pm of a heavily-doped n-type transparent conducting oxide such as ZnO is 

sputtered on top of the window layer. A metal grid is evaporated on top to enhance 

current collection. A low-index antireflection coating such as MgF commonly completes 

the structure.

5
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Incident light

MgF 
4S

■Ni/AI grid

ZnO, 1-2 jxm 

; ^ ? : : M ^ £ i g C d S ,  50-100 nm

CuInSe2, 2-4 urn

Mo, 1-2 urn

Substrate (soda-lime glass, sintered 
alumina, stainless steel, etc.)

Figure 2.1. Typical substrate configuration used in fabricating CuInSe2 thin film solar cells. 
Substrate thickness not to scale.

2.2 Thin-Film Chalcopvrite Materials 

It is necessary to understand the basic material properties o f thin-film CuInSe2 

before investigating the changes that occur in the presence of sodium. Much work has 

already been done on the material properties of thin-film CuInSe2. Two excellent sources 

are the Ph.D. thesis of Tuttle [8] and the Ph.D. thesis of Gabor [9], and the references 

therein. The points most essential for understanding this thesis are covered.

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .



2.2.1 Stoichiometry and Native Defects

CuInSe2 is a member of the I-IH-IV2 group of semiconductors that form in the 

chalcopyrite structure, an approximate supercell of the zincblende structure [10]. This 

group of semiconductors is a subset of the adamantine family of compounds. The I-d - 

VI2 compounds are the ternary analogs of the II-VI binary compounds, which in turn are 

based on the tetrahedral group IV semiconductors.

Chalcopyrites commonly exhibit a high tolerance to off-molecularity, off- 

stoichiometry, and native defects, which separates them from their other family members. 

They can also form defect-chalcopyrite structures, in which a large percentage (as much 

as 25%) of the cation sites are vacant in a random or ordered way. It is the control of 

these aspects that has allowed CuInSe2 to become competitive in the field of 

photovoltaics.

Off-molecularity and valence off-stoichiometry are defined as follows:

Ax = f c l - 1  (1)
[In\

Az  =  - 2l S-e\L - i  (2)
[Cw]+3[/«]

where square brackets denote the total concentrations of Cu, In and Se. Positive off- 

molecularity, Ax > 0, denotes more Cu atoms than In in the film and is referred to as “Cu- 

rich.” Ax < 0 is referred to as “Cu-poor” or “In-rich.” Off-stoichiometry, Az, refers to the 

situation in which there is an excess (Az > 0) or deficiency (Az < 0) o f selenium atoms 

relative to the cations, affecting the number of electrons in the molecular structure. This 

work is mainly concerned with the case Ax < 0 and Az = 0. Although CuInSe2 can be
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fabricated with a large range of combinations of Ax and Az, empirically there is a small 

window of these values and combinations that result in good solar-cell quality material.

There are structural differences that accompany the molecular and stoichiometric 

differences. The structural differences are commonly referred to as different phases. 

Phase diagrams have been constructed for the Cu2Se-In2Se3 pseudobinary system using 

bulk crystal information and differential thermal analysis techniques. Two such diagrams 

that have received much attention are those by Fearheiley [11] and Boehnke [12]. 

Boehnke’s diagram and terminology, reproduced in Figure 2.2, will be used in this work. 

Typically, the a-phase is considered to be pure chalcopyrite CuInSe2 . Boehnke’s diagram 

indicates that for slightly Cu-poor films, the a-phase window is quite small. That is,

1000

£  9 0 0
UJcr

<tx.111
£  8 0 0  
UJ

Good solar —  —1
cell material 1 '

7 0 0

60 8 0 9 0

Figure 2.2. Cu2Sc-In2Se3 pseudobinary phase diagram after Boehnke. The axes are temperature in 
degrees C versus molc% In2Scj.
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high-quality, single-phase CuInSej can only exist for a small range o f Ax and Az values. 

In practice, it is not uncommon for secondary phases to form during thin-film CuInSei 

growth. If sodium could increase the a-phase window, it could result in better films for a 

wider range of compositions, thereby relaxing fabrication constraints.

Off-molecularity empirically necessary for high-quality thin-film CuInSe2 leads to 

chemical differences as well as structural differences from the perfect single-crystal case. 

The chemical changes stem from native defect formation. If cation/anion exchange in the 

crystal is excluded for now, there are eight native defects in three categories in CuInSe2 : 

vacancies, interstitials, and cation antisites. Vacancies occur when the expected atom is 

missing from the lattice. Interstitials occur when any atom is placed somewhere in the 

lattice other than in a lattice site. Antisites occur when an atom sits in an incorrect lattice 

site. The following lists these defects:

Vacancy defects: VCu, VIn, VSe 

Interstitial defects: Cuj, Ini, Sei

Antisite defects: Cuin, Incu (3).

Previous work on the theory of the defect physics o f CuInSe2, based on 

Neumann’s calculations, assumed the formation energies of the defects did not vary with 

Fermi level position or chemical potential [13]. Under these assumptions, the order of 

the formation energies obtained, regardless of values of Ax and Az, are as follows:

Incu < Cuin < VSe < VCu < Vb, < Cut < In; <Sej (4).

The indium and selenium interstitial defects have calculated formation energies greater 

than 9 eV, making these defects highly unlikely to form. Therefore, these defects are 

disregarded in the remaining defect analysis. It was assumed that the defect abundance
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followed this order as well. Recently, Zunger, et al., [14] have reported a more complete 

theory of the defect physics of CuInSe2 . Two main findings by Zunger’s group pertinent 

to this thesis are (i) “defect formation energies vary considerably both with the Fermi 

energy, and with the chemical potential of the atomic species,” and (ii) “defect pairs such 

as (2Vcu' + Incu2+) and (2Cuin2' + Incu2+) have particularly low formation energies...” 

These findings further explain the existence of the observed ordered (vacancy) 

compounds such as CuI^Ses (believed to be included in the p-phase), the very efficient 

p-type self-doping, and the electrically benign character of a large fraction of the defect 

population. With regard to (i), Zunger’s work takes into account the changes in Fermi 

level and chemical potentials due to changes in molecularity and stoichiometry. The 

resulting calculated order of formation energies for the Cu-poor, In-rich, p-type CuInSe2, 

which is the case of interest in this thesis, is as follows, with the previous “rank” shown 

in the second line (the selenium vacancies were excluded in this work):

VCu < Incu < V In< C u in < C u i (5).

4 1 5  2 6

The dependence of Vin°, Incu2+, VCu°, Cuin0, and Cuj+ defect formation energies on 

the chemical potentials of Cu and In for a given Fermi energy is shown in Figure 2.3, 

taken from Zunger’s work [14]. Points A, B, and C refer to the Ax and Az extremes. 

Point A refers to the extreme Cu-rich, In-rich case, with pcu = Pin = 0; point B refers to 

the extreme Cu-poor, In-rich case, with pcu = -2.0 eV, pi„ = 0; and point C refers to the 

extreme Cu-rich, In-poor case, with pcu = 0, pin = -2.0 eV. Pure CuInSe2 exists in a small 

region centered about the point pcu - Pin = 0.7 eV.
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Figure 2.3. Dependence of the defect formation energies on the chemical potentials for a given Fermi 
energy. After Zunger, et al.

Another important point commonly neglected is that the pairing of defects 

significantly alters the electric activity. For example, “an isolated Vcu is a shallow 

acceptor, while an isolated Incu is a deep donor, but a defect pair based on 2Vcu and Incu 

is electrically inactive.” [14] It is possible that the formation of defects, and/or the 

formation of defect pairs, is affected by the presence of sodium.
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2.2.2 Crystalline Structure

In a perfect CuInSe2 crystal, growth is mainly along the (112) direction. Figure

2.4 shows X-ray diffraction peaks for single-crystal CuInSe2 using Cu-Ka radiation, taken 

from the JCPDS database. The strongest diffraction lines are for the (112), (220), (204), 

and (312) planes. The common growth pattern of thin-film CuInSe2 is a columnar 

crystallite structure. Therefore, thin-film CuInSe2 X-ray diffraction data can be compared 

to the single crystal case to determine lattice d-spacing (distance between atomic planes), 

lattice parameters, crystallite size, secondary phase identification, and general structure 

and orientation. A highly structured film will commonly have a high (112)/[(220),(204)]

too -
( 112)

• P4C/J
GO
s
o.N (220)

(204)
40 -O

2

(312)
20  -

(424)
(400) j j i 6)(116)( 101)

60 8040200
2-Theta [degrees]

Figure 2.4. Normalized typical X-ray diffraction peaks for single-crystal CuInSej, taken from the 
JCPDS database.
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peak height ratio, whereas a lower ratio designates a more randomly-oriented film. 

Figure 2.5 gives examples of two CuInSe2 thin films, both on Mo/soda-lime glass 

substrates, with quite different structures. The data in the top graph demonstrates a 

highly structured film with a (112)/[(220),(204)] ratio of 22, whereas the data in the 

bottom graph shows a more randomly oriented film with a (112)/[(220),(204)] ratio of 4. 

The difference in structure is also evident in the other main CuInSe2 peak heights. A
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Figure 2.5. Example of X-ray diffraction data for two CuInSej thin films.
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highly structured film may be indicative of much of the film being in the a-phase. This 

technique will be useful in determining whether sodium has an effect on the structural 

properties of CuInSe2 . That is, if sodium does increase the a-phase window or suppress 

the formation of secondary phases, X-ray diffraction can be used to detect differences.

2.2.3 Growth Process

A comparison of Figures 2.4 and 2.5 shows differences between single crystal and 

thin-film CuInSe2 . For some thin films, secondary phases can be detected. Often the 13- 

phase peak appears between 21.5 and 22.5° 20. When growing thin-film CuInSe2 , the 

goal is to avoid secondary phase formation and to approach the single crystal structure. 

This requires in-depth understanding of the growth processes involved. The details of the 

chemistry and growth of the CuInSe2 ternary system depend very strongly upon the 

growth technique. The focus here will be on co-evaporation, or physical vapor deposition 

(PVD), since all the thin films used in this work were grown by the author using this 

technique.

The PVD process starts with solid materials (Cu, In, Se) which are evaporated in 

vacuum (~ 10‘6 Torr). The evaporation rate of the metals is given by the Hertz-Knudsen 

equation [8 ]:

dNt [p * ~ p ) , •>— -  = ---- £-^r atoms / cm' • sec (6 )
A 'd t (2 a vmkT)r

where dNe/dt is the rate at which atoms leave the evaporant surface, p* is the vapor 

pressure and p is the hydrostatic pressure, T is the absolute temperature, m is the 

molecular weight, Ae is the source area, and a  v is the evaporation coefficient. Spatially, 

the emission follows the cosine emission law [8 ]. Using these two equations, the number
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of atoms per unit area of each species incident upon the substrate can be estimated for a 

given source temperature.

To determine the concentration of CuInSe2 molecules formed, additional 

parameters must be considered, including the thermal accommodation and sticking 

coefficients (which determine how quickly an atom will adsorb to the substrate), the 

substrate temperature, and the formation processes. For CuInSe2, the process of 

formation, which is dependent upon the substrate temperature, is most important. The 

formation process of CuInSe2 from Cu, In, and Se involves the formation of binaries such 

as Cu2Se and In2 Se3. The binaries then react to form CuInSe2 -

Understanding these reactions and the temperatures at which they occur is 

importani to avoid secondary phase formation and unreacted binaries, as indicated in the 

phase diagram in Figure 2.2. Research in this area has lead to “recipes” which are 

typically used to grow high solar-cell quality CuInSe2 -

2.3 Device Characterization 

An understanding of material properties is necessary to make the best solar-cell 

devices. Methods to characterize the materials themselves must be accompanied by 

methods to characterize and understand the workings of the final product. Although it is 

important to understand how sodium changes the absorber material, it is also necessary to 

electrically characterize and model the finished solar cell, and determine the effects of 

sodium from this perspective.

Since p-n junctions are the basis of diode theory, a solar cell can be modeled as a 

single diode with a resistor in series, Rseries. and a leakage path in parallel, rShum- See 

Figure 2.6. By measuring a diode curve in the dark, the two resistive terms can generally
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be extracted, as well as the ideality factor, or diode quality factor. See reference 15 for 

details of the extraction.

Solar cell diode

Figure 2.6. Single-diode circuit model of a solar cell.

A diode curve can also be measured in the light and the same analysis performed.

In the ideal case, the calculated parameters are unchanged. Incident photons of sufficient 

energy can excite carriers across the gap, inducing a current. Ideally, this light diode 

curve, or current-voltage (JV) curve, is simply the dark current-voltage curve shifted by 

the light-induced current. There are three main parameters taken from the light JV curve 

that are used to describe how well the device works as a solar cell. These are the open- 

circuit voltage Voc (voltage at zero current), the short-circuit current density Jsc 

(current/total area at zero voltage), and the fill factor FF (ratio of the maximum power to 

the Jsc Voc product). Together these values are used to determine the solar cell efficiency 

for a specified solar spectrum:

r| = (FF x Jsc x Voc)/input power (7).

Figure 2.7 shows a light diode curve for a high-efficiency CuInSe2 device.
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Figure 2.7. Light JV curve for a high-efliciency CuIoSe2 device.

The measured light-induced current at zero bias (Jsc) is always less than the 

maximum light-induced current possible, calculated by integrating the solar photon 

spectrum up to the bandgap of the absorber material. This difference is due in part to 

photon losses from reflection off the surface and from absorption in the top layers of the 

cell. Grid coverage is the source of another loss mechanism. In some cases, a photon 

excites an electron-hole pair deep in the absorber, but the lifetime is shorter than the time 

needed for the electron or hole to reach the depletion region. This introduces another 

current loss. Other mechanisms, such as high recombination rates, will decrease the 

current collected independent of the photon wavelength. A spectral response
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measurement allows one to calculate the quantum efficiency of solar cells and extract 

these current losses. See reference 16 for details.

Assuming the solar cell behaves as an ideal diode, under a negative voltage or 

reverse bias in the dark, the electrical junction resembles a parallel-plate capacitor. The 

capacitance C of such a capacitor can be described by:

x

where e is the dielectric constant of the medium, A the total area, and x the width of the 

capacitor. Using this equation, one can measure the capacitance of a solar cell and extract 

the width of the space-charge region. A few assumptions and mathematical 

rearrangement also allow an extraction of the dopant density of the absorber layer [17]. 

Although the values measured and calculated using this method are often subject to 

corrections, this method allows an accurate relative comparison between devices.

Current-voltage, quantum efficiency, and capacitance comparisons aid in 

understanding how solar-cell devices change with variations in fabrication parameters. 

These tools will be useful in determining what effect sodium has on device performance, 

and give insight into the mechanisms involved. For instance, an improvement in open- 

circuit voltage can indicate a decrease in recombination, or an increase in calculated hole 

density can indicate an increase in the effective acceptor concentration. The task is to 

optimize solar cell performance, and determine how sodium fits into this optimization 

using the tools available.
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2.4 Current Challenges

Thus far, this chapter has outlined the basic physics of solar cells, the theory 

specific to CuInSe2 materials, and many of the analysis techniques employed to 

characterize both materials and devices. Before delving into a review of the sodium issue 

to date, it is helpful to take a look at the general challenges and problems facing the 

researchers and manufacturers in the CIS photovoltaics community today.

Although CIS technology works well, the community is constantly searching for 

ways to improve performance, fit more applications, and be more economical. The main 

areas of needed improvement include the substrate, the back contact, the CuInSe;, and 

junction quality.

As shown in Figure 2.1, a finished solar cell consists of many layers, and each 

plays a part in the overall performance. Ideally, the substrate can be chosen to fit the 

application: a low-weight substrate for use in space; a flexible substrate for roofing and 

siding; a conductive substrate to act as back contact; or a sturdy substrate for exposed 

terrestrial arrays. At this time, the choice of substrate is limited because, empirically, 

high-quality CuInSe2 can only be grown on select substrates. It will become apparent that 

this is mainly due to the sodium introduced from the substrate.

As with the substrate, the back contact material should not be a limiting factor in 

making good CuInSe2 solar cells. It is possible that Mo has worked well as a back 

contact material in CuInSe2 devices at least in part because it allows sodium to diffuse 

from the substrate. The diffusion mechanism appears to be dependent on the structure of 

the Mo. Finding a way to remove this reliance on the back contact would allow more 

materials to be used which may better suit the application.
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The CuInSe2 layer is the most important layer in the stack because it is primarily 

responsible for current collection and the quality of the junction. The ability to make 

good-quality material inexpensively is one of the advantages of using thin-film materials 

such as CulnSe2 . There are trade-offs between single crystal and polycrystalline materials 

for solar cell use. Single crystals do not suffer losses due to grain boundary 

recombination, but polycrystalline cells are almost always more economical. Increasing 

grain size and improving grain boundary and surface passivation in polycrystalline 

materials can narrow the gap between the two types of materials while maintaining the 

advantages of thin film production. Large-grained material alone does not ensure high- 

quality cells, but a good material often improves when the grain size is enlarged. 

Similarly, smaller-grained material yields better cells when, even with no change in grain 

size, surface passivation is improved. Manufacturers can benefit from a variety of 

techniques that improve CuInSe2 grain size, passivation, or both.

Another area that limits CuInSe2 performance is secondary phase formation, as 

described in section 2.2. Currently, high-efficiency, single-phase material can only be 

produced by select methods, using select recipes. Techniques that would “open the 

CuInSe2 processing window” would afford researchers and manufacturers greater 

flexibility in choosing low-cost, low-temperature CuInSe2 processing methods.

In all of the processing methods currently in use, CuInSe2 is grown in an ambient 

ranging from atmospheric pressure to 10' 7 Torr. At any of these pressures, a significant 

amount of oxygen is present to affect the film growth. It has been shown that oxygen can 

be beneficial in surface passivation. Making better use of an element that is always 

present could improve performance and possibly lower costs.
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Although most of the current production takes place in the CuInSe2 , p-n junction 

formation is necessary for a solar cell to work as such. One would envision that this 

junction forms at or near the metallurgical CdS/CuInSe2 junction. If this were indeed the 

case, then good surface passivation would likely help form a good junction devoid of 

defects. Most high-quality CuInSe2 cells, however, have a junction contained within the 

CuInSe2 due to type-conversion of a thin surface layer by Cd doping [18]. Further 

understanding of how and where the junction forms will help improve junction quality.

These are some of the challenges facing the CIS community. As a physicist 

within this community, the task is to understand the underlying mechanisms and suggest 

and/or implement methods for improvement. This task sets the context for the work 

provided in this thesis.

2.5 The Sodium Issue 

Now that the solar cell and materials background have been covered and the 

context set, the main contributions to both the experimental and theoretical aspects of 

understanding the sodium issue to date are presented.

J. Hedstrom, et al., in 1993 first suggested that the presence of sodium might 

affect the texture and structure of polycrystalline CuInSe2 (CIS) and Cu(In,Ga)Se2 (CIGS) 

thin films [19]. This group used four types of substrates: soda-lime glass (SLG), 

borosilicate glass, sapphire, and sintered alumina. They found that CIS films grown on 

Mo-coated SLG showed a strong preferred (112) orientation relative to the (204,220) 

orientation, whereas films grown on the other substrates were more randomly oriented. 

Also, films grown on SLG demonstrated increased grain size over those grown on 

borosilicate glass. They suggested two possible explanations: variations in stress due to
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the different thermal expansion coefficients of the substrates, and different contaminants 

in the films. The films grown on SLG showed high amounts of sodium both at the 

surface and in the bulk of the film. Devices made with these absorbers demonstrated that 

those grown on SLG had higher open-circuit voltages and fill factors than those grown on 

the other substrates. Thus began the interest in the role of sodium in Cu(In,Ga)Se2-based 

photovoltaic devices.

During the following year, some members of the same group attempted to 

separate the stress-related and impurity-related effects on CIS [20]. M. Bodegard, et al., 

compared CIS grown on Mo-coated SLG both with and without an amorphous AI2O3 

sodium diffusion barrier. They found sodium at the surface and in the bulk of the films 

grown on SLG. Secondary-ion mass spectroscopy (SIMS) mapping data to detect the 

sodium in the bulk combined with scanning electron microscopy (SEM) data to determine 

grain size and position showed that, for their films, the sodium is spread relatively evenly 

throughout the films and resides mainly in the grain boundaries. They again observed an 

improvement in grain structure (size and density) and an increase in the ( 1 1 2 )-preferred 

orientation (texture) with the presence of sodium. A Mo back contact did not limit the 

sodium diffusion out of the glass. Device characterization again indicated increases in 

open-circuit voltage and fill factor on the sodium-containing substrate versus the sodium- 

free substrates. In their paper [20], the authors offered a possible mechanism: “The effect 

of sodium on the microstructure of the CIS films, together with the observed sodium 

distribution in the films, clearly suggests that the sodium enhances the mobility o f the 

film constituents during growth.” This is similar to the growth model suggested by
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Klenk, et al., [21] in which they argue that Cu-Se binary phases may act as a flux during 

CIS growth.

Another group, J. Holz et al, looked at the effects of sodium on the conductivity of 

CIS films [22]. They found that room-temperature conductivities o f films grown on SLG 

were approximately two orders of magnitude greater than conductivities of films grown 

on sapphire. When the films grown on sapphire were implanted with sodium, the 

conductivities were nearly identical to those grown on SLG. This group also found that 

barrier layers between the SLG and the CIS, such as SiCh or a Mo back electrode, 

decrease the film conductivity relative to films grown on SLG. They state that other 

impurities coming from the glass, namely potassium, calcium, magnesium and aluminum, 

cannot be ruled out as possible suspects, but the sodium implantation experiment gives 

clear evidence that much of the effect noted previously can be produced by the presence 

of sodium. This group did sec changes in electrical conductivity and photoresponse with 

the addition of sodium, but no changes were observed in the film morphology. They 

concluded that the observed higher conductivities are most likely due to “modified 

potential barriers at surfaces and grain boundaries."

The discovery that impurities diffuse out of the glass and into the film during 

deposition motivated additional studies o f the effects of sodium, as well as the impact of 

the Mo back contact and substrate on film properties. Several groups began investigating 

the latter in 1994 [23-26], and discovered that sodium diffuses out of the glass, through 

the Mo and into the growing film. Some significant results concerning the role of sodium 

from these studies were:
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(1) B. M. Basol, et al., [23] found that the degree of sodium diffusion depends on 

the nature of the Mo. This group also reported that efficiencies of cells fabricated on 

soda-lime glass are higher than those fabricated on other glass substrates and that the 

difference between efficiencies on soda-lime glass and other substrates is largest for the 

lowest CIS stoichiometries (lowest Cu/In ratios). This is an important observation, as it 

implies that the “/ PJresence o f  sodium actually increases the processing window o f solar 

cells in terms o f usable CIS stoichiometries.'1'

(2) D. F. Dawson-Elli, et al., [24] observed increases in open-circuit voltage and 

efficiency with the presence of sodium, but no correlation of the fill factor with sodium. 

They speculated that the presence of sodium in CIS films increases the effective hole 

concentration, causing the observed increase in open-circuit voltage. Since no correlation 

is observed with the fill factor, they suggest that fill factor and open-circuit voltage are 

controlled by different mechanisms.

(3) M. Ruckh, et al., [25] added that the sodium content as a function of film 

composition is largest for slightly Cu-poor films, and decreases as the copper content 

increases. They were also among the first to publish capacitance data on devices with 

varying sodium levels. Their analysis of capacitance-voltage data shows a decrease in the 

space-charge width with increasing sodium. Increased open-circuit voltage correlates 

with low values of space-charge width. In this case, they found that the changes in Voc 

could not be explained by improved morphology. They conclude by favoring the model 

that “the increased is a consequence o f a higher effective acceptor concentration in 

the absorber material. An explanation could be the neutralization o f  donor-like Se
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vacancies through a promoted chemisorption o f oxygen in the presence o f  sodium 

species.”

(4) J. H. Scofield, et al., [26] studied the Mo deposition technique and found that 

sodium impurity levels in the absorber appeared to be independent of the underlying Mo 

properties. They suggested that sodium impurity levels are thus determined by 

thermodynamic rather than kinetic factors.

Work performed by V. Probst, et al., [27] supports Scofield's statement 

concerning thermodynamics. Probst studied the effect of controlled sodium incorporation 

on rapid thermal processed (RTP) CIGS thin films and devices. RTP films are fabricated 

using less heat than films fabricated by co-evaporation, which most of the groups cited 

here thus far have used. Films made by RTP on Mo-coated soda-lime glass had no 

detectable sodium in them. This group then varied the properties of the Mo back 

electrode, namely stress, to allow an increase in sodium diffusion, even at low 

temperatures. They also controlled the sodium in the films by adding a sodium selenide 

layer between their unmodified Mo and the CIGS. The main changes observed with the 

presence of sodium were improved morphology (larger grains) and increased film 

conductivity.

In 1995, strong interest continued in the sodium issue as well as in the overall 

effects of the Mo back contact and substrate. Many groups recognized the incorporation 

of sodium in their films, even if they were not studying the issue in detail. Among these 

subsequent findings are:

(1) S. Zwegart, et al., [28] studied CIGS deposition by sequential deposition of 

precursors followed by selenization. With regard to sodium, they found that the
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“incorporation o f  sodium from the glass depends very strongly on the order in which the 

precursors were deposited in the sequential process,” and that a Cu-rich layer appears to 

inhibit sodium diffusion. SIMS data demonstrated different sodium signals in the same 

film correlated with grain size. That is, a structure with smaller grains near the bottom 

and larger grains on top had a SIMS sodium signal five times larger in the region of the 

smaller grains. From this they concluded that the enhanced grain boundary surface in the 

bottom layer allowed a larger amount of sodium segregation, assuming sodium segregates 

preferentially through the grain boundaries.

(2) R. Menner, et al., [29], studying the Mo back contact, noted that for their 

work, the presence of sodium did not correlate with an increased efficiency. They 

therefore concluded that “above a certain concentration level o f sodium incorporation, 

efficiency seems to be more affected by other parameters like e.g. CIGS deposition 

temperature.”

(3) Three groups began studying deliberate and controlled incorporation of 

sodium into CIGS films. C. Heske, et al., [30] compared the effects of sodium 

segregation from glass with evaporated metallic Na. They found that Na exists as at least 

two species (metallic, ionic, etc.), and both reduce the work function of the CIGS thin 

film surface. Also, an increasing amount o f sodium increases what they refer to as a local 

surface photovoltage, due to surface dipoles.

(4) M. Bodegard, et al., [31] used Na2S and Na2Se precursors on sodium-free 

substrates to study the effects of controlled sodium addition. They found, as with sodium 

diffusion from the glass, an increase in grain orientation and grain size.
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(5) V. Probst, et al., [32] similarly used a Na compound in the precursor. They 

noted an increased uniformity of photocurrents when the Na precursor was used over 

uncontrolled sodium incorporation from the glass. They also noted an improvement in 

grain size. Their device work showed the most significant enhancement in fill factor and 

short-circuit current.

In 1996, more emphasis was placed on understanding the role of sodium. Three 

papers investigated the chemistry of the sodium found in CI(G)S films [33-35]. T. 

Tanaka, et al., [33] suggested that for relatively high sodium levels in CIGS, there is a 

transition to an ordered vacancy chalcopyrite structure. B. J. Stanbery, et al., [35] 

suggested the formation of a surface-segregated quaternary Na-Cu-In-Se compound. 

Other groups continued to investigate sodium’s electronic effects [36-39]. T. Nakada, et 

al., [36] found that the addition of sodium allowed a wider range of off-stoichiometric 

CIGS-based devices, supporting Basol’s earlier findings, and attributed the improved 

efficiency (relative to the same Cu/[In+Ga] ratio without Na) to an increased acceptor 

concentration. U. Rau, et al., [37] identified a “Na-inducedshallow, acceptor-like defect 

at about 75 meV from the valence band.” They also attributed the improved device 

performance to an increase in free carrier concentration by this acceptor state. Another 

result from their work is that “Na-rich” samples showed a decreased drift length in the 

space-charge region and a decreased effective diffusion length in the neutral region 

compared to samples with five times less sodium. This, along with Menner’s 

observations, show that there is a limit to how much sodium is needed to improve device 

performance.
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In 1997, interest focused on gaining an understanding of the role o f sodium in 

CIGS materials, as well as additional information from different materials techniques. 

Two papers suggested, each from a different perspective, that the presence of sodium 

suppresses the formation of the P-phase of CIGS, allowing a wider range of useful 

compositions [40-41]. These findings strengthen Basol’s and Nakada’s findings. B. M. 

Keyes, et al., [42] stated that the change in Voc observed in their samples cannot be 

explained simply by the increase in carrier concentration. Fourier transform 

photoluminescence data showed the removal o f a low-energy peak with the addition of 

sodium, and defect-level trap spectroscopy data demonstrated a reduction in majority- 

carrier traps and an almost complete suppression of minority-carrier traps with sodium, 

suggesting that the presence of sodium removes midgap states. These findings take much 

of the previous understandings one step further. M. A. Contreras, et al., [43] found from 

X-ray diffraction measurements that the incorporation of sodium at high levels leads to 

the formation of secondary phases. From photoluminescence data they found a decrease 

in both high and low energy transitions when sodium was added. They suggested that 

“the formation o f donor point-defects (IncJ is inhibited by a finite Na substitution for the 

Incu antisites.” Niles, et al., [44] used XPS and Auger techniques to determine where the 

sodium resides and how it is bonded. They found that sodium is bonded to selenium, the 

sodium concentration in the film is typically ~ 0 . 1  at%, and the majority of both sodium 

and oxygen is at the grain boundaries. Sodium and oxygen concentrations in the bulk 

were found to be below instrument detection limits.

In 1998, Kronik, et al., [43] proposed a model based on data presented in the 

literature. They proposed that sodium acts as a catalyst to oxygen at surfaces, polarizing
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the 0 - 0  bond to enhance the formation of O2', which in turn dissociates and fills 

selenium vacancies. This model is theoretical thus far.

Table 2.1 outlines the main experimental findings with regard to sodium of most 

of the authors mentioned above. The table is used to draw out general trends from the 

literature, and hence, some authors and findings are omitted. The main effects of interest 

presumed to be due to the presence of sodium listed here are: 1 . increase in grain size; 2 . 

increase in preferred orientation; 3. increase in conductivity; 4. increase in hole 

concentration (he) and/or decrease in space-charge width (sew); 3. increase in device 

performance as evidenced by increases in open-circuit voltage (Voc), fill factor (FF), 

efficiency (t|), or short-circuit current (Jsc); 6 . increase in the CI(G)S processing window; 

7. a dependence of sodium incorporation on CI(G)S stoichiometry/molecularity; 8 . the 

observation of a sodium saturation limit. A blank space in a given column indicates no 

information was reported regarding this effect. Effects observed are marked with a “yes” 

or “no” and the details are indicated where appropriate.

The combined findings with respect to the Mo back contact and sodium are not 

fully consistent. It appears from these data that sodium diffusion through Mo depends on 

both the Mo and CI(G)S deposition processes. This makes sense as the porosity of the 

base materials depends very strongly on the deposition processes. Much evidence points 

to the mechanism of sodium improving grain size and structure, but there is also evidence 

that shows improvements in electrical properties with no observed change in structure. 

Some authors discuss sodium at the surface and the effects of oxygen, yet they have not 

considered how this may change when the top layers are deposited to form the device
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structure. Many authors suggest mechanisms affected by sodium, but none to date gives a 

comprehensive explanation of the observations.

This now leads to the purpose of this thesis. The evidence given above shows 

improvements in device performance, improvements in material quality, and possibly a 

widening of the Ax window for device-quality CuInSe2 with sodium. It has not been clear 

how much sodium is needed for these changes to occur, and there is disagreement where 

the sodium resides. Much has been speculated as to the mechanisms involved. This 

work will shed light on the above three areas, and add information to other areas as well.
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Table 2.1. List of main findings by author in the literature on the “sodium issue.”
Author Experimental Emphasis GS OR a HC/SCW Device Perf. PW Cu/In SL Other

Hedstrom, 1993 Substrate investigation yes yes yes: Voc, FF
Bodegard, 1994 Film stress vs. impurities yes yes yes: Voc, FF

Holz, 1994 Effect of Na on conductivity no no yes
Basol, 1994 Mo structure, substrate 

influence
yes: q yes yes

Dawson-EUi,
1994

Mo structure, substrate 
influence

yes: Voc, q 
no: FF

Ruckh, 1994 Substrate investigation no no yes: sew yes: Voc yes
Probst, 1994 Controlled Na in RTP CIGS yes yes

Zwegart, 1995 Sequential CIGS processing yes
Menner, 1995 Sputtered Mo no: q yes

Bodegard, 1995 Na precursors yes yes
Probst, 1995 Na precursors yes yes: FF, Jsc

Nakada, 1996 Controlled Na incorporation yes: he yes: q yes yes
Rau, 1996 Na incorporation yes: he yes

Herberholz, 1997 Phase segregation yes
Stanbery, 1997 Na compound formation yes

Keyes, 1997 Electro-optical properties yes: he yes: Voc
Contreras, 1997 Na precursors yes
Niles, 1997-98 Na chemical bonding Naat

surfaces

Key: GS: Increase in grain size. OR: Increase in preferred orientation, a: Increase in conductivity. HC/SCW: Increase in hole 
concentration (he) or decrease in space-charge width (sew). Device Perf.: Increase in device performance as evidenced by Voc, *1, FF, 
or Jsc- PW: Increase in the CI(G)S processing window. Cu/In: Dependence of sodium incorporation on Cu/In. SL: Observation of a 
sodium saturation limit.



CHAPTER 3

EXPERIMENTAL METHOD

Three questions central to the sodium issue are (1) how much is needed, (2) does 

it affect grain boundaries, the bulk, or both, and (3) what does the sodium do? In order to 

answer these and other related questions, sodium was added to CuInSe2 material in 

varying amounts, and the effect on device performance and material properties was 

studied. This chapter outlines the experimental methods used for solar cell fabrication, 

sodium incorporation, materials analysis and device analysis.

3.1 Solar Cell Fabrication 

The solar cells used in this study were fabricated at the National Renewable 

Energy Laboratory (NREL). Six different Mo-coated substrates were used, including 

sodium-containing and non-sodium-containing substrates. The differences among the 

substrates will be outlined in the next chapter. Coevaporation of p-type CuInSc2 followed 

the Mo-layer. A thin layer of n-CdS was then deposited, followed by a bilayer of ZnO for 

the transparent contact. Metallic grids finished the cell fabrication. Several solar cells 

were made on each substrate. Details o f these processes follow.

Molybdenum: The Mo coating was put down at NREL on four of the substrates used. 

The standard NREL procedure begins with cleaning the substrates using a soap and
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deionized (DI) water scrub. Substrates are then rinsed and soaked in DI water, spun dry, 

and ultrasonically cleaned. Following this cleaning procedure, a chromium layer the 

order of 10 nm is electron-beam deposited onto the surface for adhesion purposes. This 

layer is immediately followed by one layer o f approximately 1 pm of Mo sputtered in an 

argon atmosphere at a pressure o f 4 mTorr. The processes used for Mo-deposition on the 

substrates supplied by Siemens Solar Industries (SSI) and Solarex, Inc. are similar in 

nature, but the details of the processes are public information.

CuInSe?: The CuInSe2 absorber layers were fabricated by the author in one of the 

vacuum co-evaporation systems managed by Uie CIS group at NREL. In this system, the 

constituent elements - Cu, In, Se, Na-compound - were resistively heated in a bell jar, or 

vacuum chamber. The substrate and metals were loaded into the chamber, and the bell jar 

was evacuated to a pressure of approximately 2x1 O'6 Torr. An emissions sensor allowed 

control of the evaporation rates. The substrate was approximately 12 inches above the 

“boats” that hold the source materials, and it was heated by infrared lamps, controlled by 

a thermocouple feedback. A mechanical shutter was used to shield the substrate during 

calibration, warm-up, and cool-down of the source materials. Figure 3.1 demonstrates the 

configuration of the sources and substrate.

The emissions sensor was used to monitor the flux rates from the copper and 

indium sources. This technique is quite sensitive and material selective. The selenium 

source was monitored by a quartz or gold crystal oscillator, which is moderately sensitive 

and non-material selective. Hence, this sensor needed to be shielded from the other flux 

sources to accurately monitor the Se flux.
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Two processes were used for CuInSe2 fabrication in this study. In the ‘two-stage 

process,” Cu, In, and Se were co-evaporated to form a Cu-rich layer. Then a layer of In 

and Se was deposited to result in a Cu-poor film, with a targeted Cu/In ratio of 0.9, 

approximately 3 pm thick. In the “three-stage process,” an In-Se layer was deposited, 

followed by a Cu-Se layer to bring the film to a Cu-rich composition, and then a final In- 

Se layer was deposited to make the composition Cu-poor, again with a targeted Cu/In

Back

Substrate

Front

12 inches

1 8  Shielding

Se source

In source
NaoSe source

Cu source

Figure 3.1. Source-substrate configuration in vacuum evaporation system. Not drawn to scale.
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ratio of 0.9, approximately 2.5 pm thick. Both processes were performed in a vacuum of 

between 10'6 and 10' 5 Torr. The exact deposition rates, temperatures, and times are given 

in the following chapter.

CdS: Following the CuInSe2 fabrication, the CdS buffer layer was deposited. At NREL, 

chemical-bath deposition (CBD) was used to put down a uniform CdS layer 

approximately 50 nm thick. An ammonia thiourea bath was used. See reference 46 for 

details. Following the CBD process, the samples were quickly dried with concentrated 

nitrogen gas, and then further dried in air at 180 °C for two minutes.

ZnO: A bilayer ZnO transparent contact was RF-sputtered on top of the CdS. The first 

layer of 50 nm was an intrinsic layer, sputtered from a ZnO target. The second layer was 

doped with aluminum to be highly n-type. This layer was 300 nm thick and was 

sputtered from a ZnO target doped with 2 wt% AI2O3.

Top contacts: The devices were finished with a Ni/Al grid. 50 nm of Ni was deposited by 

ion-beam sputter deposition to form a good ohmic contact. The Ni was followed by 3 pm 

of Al. Typically, nine separate device grids can fit on a 2” x 1” sample.

Device isolation: Once the grids were finished, the sample had to be scribed to isolate the 

nine devices from one another. A razor blade was used to cut through the top materials to 

the Mo. Ideally, a 2” x 1” sample yielded nine solar cells, each with an area of 

approximately 0.43 cm2. A strip of the top material was scraped off in an inactive region 

of the sample to reveal a strip of Mo to be used as the second contact. Indium metal was 

often placed over this strip to aid in current collection. Figure 3.2 demonstrates a 

schematic of a finished sample.
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Contact to molybdenum for all cells

Single
device

Indi um strip

\
\

Ni/Alt
top
contact

Figure 3.2. Example of a finished CuInSe} sample with nine 0.43 cm2 solar cell devices.

3.2 Sodium Incorporation 

Sodium was first introduced into CuInSe2 films inadvertently because it diffused 

out of soda-lime glass substrates during film deposition. Although this additional sodium 

turns out to be helpful, it is difficult to control and quantify the sodium from such a 

source. By adding sodium to the film during growth, and using both sodium-containing 

and non-sodium-containing substrates, the amount of sodium in the film could be better 

controlled. The sodium source used for the experiments in this thesis was an anhydrous, 

powdered form of Na2Se. Although this salt is not very stable, its usage avoids the 

introduction of other contaminants that using Na2 S or NaF, other readily available 

options, may do.

Adding the sodium controllably was a challenging task. It would have been useful 

to introduce a detector similar to those used to control the metals. Unfortunately, this 

option was unavailable at the time. Instead, a timing and weighing method was used.
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A closed, baffled boat was used for the sodium source to avoid problems 

associated with evaporation of powders from an open boat. Such problems include 

incomplete evaporation or loss of material due to “popping” out of the boat. In the 

baffled boat configuration, the charge is placed in one side of the boat and covered. As 

the boat is heated and the source evaporates, the sodium compound must pass through a 

series of baffles before being released into the vacuum. The baffles insure that only the 

gaseous phase is released into the chamber. This also provides a steadier evaporation rate 

for Na2Se than an open boat. See Figure 3.3.

1.3 cm

cm

i|| Na2Se I 
&§1 powder

Figure 3.3. Baffled boat used for Na2Se evaporation. The arrows indicate the path followed by the 
Na*Se gas.

The initial Na2Se charge was weighed in the boat prior to the CuInSe2 run. 

Between 500 and 700 mg were used, and a new charge was used for each run. Since the 

anhydrous powder absorbs water from the atmosphere easily, weighing was the final step 

in the run preparation process. The boat was then placed in the chamber, and evacuation 

begun as quickly as possible following the weighing step. It took approximately five 

minutes from when the charge was added to the boat until the chamber was closed. It
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then took 1-2 hours to pump the chamber to 2x1 O'6 Torr, the usual chamber base-pressure 

for CuInSe2 fabrication. This method allowed better reproducibility and control than 

other attempted methods.

One of the problems observed in the initial sodium-incorporation runs was that 

the Na2Se source, if evaporated at a high rate, would flood the other detectors and make 

controlling the other elements difficult. To avoid this, the sodium was added at a low and 

steady rate. A calibration step was performed first that consisted of evaporating the 

sodium salt by itself in the evacuated chamber. The rate could be fairly well-controlled 

by observing the pressure change as the current through the boat was increased, and the 

amount evaporated could be controlled by maintaining a given pressure for a certain 

amount of time. The boat was weighed again immediately upon opening the chamber. 

The difference between the initial and final weights was assumed to be the amount of 

Na2 Se evaporated. By keeping track of the currents applied, the change in chamber 

pressure, and the evaporation time for a given amount of sodium, the process could be 

quantified during a CulnSe2 deposition without requiring a sodium detection source. 

Once the sodium boat had been calibrated, the CuInSe2 run was performed using the same 

sodium boat. Ideally, this run immediately followed the calibration.

Six Na2Se addition levels were used in each sample set (Set I used the two-stage 

CuInSe2 process and Set II used the three-stage CuInSe2 process). The addition levels 

were chosen to gi ve a broad range of targeted sodium concentrations.

The targeted sodium concentrations were calculated assuming the Na2Se 

dissociates upon evaporation. This assumption appears to be reasonable since no 

evidence of Na2Se as a compound was found in CuInSe2 films made using this process.
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Hence, the Na and Se ions can be treated as an ideal gas in the classical limit. The mean- 

free path i  is given by:

where d is the particle diameter and n is the gas density. Assuming an ideal gas:

PV = nR T . (2)

Using these two equations, the mean-free path length for a Na ion at the working 

temperature and pressure in the vacuum chamber during deposition can be calculated. 

For a chamber temperature of 623 K and a chamber pressure of 10's Torr, the sodium 

mean-free path length foa ~ 10 meters. Using the same assumptions, lse ~ 5 meters. The 

distance between the source boats and the substrate is 33 cm. Therefore, molecular 

motion within the Na-Se gas will be very nearly ballistic. Using this assumption, the 

space into which this gas evaporates is limited by the geometry of the system. The details 

are unimportant, since they simply yield a working estimate of the sodium concentration. 

The measured sodium concentrations will prove to be much more interesting.

In each sample set, one run was performed with no added sodium. Four runs 

spanned low-to-moderate NaiSe addition levels, ranging from 4 mg to 100 mg. One run 

had a high Na2 Se addition level of more than 200 mg. This resulted in targeted sodium 

concentrations ranging from 0 to 10 atomic percent sodium (at% Na). The next chapter 

outlines the Na2Se addition levels used.

Following the absorber runs, part of each sample was used for materials 

characterization and part was made into devices, which were then characterized.
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3.3 Material Characterization 

It is important to probe the absorber material itself to see what changes occur as a 

result of sodium incorporation. The important features to probe are sodium 

concentration, film composition, structural and morphological changes, and any 

differences injunction quality.

It is important to probe the film composition for several reasons. As mentioned in 

Chapter 2, empirically there is a small window of values of off-moiecularity (Ax) that 

results in good-quality solar cell material. It is important to know that the composition of 

the films used lies within this window, and whether sodium incorporation affects Ax. 

Although specific Ax values are targeted during CuInSe2 film growth, run-to-run changes 

in the evaporation system may cause deviations from the compositional target. The 

physical set-up of the evaporation system also causes a spread of Ax values across the 

substrate. Finally, evaluating the amount of sodium incorporated into the films is 

imperative for this thesis. Three measurement techniques were used to determine the 

chemical composition of the films: electron probe microanalysis (EPMA), inductively- 

coupled plasma spectroscopy (ICP), and secondary-ion mass spectroscopy (SIMS).

EPMA is a non-destructive process. It can provide an average composition of a 

local area and can easily check spatial uniformity. Typically, a strip 2 cm x 0.20 cm from 

each (or one representative) substrate was used and ten points were probed along the 

length of the strip. Since the composition varied across the substrate, this gave both an 

average composition and the spread. It is important to point out the limitations of this 

technique. EPMA requires a highly-conductive material for accurate results. For a high 

quality, highly conductive CuInSe2 sample, a 20 kV electron probe samples
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approximately the first two microns of the film. For lighter elements (below Al), 

concentrations as low as 1 at% can be accurately detected. For heavier elements, the 

accuracy drops to approximately 2 at%. EPMA is a good technique to use for an accurate 

measure of Ax values, but, due to its sensitivities, it cannot be used to determine the 

relatively low sodium concentrations expected in the films used in this thesis.

ICP is a destructive technique. It provides a measure of the average composition 

for the piece of material used. The film is dissolved in an acid solution and the 

composition is therefore averaged over a larger area than the spot size used in EPMA. 

ICP is used in conjunction with EPMA since ICP has a lower detection limit of 0.1 

atomic percent. This technique is used mainly to determine the sodium concentration in 

the absorber for concentrations greater than 0.1 at%. The same strips of material that 

were probed by EPMA were used for ICP analysis.

SIMS is also a destructive technique, but it can detect elements with 

concentrations as low as 0 . 0 0 0 0 1  at%, and has the added benefit of determining the 

distribution of elements through the thickness of the film. Such a compositional profile is 

beneficial as it allows a measurement o f very low sodium levels and demonstrates the 

distribution of sodium. The SIMS technique used for these samples uses an analysis area 

of approximately 60 microns in diameter, using Cs ions as the ion probe. Figure 3.4 

shows the results of a typical SIMS run for one CuInSe2 sample. The Cu, In, Se, and Mo 

counts are actually the elemental response plus the Cs ion response in that region. The 

elemental ion count levels do not directly translate into concentrations. For example, the
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Figure 3.4. Typical SIMS results. CuInSe2 sample on Mo/Alumina, no Na2Se added.

Cu count rate in Figure 3.4 is five times higher than the Se response, but the Se 

concentration is more than twice that of Cu. The levels recorded during a SIMS 

measurement are useful in a comparative way, and an atomic concentration can be 

extracted if an appropriate calibration sample is used for which the concentrations are 

known. The Figure 3.4 sample used an alumina substrate and no sodium was added. The 

Na signal therefore demonstrates the background Na level of the instrument or sodium 

contamination during handling, and corresponds to essentially a zero sodium 

concentration in the CuInSe2 . A word needs to be said about the large Na signal near 0 

pm. Due to the nature of a SIMS technique, which relies on a dynamic equilibrium 

between the probe beam and the analysis beam for a*\ accurate measurement, sputtering
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of the first 5-10 monolayers of the sample does not occur in equilibrium. Therefore, 

interpretation of the data from these first few layers is difficult and little weight is placed 

on data from this region in this thesis.

Chapter 2 outlined the structure of single-crystal CuInSe2 , and showed the 

differences between this ideal structure and the thin-film case. Some researchers have 

observed structural changes in CuInSe2 with the addition of sodium [19-20, 30, and 43]. 

In this thesis, X-ray diffraction (XRJD) was used to probe the structural and phase changes 

observed in the absorbers as a function of sodium incorporation. This information will 

help determine the role sodium plays in improving device performance. Figure 3.5 gives

4xl05 - CIS(112)

3

Mo (110)

CIS 
(204),(220)eu

c

(3 .^ 3 3 2 ,
I CIS \  Mo (211)

h o o k  \  /  A

CIS (424) 
CIS 
(512)

CIS (211)CIS (101)

30 80 9010 20 40 50 60 70

2 Theta [degrees]

Figure 3.5. Sample XRD spectrum for CuInSe2 ou Mo/SLG. The main Mo and CuInSc2 peaks are 
marked.
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an example of XRD data on one absorber on soda-lime glass with no NaaSe added. In 

this figure, the main CuInSe2 peaks and the main Mo peaks are marked. As mentioned in 

the previous chapter, the (il2)/[(204),(220)] ratio may indicate the degree of structure 

and orientation of the CuInSe2 grains. Here, this ratio is approximately 2.5, indicating a 

more randomly oriented (or less structured) film. This is also evidenced by the relative 

peak heights of the other main CuInSe2 peaks. In a highly structured film, these peaks are 

often much weaker than the (112) peak. In this figure, the Mo and a-phase CuInSei 

account for nearly all the peaks. There are no Cu2Se or CuInSe2 (3-phase peaks evident.

Many groups have reported the effects they observed on grain size when sodium 

was present in CuInSe2 [19-21, 24, 26, and 30-31], but the results have not been 

consistent. In this study, scanning electron microscopy (SEM) was used to look at the 

grains, topography, and morphology on a sub-micron level. The use of SEM allows a 

comparison of grain size and structure as well as detection of variations in structure from 

the ideal CuInSe2 case. It can also give an indication of the presence of impurities or new 

phase formation. SEM is used here to probe these characteristics as a function of sodium 

content.

One way to probe the junction formation is to use electron-beam induced current 

(EBIC) measurements. In EBIC measurements, an electron beam bombards an 

electrically active sample, and the induced current is measured and superimposed on an 

SEM cross-sectional image. This allows one not only to compare the relative strength of 

the response (collection efficiency), but also to locate the peak position within the sample. 

The peak of the signal is generally taken to be at or very near the electrical junction. This 

technique can therefore probe changes in junction position. By recording EBIC scans
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across the sample (termed “y-modulated EBIC”), the uniformity of the junction can also 

be examined. Each of these responses gives insight into overall junction quality.

3.4 Device Characterization 

Although material characterization is necessary to determine the effects of sodium 

on the overall structure and composition of the absorber, if there are no corresponding 

changes in device performance, then the effects of sodium incorporation do not directly 

impact the final product, a finished solar cell for use in the field. Therefore, probing 

variations in device characterization with sodium conditions is clearly necessary. Three 

main measurement techniques were used by the author to evaluate the solar cells used for 

this thesis: current-voltage, capacitance, and quantum efficiency.

Current-voltage (JV) curves were taken in the dark and in the light under one sun, 

air mass 1.5 conditions [6 ] at 25°C. The light JV curves provided values of open-circuit 

voltage (Voc), short-circuit current density (Jsc), and the maximum power point (Pmax = 

Vmp x Jmp). From these values, the fill factor (FF) and efficiency (t|) were calculated, as 

described in Chapter 2. From the diode curves (JV curves), values o f series resistance 

(Rseries), shunt resistance (rShUnt), and diode quality (ideality) factor A, were extracted [15]. 

Figure 3.6 is an example of a typical set of JV curves.

Measuring JV curves and calculating the corresponding parameters as a function 

of sodium incorporation serves two purposes. (1) The results of the JV analysis will help 

determine a sodium concentration or range of concentrations for which device 

performance is optimized, and (2 ) the affected parameters will give insight into the 

mechanisms influenced by the presence of sodium.
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Series resistance and diode quality factor
extracted from this region

Shunt resistance extracted 
from this region

-10

-20
max

-30
sc

-40
0.60.2 0.4 Vv I- 0.2 0.0-0.4 OC

Voltage [V]

Figure 3.6. Typical CuInSei dark (top) and light JV curves. The dotted vertical lines indicate the 
regions of the curves used for diode parameter calculation.

Capacitance measurements were made to calculate the effective hole or dopant 

density, and the effective depletion width. These parameters are important to know as a 

function of sodium concentration since each will give insight into the mechanisms 

affected by the presence of sodium.

Since thin-film CuInSe2 solar cells have a high number of trap states with various 

time constants, capacitance versus frequency measurements at various dc bias voltages 

were performed first to determine a measurement frequency range over which the solar
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cell acts reasonably like a parallel-plate capacitor at the bias of interest. Once a frequency 

in the middle of this range was determined, capacitance versus voltage measurements 

were performed by applying a small oscillating voltage at the ideal frequency imposed on 

the dc bias voltage. Depletion width and hole density were then extracted [24].

Figures 3.7.a-c give examples of these measurements and the results of the 

corresponding analysis for a typical CuInSe2 device. Figure 3.7.a. demonstrates 

capacitance-frequency data on a typical CuInSe2 solar cell used in this thesis at four dc 

bias voltages. The curves are fairly flat between 5 kHz and 400 kHz. The curvature 

below 5 kHz is due to charge transfer in and out of extraneous states whereas the 

curvature above 400 kHz is due to inductive effects in the measurement circuit. For this 

cell, a frequency of 75 kHz was chosen for capacitance-voltage measurements. In Figures 

3.7.b. and 3.7.C., there are two curves. The one referred to as “Downsweep” indicates the 

voltage was swept from forward bias to reverse bias, whereas “Upsweep” indicates the 

voltage was swept from reverse bias to forward bias. The hysteresis observed is typical 

and may be an indication of the number and type of trap states. For the cells used in this 

thesis, all capacitance-voltage measurements were performed at an appropriate frequency. 

The data used is the downsweep data. All hysteresis was typical, so the data used gives 

an accurate comparison of capacitance and extracted hole concentration and depletion 

width values.

The light JV curve determines the short-circuit current, which is the light-induced 

current at zero voltage. As explained in Chapter 2, this value rarely matches the 

maximum light-induced current possible for a given bandgap. One way to gain insight 

into the reasons for this difference is to perform a spectral response measurement. In this
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Figure 3.7. Typical capacitance-frequency curves (a.), capacitance-voltage curves (b.), and the 
corresponding hole density vs. distance from junction curves for thin-film, CuInSe2 solar cells.
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measurement, light of different wavelengths is incident upon the device and the current is 

collected. This measures the response of the device at each wavelength. Weighting the 

response by the solar spectrum [6 ] results in a quantum efficiency curve. See Figure 3.8 

for an example for a CulnSeo test solar cell on a Mo/soda-lime glass substrate.

Grid loss

Reflection loss
0.9

0.8

0.7 Deep loss

.1 0.6 
oCQu

Window
loss

0.5so
o
£  0.4

0.3

0.2

0.0
1400800 1000 1200600400

Wavelength [nm]

Figure 3.8. Example quantum efficiency curve for a CuInSe2 device. Reflection and grid losses are 
also shown.
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Multiplying the spectral response curve by the solar spectrum and integrating over 

the wavelength range of interest results in the light-induced current. This is always less 

than the maximum light-induced current due to various current losses. For CuInSe2 solar 

cells, there are five main areas of current loss: grid loss, reflection loss, window loss, 

deep penetration loss, and wavelength-independent loss. These are shown in Figure 3.8. 

The grid loss is simply the percentage of the total area of the device covered by a grid. 

For the samples used in this thesis, grid coverage is 4-5%. Hence, up to 5% of the 

maximum possible current is lost. The reflection curve is obtained from a spectrometer 

measurement of the front surface of the solar cell, avoiding grid coverage. The window 

loss is a measure of the light absorbed in the top layers of the solar cell, in this case, the 

ZnO and CdS. Deep penetration loss refers to those photons that generate carriers toward 

the back of the device that recombine before reaching the depletion region.

In the ideal case, there is no separation between the reflection loss curve and the 

maximum of the quantum efficiency curve. Any such separation is a measure of the 

“wavelength-independent” loss; perhaps due to a high number of recombination centers 

or trap states that limit the total current.

There is some collection beyond the bandgap of the cell shown (1.0 eV, 1240 nm). 

This may be due to impurities or defects that introduce allowed energy levels into the 

normally forbidden bandgap. In this way, light with energy less than the bandgap energy 

may excite carriers and be collected.

As with JV and capacitance data, comparing QE data and the associated current 

losses as a function of sodium content will provide information about the mechanisms 

involved.
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CHAPTER 4

THE EXPERIMENTS

Two sets of experiments were performed to investigate the effects of sodium 

incorporation on CuInSe2 thin film material and on the resulting solar cell performance. 

In the first set o f experiments (Set I), CuInSe2 was grown by a two-stage process and 

Na2Se was evaporated during the first stage. In the second set of experiments (Set II), 

CuInSe2 was grown by a three-stage process and Na2Se was evaporated during the second 

stage. Most of the materials analysis is the same for the two sets, and all device 

characterization is the same.

4.1 Set I

Substrates

In the first set of experiments, a total of six sodium concentrations were 

incorporated into the CuInSe2 by adding different amounts of Na2Se during the CuInSe2 

deposition onto four Mo-coated substrates: smooth alumina with NREL Mo; soda-lime 

glass (SLG) with NREL Mo; soda-lime glass with Siemens Solar Industries (SSI) Mo; 

and soda-lime glass with Solarex, Inc., Mo. The alumina substrate contains no sodium. 

Therefore, the only sodium present in the absorber films grown on this substrate is due to 

that added during deposition. The three soda-lime glass substrates allow different
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amounts of sodium to diffuse out of the glass, through the Mo, and into the film, due 

mainly to differences in the Mo deposition processes. These amounts will be quantified 

in the next chapter.

The Set-Up

Eight 2” x 1” substrates can fit in the substrate holder in the S-system evaporator 

at NREL, which this author used to fabricate all the absorbers for this thesis. To study 

device and material properties, two 2 ” x 1 ” samples of each substrate type were used in 

each CuInSe2 deposition, placed side by side. One sample was made into devices as 

described in the previous chapter, while the companion sample was used to study the 

material. Figure 4.1 illustrates the substrate configuration. The same configuration was 

used for each CuInSe2 deposition run.

The CuInSe?

The “two-stage” process was used in this set of experiments. A Cu-rich layer of 

CuInSe2 was deposited first, followed by an In-Se layer to make the final film Cu-poor. 

Table 4.1 outlines a typical two-stage run. This recipe is based on the results of previous 

work, particularly that of Tuttle [8 ] and Gabor [9]. The exact rates and times are adjusted 

to give the desired Cu/In ratio when the deposition is complete. For p-type CuInSe2, the 

Cu and In are deposited in an over-pressure of Se, usually 2-3 times the equivalent rate of 

the metals.

It is important to know the flux equivalent of a rate of 1 A/sec for each metal to 

correctly manipulate the recipe, assuming the product is a-phase CuInSei. Table 4.2 

gives the fluxes and densities of the metals used. The flux can be defined as the number
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of atoms per unit area, per unit time, incident on the substrate. These flux equivalents 

were calculated and determined previously by Tuttle [8 ].

Back

Stainless steel

Smooth Alumma/Mo Smooth Alumma/Mo

Solarex SLG/Mo Solarex SLG/Mo

NREL SLG/MoNREL SLG/Mo

SSI SLG/MoSSI SLG/Mo

Boron nitride

Figure 4.1. Substrate configuration for the first set of CuInSe: experiments, top view. The substrates 
are placed in the holder Mo-side down.
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Table 4.1. Sample two-stage CuInSe2 process including rates, temperatures and 
times.

Layer Cu rate 

[A/sec]

In rate 

[A/sec]

Se rate 

[A/sec]

Set Temp, 

[degrees C]

time

[minutes]

1 3.28 6 . 0 30 400 to 600 18

2 — 6 . 0 25 600 8

finishing — — 2 0 600 to 400 3

Table 4.2. Fluxes and densities of the metals used.

Flux Density

(for a rate of 1 A/sec) (g/cm3)

Cu 8.46 x 1014 atoms/sec-cm2 8.93

In 3.83 x 1014 atoms/sec-cm2 7.30

Se 3.68 x 1014 atoms/sec-cm2 4.82

Once the appropriate recipe was calculated and the chamber was evacuated, the 

source boats were slowly warmed until the desired rates were achieved. The monitor 

temperature was brought up to 400°C while the substrates were shielded from the sources 

with a shutter. When everything was ready, the shutter was opened and the run began. 

The temperature was maintained at 400°C for 5 minutes, then ramped up to 600°C at a 

rate of 40 degrees per minute, and maintained at 600°C until the end of the second stage. 

At that point, the In was turned off and the temperature was allowed to drop to 400°C in 

an over-pressure of Se. It is commonly known that this step prevents re-evaporation of 

the material. The substrate was allowed to cool to room temperature in vacuum before it
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was removed. Na2Se was added during the first stage, after approximately 2 0 % of the 

Cu-rich CuInSe2 had been grown. Na2Se evaporation times ranged from two to fourteen 

minutes.

Table 4.3 outlines the rates, temperatures, and times used for the depositions, as 

well as the amount of Na2Se added, for the first set of experiments. The run numbers 

refer to the sequential designation system used by the CIS group at NREL.

One difficulty found in using the weighing and timing method to calibrate the 

Na2Se evaporation was that residual Cu, In, and Se was left on the Na2Se boat due to the 

nature of the evaporation and the geometry of the system. Calibration runs in which no 

Na2Se was evaporated resulted in between 2  mg and 8  mg of metal residue, which was 

measured and compensated for in the Na2Se measurement.

A word needs to be said about the changes in deposition from run to run. As 

stated previously, the rates were chosen to yield a desired Cu/In ratio. However, slight 

changes in the system, such as calibration changes or modifications in the detection 

system, required modifications of the rates. It was difficult to predict these changes, but 

they were not generally large enough to significantly affect the results. Often, 

compensating adjustments were made after analysis of the previous deposition. This will 

be evident in the comparison of the electron-probe microanalysis (EPMA) results versus 

the expected results, shown in the next chapter.

The temperatures quoted are the “set” temperatures. The substrate temperature is 

20-40 degrees lower than the set temperature due to the placement of the thermocouple 

used for temperature control. Generally, a set temperature of 400°C yields a substrate 

temperature at the Mo surface of 380°C, whereas a set temperature of 600°C yields a
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substrate temperature of 560°C. These values may vary by +/- 10 degrees depending on 

the substrate material.

Given the flux equivalents (Table 4.2), the deposition rates, and the deposition 

times, a target CuInSe2 concentration can be calculated (molecules/cm2), assuming all the 

Cu and In atoms incident on the substrate react to form CuInSe2 molecules. Similarly, a 

target Cu/In ratio can be calculated. These values (targeted CuInSe2 concentration and 

targeted Cu/In ratio) are included in Table 4.3.

4.2 Set n

Substrates

In the second set of experiments, six different amounts of Na2Se were added 

during the CuInSe2 deposition onto four Mo-coated substrates: smooth alumina; sodium- 

free borosilicate glass; soda-lime glass with a 2 0 0 -nm SiCh sodium diffusion barrier; and 

soda-lime glass (SLG), all coated with Mo at NREL. In this experiment, three out of the 

four substrates contained little or no sodium.

The Setup

The substrate setup is similar to that used in the first experimental set, shown in 

Figure 4.1. The order of the substrates, from back to front: smooth alumina, borosilicate 

glass, NREL SLG, and SLG plus a Si0 2  sodium-diffusion barrier.

The CuInSe?

The “three-stage” process was used in this set of experiments. An In-Se layer was 

deposited, followed by a Cu-Se layer to bring the film to a Cu-rich composition, followed
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Table 4.3. Two>stage CuInSe2 . Six CuInSe2 depositions with different Na2Se addition levels.

Run Layer Curate
[A/sec]

In rate 
[A/sec]

Se rate 
[A/sec]

Set Temp, 
[degrees C]

time
[minutes]

Targeted
[CuInSei]

Targeted
Cu/In
ratio

NaiSe
added

S989 1 3.28 6 . 0 30 400 to 600 0 - 18 
(At=18)

3.29x10'“/cm2 0.84 none

2 — 6 . 0 25 600 18-26
(At=8 )

finishing — — 2 0 600 to 400 26-29
(At=3)

S1005 1 3.28 6 . 0 30 400 to 600 0 -1 8  
(At—18)

3.29x10l8/cm2 0.84 4 mg

2 — 6 . 0 25 600 18-26
(At=8 )

finishing — — 2 0 600 to 400 26-29
(At=3)

S1017 1 3.28 6 . 0 30 400 to 600 0 -1 8
(At=18)

3.29xlOlli/cm2 0.84 18 mg

2 — 6 . 0 25 600 1 8 -2 6
(At=8 )

finishing — — 2 0 600 to 400 2 6 -2 9
(At=3)

SI 024 1 3.86 6 . 0 30 400 to 600 0 - 1 8
(At=18)

3.56xl018/cm2 0.98 2 0  mg

2 6 . 0 25 600 1 8 -2 6
(At=8 )

finishing — — 2 0 600 to 400 2 6 -2 9
(At=3)
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by an In-Se layer to bring the film to a Cu-poor composition. Table 4.4 outlines a typical 

three-stage run.

Table 4.4. Sample three-stage CuInSe2 process including rates, temperatures and 
times.

Layer Cu rate In rate Se rate Set Temp. time

[A/sec] [A/sec] [A/sec] [degrees C] [minutes]

1 — 5.0 25 400 17

2 3.0 — 30 620 16

3 — 3.0 2 0 620 1 1

finishing — — 2 0 620 to 400 3

The general procedure followed was similar to that outlined for the two-stage 

process. There were some subtle differences. In the three-stage process, the In-Se layer 

was put down at a substrate set temperature of 400°C. At the end of the first stage, the In 

was turned off and the temperature was ramped up to 620°C in three minutes with only Se 

running. Once the temperature had stabilized at 620°C, the Cu rate was stabilized and the 

run continued. After the appropriate amount of Cu had been deposited, the Cu boat was 

turned off and the In was brought up to the correct rate. At the end of this stage, the In 

was turned off and the temperature was allowed to drop to 400°C in an over-pressure of 

Se. The substrate then cooled to room temperature in vacuum before it was removed. In 

this case, Na2Se was added during the second stage, after approximately 10% of the Cu- 

Se had been evaporated. Na2Se evaporation times ranged from one to fourteen minutes.

The most significant difference between the resulting two-stage CuInSe2 and the 

resulting three-stage CuInSe2 is grain size. Two-stage CuInSe2 generally yields grains 

which average 1 pm across, whereas three-stage CuInSe2 generally yields grains
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averaging 3-4 pm across. The performance of solar cells made from the two materials is 

similar. The reason both methods were used was to probe any changes in sodium 

incorporation due to differences in growth technique, namely the differences in substrate 

temperature and ordering of the layers (Cu-rich to In-rich versus In-rich to Cu-rich to In­

rich) during growth.

Table 4.5 outlines the rates, temperatures, and times used for the depositions, as 

well as the amount of Na2Se added. The target CuInSe2 concentrations and Cu/In ratios 

are also included. The same experimental averaging and uncertainty apply to the Na2Se 

amounts quoted as in Set I.

Following the CuInSe2 deposition (both sets), one 2 ” x 1” sample of each 

substrate type was made into a device, and the companion sample was used for materials 

analysis. Device characterization included dark current-voltage (JV) at 25°C, light JV at 

25°C under AM 1.5 standard illumination, capacitance-frequency, capacitance-voltage, 

quantum efficiency, and optical reflection. Materials analysis included EPMA, X-ray 

diffraction, inductively-coupled plasma spectroscopy, scanning electron microscopy, 

secondary ion mass spectroscopy, and electron-beam induced current. The device and the 

materials data will be discussed in the following chapter.
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Table 4.5. Three-stage CuInSe2. Six CuInSe2  depositions with different NajSe addition levels.

Run Layer Cu rate 
[A/sec]

In rate 
[A/sec]

Se rate 
[A/sec]

Set Temp, 
[degrees C]

time
[minutes]

Targeted
[CuInSe2]

Targeted
Cu/In
ratio

Na2Se
added

SI 149 1 — 5 25 400 0-16:40
(At=16.6)

2.58xlOl8/cm2 0.96 None

2 3 — 30 620 23-40
(At=17)

3 — 3 2 0 620 41-51:30
(At=10.5)

Finishin
g

— — 2 0 620 to 400 51:30-55:30
(At=4)

SI 153 1 — 5 25 400 0 -16:40 
(At=16.6)

2.60xl0l8/cm^ 0.95 4 mg

2 3 — 30 620 23:40-40:20
(At=16.6)

3 - - 3 2 0 620 42:30-53:30 
(At= 11)

finishing — — 2 0 620 to 400 53:30-57:30
(At=4’)

SI 174 1 — 5 25 400 0 -  16:40 
(At=16.6’)

2.55x10,8/cm2 0.91 8  mg

2 3 — 30 620 23:20-39:20
(At=16’>

3 3 2 0 620 41:50-52:30
(At=10.6)

finishing — — 2 0 620 to 400 52:30-56
(At=3.5)
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CHAPTER 5

EXPERIMENTAL DATA AND RESULTS

The experiments were designed to systematically incorporate different 

concentrations of sodium into the absorber to determine the effects of sodium on 

materials and devices. Electron-probe microanalysis (EPMA) measurements determined 

the composition of the films. Secondary ion mass spectroscopy (SIMS) and inductively 

coupled plasma spectroscopy (ICP) were used to determine the concentrations of sodium 

actually incorporated into the films. X-ray diffraction (XRD) and scanning electron 

microscopy (SEM) were compared to examine the effects of sodium on the structure and 

morphology. Electron beam induced current (EBIC), current-voltage (JV), capacitance- 

voltage (CV), and quantum efficiency (QE) measurements on finished solar cells were 

examined with regard to the measured sodium concentrations to determine the impact of 

sodium on device performance.

5.1 Film Composition

5.1.1 EPMA

Immediately after completing the CuInSe2 run, a representative strip of CuInSe2 

was taken from the samples and submitted for electron probe microanalysis. This 

technique determines the composition of a film in terms of the atomic percentage of each
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constituent. Table S.l presents the results for the 20 kV probe for both sets averaged over 

all the substrates in each CuInSe2 deposition run. These values correspond to the average 

absorber composition of the devices.

Table 5.1. EPMA results for CuInSe2 experiments, Sets 1 (two-stage process) and II 
(three-stage process).

CulnSe2 run, Set I NaiSe added at%
Cu

at%
In

at%
Se

Cu/In
ratio

Cu/In target

S989 None 20.83 28.17 51.00 0.74 0.84

SI 005 4 mg 21.16 27.74 51.10 0.76 0.84

S1017 18 mg 20.74 27.64 51.62 0.75 0.84

SI 024 2 0  mg 19.18 28.64 52.17 0.67 0.98

S1031 41 mg 22.44 26.87 50.69 0.84 0.97

SI 023 205 mg 21.51 26.62 51.87 0.81 0.98

CuInSe2 run, Set II Na/Se added at%
Cu

at%
In

at%
Se

Cu/In
Ratio

Cu/In target

SI 149 None 21.39 28.00 50.62 0.76 0.96

SI 153 4 mg 23.98 25.97 50.04 0.92 0.95

SI 174 8  mg 23.52 26.35 50.13 0.89 0.91

SI 151 39 mg 22.63 26.75 50.62 0.85 0.96

SI 183 99 mg 22.09 26.63 50.48 0.83 0.91

SI 177 235 mg 2 1 . 0 0 27.29 51.71 0.77 0.91

Figure 5.1 graphs the ratio of the measured to the targeted Cu/In ratio versus 

Na2Se addition level. Aside from some outlying points, there appears to be a trend 

toward lower Cu/In ratio with increasing sodium. This suggests that the presence of 

sodium may increase the a-phase window by incorporating more indium into the film 

(less indium rejection in the final growth stage). It is also possible that sodium forces
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copper rejection. Although this behavior is only prevalent at the high sodium addition 

levels, it may indicate similar behavior at the low/moderate levels, but may be 

overpowered here by run-to-run variations.
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Figure 5.1. Ratio of measured to targeted Cu/In ratio versus Na2Se addition level.

5.1.2 Sodium Concentrations

The atomic percentage of sodium in CuInSe2 is defined as follows:

n/ x rat%Na = 7 — -1 f i i  -1 r i 
[jV a]+ [C u ]+ [/« ]+ [& ?]
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where [X] denotes the concentration in cm'2. A concentration per unit area is used to 

allow comparisons with other techniques that average throughout the sample. For 

practical purposes, [Cu] + [In] + [Se] can be approximated by four times the targeted 

CuInSes concentration. This is not exact, since the films are usually not exactly 1-1-2 

CuInSe2 . However, since the films are Cu-poor, it is assumed that the excess indium 

roughly replaces the deficient copper. Therefore, to first order, the number of CuInSe2 

molecules expected to form is equal to the average of the cations hitting the substrate. 

The targeted added sodium concentrations calculated in this way ranged between 0.1 and 

10 at% Na.

ICP and SIMS data were used to measure the sodium concentration in the films. 

In Set I, reliable ICP data were only achievable for the 205 mg case, which resulted in a 

sodium concentration of 5.6 at%, similar to that expected. In Set n, the 235 mg case 

resulted in a sodium concentration of 0.31 at% for CuInSe2 on 7059/Mo, 0.32 at% on 

Alumina/Mo, 0.39 at% on SLG/Si0 2 /Mo, and 0.53 at% on NREL SLG/Mo, all 

considerably less than expected. Comparing the ICP values with corresponding SIMS 

data allows the remaining sodium concentrations to be estimated from SIMS data.

5.1.2.1 SIMS Data

Secondary ion mass spectroscopy data were taken on both sets o f samples to 

probe the sodium concentrations in the films. By comparing the highest sodium levels to 

ICP results, the lower sodium concentrations are extrapolated from the SIMS data.

SIMS availability was limited when the first set o f samples was finished. 

Therefore, only some of these films were chosen for analysis. Since no sodium is present 

in the alumina substrates, the films made on these substrates were analyzed and assumed
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to be representative. SIMS analysis was performed on as-deposited 

CuInSe2/Mo/Alumina samples for each Na2Se addition level. The analysis area was a 60- 

micron diameter spot on the sample. The films were analyzed with a Cs ion probe, and
g > i

positive secondary ion counts were recorded for Na, Cu+Cs, Se+Cs, Mo+Cs, and 

ll3In+Cs. The SIMS data as plotted corresponds to the signal from the CuInSe2 surface 

(at zero depth) to the Mo/CuInSe2 interface.

For all samples in Set I, except the 205 mg sample, multiple SIMS runs on the 

same sample showed that the sodium was not incorporated uniformly across the film in 

every case. As various spots were measured on the same sample, the base metal signals 

of 65Cu+Cs, 82Se+Cs, 92M o+ C s, and ll3In+Cs remained constant within the error of the 

measurement, but the sodium signal changed. Figure 5.2 shows an example of the point 

to point variations, which ranged from a factor of 2 to a factor of 40. An average sodium 

profile was calculated for all of the samples and used as the measured level in the 

following analysis. The average signal in the no-sodium-added case was considered to be 

the instrument detection limit for this sample set.

Each of the soda-lime glass (SLG) samples had sodium diffusing out of the glass. 

It was therefore necessary to measure this “background” level. SIMS data were taken on 

the three CuInSe2/Mo/SLG samples with no sodium added. The base metal counts did 

not vary from the alumina samples, so calibrating to the Se signal gives an accurate 

comparison. Figure 5.3 graphs the baseline sodium levels coming from the glass. The 

resulting measured sodium concentrations were then assumed to be this background level 

plus the average level measured on the alumina substrates.
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Figure 5.2. Comparison of sodium signals at different places on the sample CuInSe2 on Alumina/Mo, 
4 mg Na2Se (Set I).
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Figure 5 J . Comparison of SIMS sodium responses from CuInSe2 on three different Mo-coated soda- 
lim* glass substrates. The instrumental background sodium level is shown for reference.
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For the Set II samples, more SIMS time was available. This allowed the samples 

on all substrates to be analyzed. There was also enough time and resources to probe the 

negative ion counts as well as the positive ion counts. Only one spot was analyzed on 

each sample. Positive secondary ion counts were recorded for Na, 65Cu+Cs, 82Se+Cs,

QO I | 1  I QMo+Cs, and In+Cs. Negative secondary ion counts were recorded for O.

As with the Set I samples, all the base metal responses were nearly identical for 

the different Na2Se addition levels on a given substrate. Figure S.4 shows the base 

metals, the Na comparison, and the 180  comparison for CuInSe2/Mo/SLG as an example. 

The Se level is shown for reference in both the Na and 180  comparisons. In general, the 

sodium responses were clustered fairly close together, except for the highest sodium level 

in each case. The results on alumina and 70S9 BSG were similar, with low response 

levels for the low/moderate sodium addition levels, in some cases within the background. 

The results on SLG/Si0 2  were the only ones that showed a monotonically increasing 

sodium signal with increasing Na2 Se addition level. The observed plateau in sodium 

incorporation with evaporated Na2Se suggests a saturation limit for Na in CuInSe2 . This 

is important as it demonstrates that for low/moderate sodium levels, the CuInSe2 takes 

what sodium it needs, and expels the rest. This would reduce constraints on fabrication 

control for manufacturers.

As with the Set I samples, the no-sodium-added case on alumina was taken as the 

instrumental detection limit for this sample set.

Although the sodium is not necessarily incorporated uniformly across the film, it 

is uniform in the growth direction, except for higher signals at the interfaces. This
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Figure 5.4. SIMS data on CuInScj/Mo/SLG, Set n . Shown are a.) sample base metal levels; b.) 
sodium levels on all six samples; and c.) oxygen levels on all six samples.
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demonstrates that even when sodium is added in the middle o f a deposition, it distributes 

itself evenly throughout the depth of the film, with accumulation at surfaces.

The ICP data were used to calibrate the SIMS sodium levels to atomic 

concentrations. An order of magnitude difference in ion counts closely corresponded to 

an order of magnitude difference in atomic concentration. The remaining sodium 

concentrations were calculated by taking the ratio of the average signal of the measured 

level in the CuInSe2 to the average measured level of the 5.6 at% Na case. Table 5.2 

shows the measured at% Na values for all samples in both data sets. It is important to 

know that sodium ionizes at nearly a 100% level. Therefore, the comparative SIMS 

sodium levels are highly accurate.

As mentioned earlier, the measured sodium concentration was limited by the 

SIMS detection limit. For Set I data, this limit corresponds to a calculated sodium 

concentration of 10"4 at% Na. In between the Set I and Set II analysis, the SIMS system 

was cleaned and the detection limit went down to 4x10*5 at% Na. In the following 

analysis, the most appropriate detection limit is marked.

5.1.3 Oxygen Content

SIMS oxygen data were available for Set II samples, as shown in Figure 5.4. The 

average oxygen level in the CuInSe2 was fairly constant both throughout the samples, and 

from sample to sample. The one exception was the 0.3 -  0.5 at% Na case. In this case, 

the oxygen level was as much as ten times higher than in the other samples in the first 

micron. Beyond one micron, the oxygen level fell below that of the other samples. 

Figure 5.5 shows the average oxygen level as a function of the average sodium level. 

Raw data counts are used here since no oxygen concentration calibration was performed.
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There is no discernible pattern of increased or decreased oxygen with increased sodium 

level for this sample set. The scatter in the oxygen level is most likely due to variations 

in the fabrication details. This is an important result, as it shows no direct correlation of 

oxygen with sodium. If oxygen and sodium are correlated, it is likely in regard to their 

interaction.

Table 5.2. Measured atomic percent sodium in CuInSe2 films, Sets I and II.

NaaSe 
added, Set I 0  mg 4 mg 18 mg 2 0  mg 41 mg 205 mg

Alumina 
Measured 
at% Na

2x1 O'4 9x1 O'4 lxlO"3 3 xlO’3 4 xlO-4 5.6

Solarex SLG 
Measured 
at% Na

0.15 0.15 0.15 0.15 0.15 5.7

NREL SLG 
Measured 

at%Na
0 . 1 0 .1 0 .1 0 . 1 0 .1 5.7

SSI SLG 
Measured 

at% Na
2x1 O' 3 3x10‘3 3x10' 3 5x10‘3 2 x 1 0 ' 3 5.6

NajSe 
added, Set II 0  mg 4 mg 8  mg 39 mg 99 mg 235 mg
NREL SLG 
Measured 
at% Na

0 . 0 2 0.06 0.08 0.05 0.04 0.53

7059 BSG 
Measured 
at%Na

6 x l 0*5 6 x 1 0 ‘5 7x10' 5 2X10*4 5x1 O'4 0.31

Alumina
Measured
at%Na

4x10‘5 8 x 10 ' 5 7xl0*5 2x1 O'4 2x1 O'4 0.32

SLG/Si02
Measured
at%Na

6 x l 0*5 2x1 O’4 5X10-4 3xl0*3 0 . 0 1 0.39
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Figure 5.5. Average oxygen ion counts versus average sodium ion counts, Set n .

5.2 Materials and Device Analysis

5.2.1 X-rav Diffraction

X-ray diffraction data were taken on all the as-deposited CuInSei to determine the 

structure and orientation of the CuInSe2 . Data points were taken every 0.03° between 5° 

and 95° 20. There are three regions of interest for this thesis: the main CuInSe2 peak, 

(112), theoretically at 26.58° 20; the secondary CuInSe2 peaks, [(204),(220)], theoretically 

at 44.12° 20 and 44.23° 20; and the region between 5° and 24° 20, where the |3-phase peak 

occurs and where unidentified phases have been observed. Figure 5.6 graphs these three 

regions for all the Na2Se addition levels on the NREL SLG substrates in Set I. Figure 5.7
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Figure 5.6. XRD data. CuInSe2 on NREL SLG/Mo (Set I).
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Figure 5.7. XRD data. CuInSe2 on NREL SLG/Mo (Set II).
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does the same for the NREL SLG substrates in Set II. These samples are used as 

examples. The results on all substrates were qualitatively similar.

The CuInSe2 (112) peak height is compared to the CuInSe2 [(204),(220)] peak 

height, as is the custom to determine orientation. The ratios are plotted versus measured 

sodium concentration in Figure S.8. This figure shows no distinguishable pattern with 

measured sodium incorporation.
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Figure 5.8. Ratio of measured X-ray diffraction CuInSe2 (112) and [(204),(220)] peaks plotted versus 
the measured Na concentration for Sets I and n .
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A word needs to be said about some of the details of the XRD data. For the Set I 

data, three distinct peaks appear between 5° and 15° 26 for the 5.6 at% Na (205 mg) case. 

These peaks do not match any known peaks in the JCPDS database. The details of the 

possible structure or structures represented by these peaks will not be discussed here. 

Their importance is discussed in the following section. For both sets o f samples, a small 

peak is apparent just above noise level in the region between 21.5° and 22.5° 20, 

indicating the presence of a secondary phase, commonly referred to as the CulnSe2 13- 

phase. For Set I samples, this peak is most apparent for the two highest sodium addition 

levels. For Set II samples, the peak is generally largest for the highest sodium addition 

level.

In summary, for these CuInSe2 processing methods, the presence of sodium at 

moderate levels does not affect the structure of the films on a detectable level. Any 

differences observed are likely due to variations during processing such as Cu/In ratio, 

substrate temperature, or differences in the Mo layer. The deposition methods used here 

tend to give highly- structured CuInSe2 . It is possible that any structural changes induced 

by sodium are obscured by the nature of these films. It also appears that high sodium 

levels induce secondary-phase formation.

5.2.2 SEM

To probe both the grain growth and the effect of sodium on it, scanning electron 

microscope images of the as-deposited CuInSe2 samples were used. Figures 5.9.a-f 

demonstrate both a top view and a cross-sectional view of the films on Alumina/Mo 

substrates for Set I for all six sodium levels. Figures 5.10.a-f show the cross-sectional 

images taken on the Set II films on NREL SLG/Mo. These two sample sets are

77

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



a. No Na2 Se

c. 18 mg f. 205 mg

Figure 5.9.a-f. SEM images on as-deposited CuInSez on Alumina/Mo, Set L
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b. 4 mg e. 99 mg

c. 8 mg f. 235 mg

Figure 5.10.a-f. SEM images on as-deposited CuInSej on NREL SLG/Mo, Set H.
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representative of all the films in each set. The length scale and magnification are marked. 

In all images, the bottom layer is the Mo layer, and the CuInSe2 is on top.

SEM measurements were performed to look for changes in grain size and 

morphology as sodium is added. Typically, an increase in grain size reduces the effects 

of grain boundaries and tends to improve device performance. The data from Set I show 

no pattern of improvement in morphology or grain size for the lower sodium levels. At 

the highest sodium level, the films become porous and the grains are much smaller than 

in all the other samples. This is clear in Figure 5.9.f. The companion figures for Set 11 

similarly show only slight systematic changes below 100 mg, but at the 235 mg level, 

there is a visible difference. Again, the films become porous and the grain structure 

changes. It is interesting to note that in Set n, for some samples, a bilayer structure is 

detectable. This becomes obvious on all substrates for the 0.3 -  0.5 at% Na case. The 

bottom layer is made up of large-grained material, but the top layer is much smaller- 

grained. This may indicate that high sodium levels interfere with the Cu2Se flux.

No significant changes in grain size and morphology were detected for 

low/moderate sodium levels here. The CuInSe2 recipes used for this work have already 

been optimized for large grain structure. The process used may mask any changes 

induced by small concentrations of sodium.

5.2.3 EBIC

EBIC data were taken on finished devices on both sample sets to probe the effects 

of sodium on junction depth and uniformity. The results for each Na2Se addition level on 

Alumina/Mo substrates for both sets are shown in Figures 5.11 and 5.12. The electronic
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F igure 5.11.a -f. E B IC  d a ta  on Z nO /C dS/C uInS ej/M o/A lum in a, S et L
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a. No Na2Se d. 39 mg

c. 8 mg f. 235 mg

Figure 5.12.a-f. EBIC data on ZnO/CdS/CuInSez/Mo/Alumina, Set IL
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response is superimposed on a SEM cross-section. The layers, from left to right, are as 

follows: Mo, CuInSe2, CdS, and ZnO. Since the CdS layer is only 50 nm thick, it is 

difficult to distinguish as a separate layer. In all cases, the distance scale is marked. 

Magnification is either 15kX or 20kX.

In general, for the low sodium concentrations, both uniformity and collection 

efficiency improved over the no sodium case. At the highest sodium levels, the collection 

efficiency dropped, and in most cases, the signal moved closer to the metallurgical 

junction.

5.2.4 Device Analysis

Following CuInSe2 deposition, one CuInSe2-coated substrate o f each type was 

made into solar cell devices as described in Chapter 3. In all cases, between three and 

seven working devices were made. Current-voltage (JV) data were taken on every solar 

cell on each substrate, and one cell was chosen as a representative sample for capacitance 

and spectral response measurements.

Figures 5.13.a-b compare dark and light JV data on a representative device for the 

samples on NREL SLG/Mo and Alumina/Mo, Set I. Data from each Na2Se addition level 

are shown. The results on Solarex SLG/Mo are similar to those on NREL SLG/Mo, and 

the results on SSI SLG/Mo are similar to those on Alumina/Mo. The general trend 

observed with the addition of low/moderate sodium is an increase in open-circuit voltage 

as seen by a shifting of the light JV curves to the right, and an increase in fill factor, seen 

as an improvement in the knee region. At the highest sodium level, short-circuit current 

drops significantly, and series resistance increases, as evidenced by the change in slope in 

forward bias.
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Figures 5.14.a-b show the same for Set II devices on SLG and SLG/Si02 

substrates. The results on both Alumina and 70S9 BSG substrates are similar to Ihose on 

SLG/Si02. The general trend is again an increase in open-circuit voltage, and a slight 

improvement in the knee region, for the low/moderate sodium levels. In some cases, the 

presence of sodium appears to lessen or remove non-diode-like behavior such as rollover 

in the first quadrant. At the highest sodium level, short-circuit current and fill factor drop, 

although not as significantly as in Set I.

The important parameters directly measured from the current-voltage curves were 

open-circuit voltage (Voc) and short-circuit current density (Jsc)- Fill factor (FF) and 

efficiency were calculated from the data. Diode quality factor A, series resistance 

(Rseries), and shimt resistance were extracted from the JV curves. The parameters most 

relevant to this discussion are plotted versus measured sodium concentration in Figures 

5.15 through 5.19.

Figure 5.15 graphs Voc versus measured sodium concentration for devices from 

Sets I and II. The sample sets are graphed separately with the most appropriate 

concentration scale. In both sample sets, Voc increases when sodium is added, and 

plateaus for the lower sodium concentrations. This plateau matches the earlier 

observation of the plateau in measured sodium concentration with evaporated Na2Se. In 

Set I, Voc drops at 5.6 at% Na. In Set II, the pattern is similar, but there is more scatter in 

the data. A similar drop occurs at 0.3 at% Na. Figure 5.15 demonstrates that the low and 

moderate sodium addition levels yield a narrow range of concentrations for each 

substrate, except SLG/Si02, which shows a broader range.
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Short-circuit current trends are clear in the JV data. There appears to be little change in 

Jsc that cannot be accounted for by measurement uncertainties for the low and moderate 

sodium concentrations. There is however a definite drop in Jsc in Set II at 0.3 at% Na 

and in Set I beyond 1 at% Na. This drop at 0.3 at% Na demonstrates the beginning of 

degradation in device performance. This shows that 0.3 at% Na is beyond the range of 

sodium concentrations that yield good performance.

Figure 5.16 shows the trends observed in fill factor. The results for Set I follow 

the same trends observed in Voc, although the effects for the low/moderate sodium 

concentrations are not as dramatic. Set II samples show little or no systematic changes in 

fill factor with increasing sodium concentration, except for a general drop at 0.3 at% Na. 

This also demonstrates that 0.3 at% is beyond the optimal range o f sodium 

concentrations.

Trends in efficiency (Figure 5.17) follow Voc and FF, as expected: an initial 

increase once sodium is added, a general plateau up to 0.15 at% Na, and then a systematic 

decrease beyond 0.3 at% Na.

The series resistance was extracted from the JV curves in both the dark and the 

light. See Figure 5.18. The series resistance deduced from the dark JV curves shows an 

overall trend of either a drop or a plateau for low sodium levels, and then an increase 

beyond 0.3 at%. In the light, the changes in series resistance with increasing sodium 

concentration appear to be more substrate-dependent. An overall drop with sodium is 

observed, with an increase beyond 0.15 at%.

The diode quality factors were also extracted from the JV curves. The samples in 

Set I showed a strong trend in the dark for which A decreases with the initial addition of
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sodium, remains fairly constant, and then increases for the highest sodium concentration. 

The trend in the light is the same, although the initial A-values are lower than in the dark. 

Figure 5.19 plots the results for Set I. The samples in Set II showed no systematic 

changes in the diode factor in the dark with the addition of sodium. The values in the 

light stayed fairly constant to within error and averaged 1.6 for all the substrates except 

the 7059 BSG, which averaged 2.7.

Shunt resistance is extracted from the JV curves and is proportional to the slope of 

the curve in reverse bias. Shunt resistance is typically higher in the dark, often above 

10000 Q-cm2. For these two sample sets, the dark shunt resistance was above
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1000 Q-cm2 in most cases. The devices in Set I showed good shunt resistance with a 

systematic drop beyond 1 at% Na. The devices in Set II showed no systematic changes in 

dark shunting with sodium. The shunt resistance in the light showed similar patterns in 

both data sets: shunt resistances between 400 and 2500 Q-cm2 with no systematic 

changes for die low and moderate sodium levels, and a drop beyond 0.3 at% Na. The 

shunt resistance appears to be affected only by high sodium concentrations. This may be 

due to the changes in morphology observed at 0.3 at% Na and beyond.

Capacitance data were taken in order to extract the effective carrier concentration 

and depletion width. Figures 5.20.a-b show the capacitance-voltage data and the 

calculated hole density versus distance from junction curves for representative devices on 

NREL SLG/Mo substrates for Sets I and II. The general trends observed here are 

representative of the devices on all substrates. The capacitance at zero bias is plotted 

versus sodium concentration for all samples in Figure 5.21.a. The capacitance increases 

with increasing sodium concentration in all cases, with a significant increase at or beyond

0.3 at% Na. Figure 5.21 .b plots hole density versus sodium concentration for both sets of 

data. In Set I, for low sodium concentrations, the hole density increased by factors of 1.1 

to 10 (substrate-dependent), and then increased by two to four orders of magnitude at 5.6 

at% Na. In Set II, the increases were fairly consistent and ranged from a factor of 1 to 2 

for low sodium levels. At the 0.3 at% Na level, hole density increased by a factor of 10 to 

30. The depletion width is calculated from the extrapolated capacitance near zero bias on 

the CV curve. For low sodium concentrations, there is a general decrease in depletion 

width below the no sodium added value. For both sets of data, the depletion width shows 

a significant drop in all cases for the highest sodium concentrations. This data is
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consistent with the observed changes in dopant density (large dopant densities generally 

correspond to narrower depletion widths). It also matches the tightening of the EBIC 

signal and movement of the EBIC signal closer to the metallurgical junction for the 

highest sodium levels.

Spectral response and reflection data were taken to probe changes in the collection 

efficiency at each wavelength. Figures 5.22.a-b present the calculated quantum efficiency 

curves and the reflection data for all Na2Se addition levels on NREL SLG/Mo substrates 

for both data sets. These data are representative of the devices on all substrates in each 

data set. The reflection data is limited to 1100 nm by the silicon detector in the 

spectrometer used. One systematic change observed is a small decrease in collection in 

the red as the sodium level increases. This is consistent with a shrinking depletion width. 

For high sodium concentrations, the red loss becomes significant. There is also a small 

increase in short-wavelength collection. The overall drop in the maximum of the QE 

curve is due to an overall drop in Jsc at the higher sodium concentrations.

The results of the materials and device analysis are summarized in Table S.3.

5.3 Observations

In both sets of data, the measured sodium incorporation proved not to be linear 

with Na2 Se addition level. The changes in cell parameters also displayed this nonlinear 

behavior. The relevant parameters demonstrated an initial change when sodium was 

added, then a general plateau for all the low and moderate sodium addition levels, and 

finally a more significant change at the highest sodium addition levels. This points to two 

thresholds. The first threshold is simply growing CuInSe2 in a sodium atmosphere, as 

evidenced by the initial improvements in device quality when grown in the presence of
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Table 5.3. Summary of material and device effects observed with increasing sodium concentration (general trends).

Measurement Effects observed
Set I Set II

Added Na None Low/Moderate High None Low/Moderate High
XRD Orientation is

substrate-
dependent

Orientation 
changes are 
substrate- 
dependent, not 
Na-dependent

General decrease 
in all peak 
heights, three 
new unidentified 
peaks

Orientation is
substrate-
dependent

Orientation 
changes are 
substrate- 
dependent, not 
Na-dependent

General decrease 
in all peak 
heights

SEM Grain size ~ 
1pm

Slight increase in 
grain size

Decrease in grain 
size, increase in 
porosity

Grain size 
~ 3 -4  pm

Slight increase 
in grain size

Definite bilayer 
observed, smaller 
grains on top

EBIC Collection 
efficiency (c.e.) 
moderate

Increase in c.e., 
improvement in 
uniformity

Space-charge 
width decreases

Collection 
efficiency (c.e.) 
moderate

Increase in c.e., 
improvement in 
uniformity

Space-charge 
width decreases

Voc Baseline Increase over 
baseline

Decrease from 
baseline (except 
on alumina)

Baseline Increase over 
baseline

Decrease to value 
between no Na 
and low/moderate 
Na

FF Baseline Increase over 
baseline

Decrease from 
baseline

Baseline Slight increase 
over baseline

Decrease from 
baseline (except 
on alumina)

Jsc Baseline No change Significant
decrease

Baseline Changes not Na- 
dependent

Moderate 
decrease from 
baseline

Efficiency Baseline Increase over 
baseline

Decrease from 
baseline

Baseline Increase over 
baseline

Decrease from 
baseline

Series
Resistance

Baseline Decrease from 
baseline

Increase over 
low/moderate Na

Baseline Decrease from 
baseline

Increase over 
low/moderate Na
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Measurement Effects observed
Set I Set II

Added Na None Low/Moderate High None Low/Moderate High
Shunt
Resistance

Baseline No systematic 
changes

Significant 
decrease, light 
and dark

Baseline No systematic 
changes

Moderate 
decrease, light

Diode Quality 
Factor

Baseline Decrease from 
baseline

Significant
increase

Baseline No systematic 
changes

Slight increase 
over baseline

Hole density Baseline Increase by 
factor of 1.1 to 
10

Increase by factor 
of 102to 104

Baseline Increase by 
factor of 1 to 2

Increase by factor 
of 10 to 30

Depletion
Width

Baseline Decrease by ~ 
0.5 pm from 
baseline (except 
on alumina)

All decrease to 
0.2 pm

Baseline Decrease by 0.1 
to 0.5 pm from 
baseline

All decrease to 
~ 0.3 pm

Quantum
Efficiency

Baseline Slight changes Significant red 
loss

Baseline Slight changes Moderate red loss



sodium, even though little or no sodium could actually be detected in the film. This was 

seen most clearly for cells grown on alumina and 7059 BSG substrates in Set II. The 

second threshold is incorporating enough sodium into the film to begin changing the 

material and device properties adversely. This most likely occurs when the sodium 

deposition rate is high enough to compete for space in the lattice.

For similar Na2Se addition levels, great differences were observed in measured 

sodium concentrations between the two data sets. This leads to the possibility that 

sodium incorporation may indeed be dependent upon fabrication method, as suggested in 

the literature. Although the two methods employed for this thesis yield similar CuInSe2, 

there are differences between the two processes that may be significant with regard to 

sodium incorporation. These include substrate temperature, ordering of the layers during 

growth, and the film composition at the time of sodium incorporation. The differences in 

measured sodium incorporation also give insight into the mechanisms involved. The 

two-stage process (Set I) yields smaller grains and, hence, an increase in the number of 

grain boundaries and grain surfaces as compared to the three-stage process (Set II). The 

higher sodium concentrations observed in the films from Set I for a given targeted sodium 

concentration as compared to Set II suggest that sodium resides in grain boundaries. 

However, since all the low sodium levels show approximately the same sodium 

incorporation levels, this suggests a miscibility limit for sodium in CuInSe2 . It appears 

that only a small amount of sodium can be incorporated when the sodium deposition rate 

is low. For higher sodium rates, sodium may compete more vigorously for a cation site, 

perhaps forming a new phase or a new compound. The effectiveness of this mechanism
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may be tied to the CuInSe2 phase (Cu-rich or Cu-poor) when sodium is added. These and 

other observations and possible mechanisms are explored in the next chapter.
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CHAPTER6

DISCUSSION

The many challenges facing the CIS community, outlined in Chapter 2, include: a 

need for flexibility in choosing substrate and back contact materials; reducing constraints 

on CuInSe2 fabrication control; improving grain-boundary and surface passivation; 

improving junction quality, and understanding the underlying mechanisms. Several 

relevant questions relating to the sodium issue were presented in Chapter 1. These were 

(1) How much sodium is needed for optimal device performance? (2) Does the sodium 

mainly affect grain boundaries and surfaces, or the bulk, and where does it reside? (3) 

How does the sodium affect the junction quality? (4) What basic mechanisms are 

involved? The answers to these questions can now be discussed in the context of the 

challenges facing the photovoltaics community.

6.1 Optimal Performance 

The first question to be answered is how much sodium is needed for optimal 

device performance? Optimal cell performance for a given set of conditions includes 

achieving high efficiency, high fill factor, high dopant density, low series resistance, and 

good diode behavior. The results in Chapter S demonstrated improvements in each of 

these parameters from the no-sodium-added case for sodium concentrations ranging
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between 0.001 and 0.15 at% Na. At 0.3 at% Na and beyond, both material and solar cell 

properties degrade. The initial implication for researchers and manufacturers is the 

addition of sodium in small doses can improve efficiency and overall device performance. 

The improvements are relatively insensitive to the amount of sodium in the film over a 

broad range. The results on both soda-lime glass and non-sodium-containing substrates 

further demonstrate that the ability to add sodium enhances the flexibility in choosing 

substrates, since efficiencies on non-SLG substrates approached the SLG baseline 

efficiency when low to moderate amounts of sodium were added.

6.2 Grains and Grain Boundary Surfaces 

The next question to be answered is how does sodium affect the grain boundaries 

and the bulk, and where does the sodium reside. The answer to this question lies in the 

analysis of some device and materials data, namely hole density, open-circuit voltage, 

capacitance, secondary ion mass spectroscopy (SIMS), X-ray diffraction (XRD), and 

scanning electron microscopy (SEM).

Among the strongest observed correlations with sodium is the increase in hole 

density as sodium is added (Figure 5.2l.b). This correlation suggests the presence of 

sodium increases the effective acceptor concentration, directly or indirectly. In general, 

an increased acceptor concentration correlates with an improved device performance. 

This may occur by a passivation of grain boundary surfaces, known to have numerous 

defects and trapping states. It is also possible that this increase in hole density is due to 

reduced compensation within the bulk.

In this, as in most, CIS studies, an increase in hole density was accompanied by an 

increase in open-circuit voltage, which also improves overall device performance. In
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some cases (for example, SSI in Set I or alumina in Set II), V oc increased even when hole 

density remained constant or showed only a small increase. These Voc increases may be 

due to a reduction in grain boundary recombination, or an improvement in junction 

uniformity. Junction uniformity may be due to surface passivation, or to changes in the 

surface layer that occurred during growth. An increase in capacitance, as observed here, 

may also result from improved junction uniformity, or from grain boundary passivation. 

The increases in both Voc and capacitance with increasing sodium suggest sodium affects 

both grain boundary and bulk properties.

Strong support for sodium residing in the grain boundaries is given by the change 

in SIMS sodium signal for small grains versus large grains. See Figure 6.1. For the 

bilayer structures observed with approximately 0.3 at% Na in Set II, the SIMS data 

showed a higher concentration of sodium in the first micron o f the film than in the region 

between one micron and the Mo/CuInSe2 interface. The region of higher Na response 

corresponds to the region of smaller grains. This implies that a major fraction of the 

sodium resides in the grain boundaries, since the smaller-grained material has more grain 

boundary area. Similarly, Set I material was smaller-grained than Set II material. 

Comparing the measured sodium concentrations on both NREL SLG/Mo and 

Alumina/Mo for similar sodium addition levels between the two sets (see Table 5.2) 

demonstrates that more sodium was incorporated into the smaller-grained material in Set

I. This further demonstrates the effects o f sodium incorporation for different sized grains.

There is another possible explanation for the changes observed in sodium signal in 

the smaller-grained material. If the incorporated sodium forms a new phase, the SIMS
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Figure 6.1. SIMS Na profiles and corresponding SEM micrographs. CuInSe2 on Alumina/Mo, Set
n.

calibration could be altered. This is unlikely, however, considering that nearly 100% of 

the sodium is ionized during SIMS analysis [47].

The work of Niles, et al., [44] demonstrated that, for a sensitivity o f 0.1 at%, 

Auger measurements detected sodium at grain boundary surfaces, and none in the grains.
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T his g iv es  fu rth e r ev idence th a t the m ajo rity  o f  sod ium  affec ts  g ra in  b oundary  p roperties

an d  re s id es  there .

Although it appears clear that sodium resides at the grain boundary surfaces, it is 

certainly possible some sodium resides in the bulk as well. It is likely that there is a low 

saturation level of sodium within bulk CuInSe2, as indicated by the plateau in actual 

sodium incorporation levels for all the low and moderate sodium addition levels (Figure 

5.4). This may also indicate a low saturation level within the grain boundaries.

X-ray diffraction data can indicate changes in the structure and orientation of thin 

film CuInSe2, as well as the presence of secondary phases. Other groups have found that 

the presence of sodium enhances the structure and orientation of CuInSe2 crystallites [19, 

20]. The same was not observed in this work. However, the growth methods used here 

tend to give highly 1 1 2 -oriented films in all cases, and thus any sodium-induced changes 

may be obscured. In terms of secondary phases, one group has found that the presence of 

sodium appears to decrease the P-phase peak in the region between 21.5° and 22.5° 

26 [40]. This may indicate a widening of the a-phase window, as described in Chapter 2. 

For the samples used in this work, this peak is not present in the no-sodium and 

low/moderate sodium cases, indicating again that the methods used here yield highly 

single-phase CuInSe2 independent of the sodium. However, the drop in measured Cu/In 

ratio versus the expected ratio at high sodium levels (Figure 5.1) may indicate a widening 

of the a-phase window. Sodium levels beyond 0.3 at%, however, appear to induce the (3- 

phase peak. The highest sodium levels also showed unidentified peaks in the region 

between 5° and 15° 26. At high sodium concentrations, therefore, it appears that new 

phases or structures are formed. Contreras, et al., have observed similar peaks in
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Cu(In,Ga)Se2 with high sodium concentrations [43,48]. These results indicate that 

excessive sodium does induce secondary phase formation.

Along with structural changes, many groups have also reported dramatic 

improvements in morphology and grain growth with the addition of sodium [19, 2 0 , and 

27]. This effect was not observed here, but it also may be process-dependent. Although 

there was little indication that sodium affected grain growth at low sodium concentrations 

in these films, the changes observed at high sodium concentrations allow the possibility 

that low sodium concentrations do affect grain growth in films grown by other methods. 

Changes at grain boundaries would most likely be responsible for changes in grain 

growth.

A highly structured, large-grained material does not always correlate with high- 

performance devices. It is often the case, however, that an improvement in structure 

and/or grain size enhances device performance. Comparing the data given here with that 

in the literature, it is likely that the effects of sodium on structure and morphology are 

process-dependent. If this were indeed the case, adding sodium to CuInSe2 during growth 

may allow researchers and manufacturers greater flexibility in choosing a process yielding 

high-quality CuInSe2 to fit the application at hand.

Sodium may also affect growth by affecting the defect formation, specifically the 

assumed large number of (2Vcu"1+Incu+2) defect-pairs [14]. Defect pairing occurs both in 

the bulk and at surfaces. This possibility will be explored in following sections.

Table 6.1 summarizes the possible roles for sodium at grain boundaries and in the 

bulk. It is clear that sodium has a strong influence on grain boundary surface properties, 

and very likely, the majority of the sodium in the film resides at the grain boundaries.
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Table 6.1. Summary of observations pertaining to sodium's role in grain boundaries and in the bulk.

Observations noted here Argument that Na affects grain boundaries Argument that Na affects grains
1. Increased hole density with increasing 

Na
strong

passivation generally associated with 
surfaces

moderate 
reduced compensation

2. Increased Voc with increasing Na strong 
reduced recombination

moderate 
improved junction uniformity

3. Increased capacitance with increasing 
Na

moderate
grain boundary passivation; improved 

junction uniformity due to surface passivation

moderate 
improved junction uniformity

4. Changes in SIMS for small vs. large 
grains

strong
implies excess Na resides in grain boundaries

weak

5. Na incorj(oration plateau for mid Na 
addition levels

moderate moderate 
implies low saturation level in bulk

Observations noted by others:
6 . Auger detection of sodium at grain 

boundaries, none in grains
strong weak

7. Removal of secondary-phase peaks at 
low/mid sodium; new XRD peaks with 
high Na

weak moderate 
(strong for high sodium) 

implies Na affects grain structure
8 . Improved grain growth moderate 

Na as a surfactant
weak

9. Primary defect is (2VOT1 + Incu+Z) moderate
defect pairing occurs on surfaces as well

moderate 
Na affects defect pairing in the bulk



The results also indicate that sodium can affect bulk properties, but there is no clear 

indication that these changes strongly affect performance, except possibly at sodium 

concentrations beyond 1 at%. The results regarding grain boundary properties are 

encouraging. They suggest that sodium indeed improves grain boundary passivation, 

thereby reducing restrictions on fabrication processes.

6.3 Junction. Quality

There are two main methods used to determine diode junction quality: current- 

voltage characterization and EBIC measurements. Changes in Voc, fill factor, and diode 

quality factor A, as well as changes in the overall shape of the JV curve, can indicate 

changes injunction quality. Changes in the EBIC signal and in the y-modulated response 

indicate changes in junction depth and uniformity. Lesser junction uniformity often 

correlates with reduced quality and performance.

As shown in the previous section, Voc has a general increase with increasing 

sodium up to 0.3 at% Na. At higher concentrations, Vcc drops dramatically. Fill factor 

behaves similarly. The diode quality factor improves (decreases) for low/moderate 

sodium levels in Set I samples, indicating an improved junction, but it rises again at the 

highest sodium levels. These results all demonstrate that the presence of sodium in 

moderate amounts improves junction quality.

From the analysis of the JV curves, it is apparent that some sodium improves key 

diode parameters. Additionally, in some cases (alumina, BSG, SiCh), the addition of 

sodium removes non-diode-like behavior, indicating a more uniform junction or material 

in general (see Figure S.14.b). This improved uniformity was also observed in EBIC 

measurements. The improvements on these substrates indicate that sodium enhances

109

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



device performance on non-sodium-containing substrates, thereby broadening the types o f 

substrates that can be used for high-quality solar cell applications. The improvements on 

SLG substrates imply a lifting of restrictions on the material and structure of the back 

contact, as manufacturers no longer need to rely on the glass and diffusion through a back 

contact as the sole sodium source. The improvement in small-scale uniformity observed 

in EBIC data allows for the possibility that sodium can enhance large-scale uniformity as 

well. More research is necessary in this area.

The improvement in junction uniformity may enhance open-circuit voltage. A 

solar cell with a non-uniform junction can be looked at as many solar cell junctions in 

parallel. The lowest voltage point will dominate the measured voltage of the complete 

cell. Improving the uniformity of the junction increases the likelihood of each part of the 

cell being at the same voltage. It also decreases the likelihood of shunt paths, which 

funnel current away from the junction region and decrease Voc-

6.4 The Mechanisms 

The discussion so far has shown that adding sodium in moderate amounts 

improves device performance, tends to enhance material properties, improves grain 

boundary passivation, and improves junction uniformity and quality. The next question 

to be answered is what mechanisms are involved? From the summary in Table 6.1, it is 

clear that grain boundary passivation effects can explain the majority of the observations. 

Some observations suggest that sodium plays at least a minor role in the bulk as well.

6.4.1 Sodium at Grain Boundary Surfaces

Grain boundaries and grain surfaces are typically regions of high carrier 

recombination due to incomplete bonding of the surface atoms. Sodium likely passivates
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grain boundaries, meaning it completes bonds. This passivation would serve to decrease 

recombination at grain boundaries in the depletion region, and hence decrease the 

unwanted recombination currents and increase Voc- Passivation of grain boundaries can 

also lower grain-boundary barriers and thus decrease the impedance of the material [49], 

This would be detected as decreased series resistance and/or increased capacitance. Next, 

passivation of the grain surfaces may act to improve the uniformity cf the surface, thereby 

enhancing junction quality. This would enhance fill factor and collection efficiency. 

Finally, bond completion often means the removal of compensating states, which allows 

an increase in the effective acceptor concentration, which moves the Fermi level closer to 

the valence band and allows a larger Voc-

Sodium directly passivates grain boundary surfaces most likely by occupying a 

copper or indium vacancy and bonding with selenium. It is highly unlikely that sodium, a 

column I element, would bond with a cation in place of the anion selenium. This is 

supported by the work of Niles, et al., [44], which showed no evidence of metallic 

sodium bonds at grain boundary surfaces; i.e., no Na-Cu, Na-In, or Na-Na bonds were 

detected. If sodium replaces a copper vacancy at a grain boundary, it would complete the 

valence structure, thereby removing a trap state or a recombination site and lowering the 

energy of the system, increasing stability. If sodium replaces an indium vacancy, it would 

likely act as a double acceptor, directly increasing the effective hole concentration. It is 

likely that sodium would remain bonded at grain boundary surfaces due to energy 

considerations. This is again evidenced by the detection o f Na-Se bonds by Niles, et al.

[44].
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In high-efficiency solar cells, CuInSe2 surfaces tend to have an In-rich layer. This 

often results in secondary phases in the top layer most likely due to repeated (2Vcu' 

+Incu2+) defect pairs. If sodium replaces a copper vacancy at the surface, the number of 

these defect pairs may be reduced, thereby reducing secondary phase formation. 

However, a reduction in copper vacancies would leave the same number o f indium 

antisites at least initially uncompensated, directly decreasing the hole density in this layer. 

The top layer would therefore be less p-type than the rest of the bulk. This may actually 

be beneficial to the workings of the CuInSe2 device in that it would push the electronic 

junction away from the metallurgical interface. EBIC work has shown that junction 

formation in good cells does not take place at the CdS/CuInSe2 interface, but further into 

the CuInSe2 . It is also likely that the Cd from the CdS solution replaces Cu in the first 0.1 

- 0.5 microns o f the film, causing a type inversion of the surface layer [18]. The electrical 

junction forms up to 0.5 micron into the CuInSe2 . This is evidenced by the peak position 

in EBIC measurements. Therefore, an increased surface donor density due to 

uncompensated indium on copper antisites may benefit the junction formation by 

enhancing the inverted n-type CuInSe2 layer. An increased number of unpaired copper 

vacancies may also enhance the efficiency of Cd doping.

Sodium may also enhance grain boundary and grain surface passivation indirectly 

by acting as a catalyst to oxygen. Kronik, et al., have recently proposed such a model

[45]. They propose that sodium has a catalytic effect of increasing the formation of O2* 

on the surface, enhancing the formation of In-O, thereby occupying Se vacancies which 

would otherwise act as donors and recombination sites. They assert that the presence of 

sodium would therefore increase effective hole density and Voc by this method. This is a
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viable model, as oxygen is always present during CuInSe2 deposition. Kronik, however, 

does not explain the changes in secondary-phase formation or the improved junction 

uniformity. It is proposed here that, in light of the recent work on junction formation, this 

type of passivation of the surface would enhance uniformity and allow more uniform 

coverage of the CdS, and hence, more uniform penetration of the Cd into the CuInSe2 . 

Grain boundary and surface passivation directly due to sodium would have the same 

effect on uniformity and Cd penetration.

For low/moderate sodium concentrations, grain boundary and surface passivation 

can explain the majority of the observations noted both here and in the literature due to 

sodium diffusion from the substrate or from a precursor. At high sodium concentrations, 

excess sodium in the grain boundaries almost certainly forms new compounds at these 

surfaces. These will likely be highly p-type, and will likely introduce large numbers of 

new recombination centers. This would act to reduce Voc, and overall device 

performance.

There are still observations that are not explained by grain boundary and surface 

passivation. One such observation is the difference in performance between devices 

made on soda-lime glass with and without sodium co-evaporated with CuInSe2 . Take, for 

example, the Solarex Mo/SLG substrates in Set I. SIMS data showed that nearly 0.15 

at% Na diffuses into the CuInSe2 from the glass. Devices on this substrate have high 

performance without any added sodium. There appears to be enough sodium diffusing 

into the CuInSe2 during growth to passivate grain boundaries and optimize performance. 

Yet, when sodium is co-evaporated with CuInSe2, performance improves. For low 

sodium doses, only as much as 3xl0*3 at% Na is added. Intuitively, this added amount of
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sodium in the grain boundaries, as much as two orders of magnitude less than from 

diffusion, should not enhance passivation enough to improve device performance. 

Another mechanism must be involved. Another observation that cannot be explained by 

grain-boundary passivation is the results on the alumina and BSG substrates in Set II. For 

the low sodium levels, it is difficult to determine if any sodium is actually incorporated 

into the film. That is, SIMS levels are in the b ack g ro u n d  region. Yet there are 

improvements in device performance. This must be due to changes that occur during 

CuInSe2 growth in the presence of sodium. These two observations suggest that sodium 

can affect bulk properties as well as grain boundary properties when sodium is added 

during the growth process.

6.4.2 Sodium Impact on Growth

Due to bonding restrictions in the bulk, it is unlikely that sodium would take the 

place of either a cation or an anion and remain bonded within the bulk for low sodium 

concentrations, again evidenced by Niles, et al. However, sodium may still affect the 

bulk without remaining there. Sodium likely acts as a surfactant, and so tends to rise to 

surfaces during CuInSe2 growth [50,51]. In this way, sodium interacts with each layer of 

growth, affecting both grain growth and structure. Sodium may then affect structure in 

two ways:

(1) Some evidence suggests sodium inhibits secondary-phase formation and 

widens the a-phase window. One way this can occur is by a reduction in the number of 

indium on copper antisite defects. The Incu defect formation energy AHf depends on the 

Fermi energy and the chemical potentials of Cu and In (pcu and pin). Specifically, in the 

region of interest (Cu-poor, In-rich CuInSe2), AHf of Incu depends on the quantity pcu -
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|4 n. As this quantity becomes more positive, AHf of Incu increases for a given Fermi 

energy (see Figure 2.3).

Consider the case of sodium replacing copper in a Cu-poor sample. In this 

scenario, sodium would behave at least somewhat like copper. If this were the case, then 

the chemical potential difference would be influenced by the presence of sodium. If pNa > 

Heu (less negative), AHf of !ncu increases. If < hcu (more negative), AHf of Incu 

decreases. Since the sodium concentrations due to co-evaporation are fairly low and 

since it appears that the sodium saturation level in CuInSe2 is low, it is likely that the 

chemical potential of sodium in CuInSe2 will be close to zero. That is, a change in the 

number of sodium atoms at the surface would not greatly change the free energy of the 

system. In this case, the formation energy of the native defect Incu would increase in the 

presence of sodium for a given Cu/In ratio and a given Fermi energy. Sodium may 

therefore inhibit the formation of Incu, thereby decreasing the number of defect pairs, in 

turn decreasing the likelihood of secondary phase formation. Normally, Incu compensates 

two VCu defects. Since Nacu would replace one Vcu, there would be one Vcu remaining, 

which creates a single acceptor state. Effective hole density would therefore increase. By 

suppressing defect pair formation and secondary phase formation, the quality of the 

structure might improve. This would improve crystallinity, thereby improving Voc and 

possibly fill factor. If sodium takes the place of a copper atom in a Cu-poor film, the 

window of Cu/In ratios for good-quality material may be enlarged. It is unlikely 

(energetically unfavorable) that sodium would remain bonded within the bulk at low 

concentrations, as stated previously. It is more likely that sodium would move out of the 

copper site as the CuInSe2 continues to grow, thereby creating another copper vacancy,
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further adding to the hole density. The enhanced structure and suppression of secondary 

phases would likely enhance junction uniformity and quality.

(2) If a portion of the sodium is initially in metallic form, the following reaction 

is favorable [51]:

Nan + CuIr.Ss2 ■■■■> NaInSe2 +Cum ( 1 ).

This would also inhibit the formation of Incu defects by essentially removing copper sites 

in bulk CuInSe2 . This may or may not directly affect the hole concentration, but it would 

tend to reduce secondary CuInSe2 phases such as Cul^Ses. it is not known how NaInSe2 

would react with CuInSe2, and if it itself would have secondary phases. This may be the 

cause of the degradation with high sodium content, since this reaction would only be 

significant if it removed a large number of copper sites. It may also require a large 

sodium concentration to relax the bonding restrictions within the bulk to allow sodium to 

remain bonded. XPS and Auger data on high-sodium samples are unavailable, but would 

be helpful in determining if sodium remains bonded in the bulk at high concentrations.

These scenarios describe how sodium may affect the bulk by altering growth. It is 

likely that in either case, sodium also moves along grain boundaries, and likely resides at 

grain boundary surfaces, enhancing grain boundary passivation.

Table 6.2 summarizes the mechanisms discussed above as they relate to low and 

moderate sodium concentrations. One mechanism has a high likelihood of being 

responsible for the effects observed for low to moderate sodium concentrations in 

CuInSe2 : sodium passivates grain boundary surfaces. This likely occurs in two ways: (a) 

directly through sodium replacing copper and indium vacancies, and (b) indirectly 

through a catalytic effect on oxygen. It is also suggested that sodium may affect the bulk
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when sodium is added deliberately by (c) acting as a surfactant during growth and 

affecting the bulk layer by layer.

Table 6.2. Summary of possible mechanisms for low to moderate sodium 
concentrations in CuInSe2 .__________________________________________________

Possible
Mechanism

Brief
Description

Expected Effects Observed
Effects

Likelihood

(a) Direct grain 
boundary 

passivation

Na bonds with 
Se in place of 

In or Cu

Increased Voc; 
reduced impedance; 
improved j  unction 
quality/uniformity

Ail
observed

Very likely for 
Na diffusion 
and addition

(b) Na as a 
catalyst to 

oxygen

Na enhances In- 
0  formation

Increased V oc, hole 
density

All
observed

Very likely for 
Na diffusion 
and addition

(c) Na as a 
surfactant

Na inhibits Incu 
formation layer 

by layer

Increased hole 
density, Voc; 

improved structure;
enhanced Cu/In 

window; improved 
junction quality

All
observed

Likely for Na 
addition

The effects of sodium were initially found due to sodium diffusion into the film 

from the soda-lime glass substrate. Diffusion of most elements in polycrystalline films 

occurs mainly along grain boundaries. Therefore, the effects of sodium at grain boundary 

surfaces, (a), are prevalent even when no sodium is deliberately added to films grown on 

SLG substrates, or when a sodium precursor is used. The catalytic effect on oxygen, (b), 

to further passivate surfaces is also likely prevalent in this case since sodium tends to 

collect on surfaces, even after deposition is complete. Hence, (a) and (b) can explain 

most of the effects of sodium as stated in the literature when a sodium precursor is used 

or when films grown on SLG are compared to films grown on non-sodium-containing 

substrates. However, the effect of sodium on the bulk, (c), is necessary to explain other 

phenomena such as changes due to ion implantation, changes on non-sodium-containing
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substrates in a sodium ambient even when no sodium is detected in the film, and the 

added benefits o f growing CuInSe2 in the presence of sodium, even when sodium 

diffusion occurs.

It is clear that the presence of sodium (or a substance that behaves similarly) is 

essential for CuInSe2 solar cells to reach optimal performance. Sodium passivation at 

grain boundary surfaces is certainly necessary to improve open-circuit voltage and 

junction quality. The enhanced ability of oxygen in the presence of sodium to further 

passivate surfaces most likely improves junction quality by aiding in the type-inversion of 

the surface layer, as well as improving Voc and directly increasing hole concentration. 

The improvements that occur during growth are secondary, and are most likely only 

prevalent when sodium is deliberately added during growth.

How would this scenario of grain boundary passivation and growth affects alter 

the CuInSe2 material and the device characteristics for both low/moderate and high 

sodium concentrations?

(1) Open-circuit voltage

A decrease in recombination at the grain boundaries would work to increase Voc  

by reducing the forward recombination current. An improvement in the junction 

uniformity would possibly also increase Voc- Voc will generally increase due to an 

increase in hole concentration, because the Fermi level is closer to the band edge and less 

compensation usually correlates with fewer recombination sites. Such an increase in hole 

concentration would likely occur in the presence of sodium, as explained in the following 

paragraph. As the sodium concentration increases, excess sodium at the grain boundaries 

may now act as recombination centers. But the continued increase in hole concentration
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with sodium compensates for this, and Voc remains high. As the sodium concentration 

becomes excessive, recombination and morphological changes would dominate and Voc 

would drop.

(2) Hole concentration

The net result would be an increase in effective hole concentration. The largest 

increase would be due to increased oxygen bonding at the surfaces, filling in selenium 

vacancies that would otherwise act as donors. A reduction in recombination due to 

sodium grain-boundary passivation would increase the measured hole concentration, as 

an increased number of holes would be collected. For growth-related effects, a possible 

increase in the number of copper vacancies that act as acceptors would directly increase 

hole concentration. As the sodium concentration increases, the number of acceptors 

grows. At extremely high sodium concentrations, a new compound would be formed, 

which may be highly p-type, but produces other device problems.

(3) Short-circuit current

At low sodium levels, the increase in hole concentration and possible resistance 

improvements should not affect the current since the morphology has already been 

optimized for high currents. However, at high sodium levels, the ultra-high hole 

concentration would shrink the depletion width such that fewer carriers would experience 

an electric field and the deeper ones would be less likely to be collected, thereby 

decreasing the current.

(4) Junction formation

The effects o f sodium on junction formation depend on where the junction is 

formed. As mentioned above, for CBD CdS, the p-n junction most likely forms within
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the CuInSe2 . The improved grain boundary passivation would likely reduce band bending 

at these surfaces, thereby im prov ing  junction uniformity. In this case, junction formation 

and quality would likely be positively affected by sodium due to a reduction in secondary 

phase formation at the surface and possibly throughout the bulk. For other methods of 

CdS deposition, the junction formation mechanisms are still unclear. However, the 

improvements in the surface and lower layers would likely improve junction formation 

for sputtered or evaporated CdS as well.

At high sodium levels, there are two possibilities. The first assumes no changes 

in CuInSe2  structure. In this case, as the hole concentration increases, the abrupt junction 

approximation no longer holds as the acceptor concentration in the p-side approaches the 

donor concentration in the n-side. The p-type CuInSe2 is no longer the main active 

region, and expected diode behavior is lost. It is also possible that a new phase is formed, 

as suggested by the new peaks observed in XRD data. This new phase or compound may 

interfere with normal junction formation, or may act as the p-type material, and may not 

be a good photovoltaic material.

(5) Structure

The structure of CuInSe2 is very much dependent on the growth technique used. 

The proposed scenario would hinder the formation of secondary phases at the surface, and 

possibly in the bulk, thereby improving the structure of the CuInSe2 . It could also allow 

an improved structure at low Cu/In ratios, thereby allowing a wider growth window to be 

used. This increased window would be observed for many growth techniques. However, 

the direct observation of changes in secondary phases and/or orientation of the planes 

would most likely depend on the growth technique used. At high sodium concentrations,
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a new phase may be formed which would negate the improvements at the lower sodium 

levels. It is possible that this phase can be detected by X-ray diffraction.

(6 ) Resistance

A decrease in recombination sites and an improvement in structure and uniformity 

would tend to decrease series resistance. Passivation of the grain boundaries reduces 

intragranular barriers, improving series resistance. The change in series resistance would 

account for some improvements in fill factor, along with changes in Voc- In a material in 

which series resistance is low to begin with, this effect would be small. At high levels, a 

new compound or structure could increase recombination sites and shunt paths, thereby 

increasing series resistance and decreasing shunt resistance.

(7) Morphology

This scenario does not directly predict effects on morphology. However, it is 

possible that, if sodium does act as a surfactant, it may have the same type of fluxing 

properties observed with Cu2Se [21]. When sodium reaches a critical concentration, it 

may react with the selenium atoms in place of copper, liberate copper from the film, and 

form a new phase. The sodium concentration nearing critical level may explain the 

bilayer observed in the Set II samples at 0.3 at% Na. Going beyond critical level may be 

responsible for the complete morphological change at 5.6 at% Na.

(8 ) Other High Sodium Effects

It is apparent that the effects of low or moderate sodium levels and the effects of 

high sodium concentrations are quite different. It is possible that a new phase is formed 

when the sodium concentration is greater than 1 at%. It is possible that a new vacancy 

compound is formed, which is itself highly p-type, accounting for the large increase in
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hole density for high sodium concentrations. For high sodium fluxes, sodium may be 

able to compete for copper in the lattice, or compete for a new structure, using all the 

copper available or forcing copper rejection. This would decrease or even remove the 

Cu2Se flux, thereby creating smaller-grained material. The excess sodium in the grain 

boundaries may be at too high a level to completely bond, thereby adding to the 

recombination centers, and destroying device performance.

As demonstrated in this section, the proposed model can explain the majority of 

the effects observed due to sodium incorporation as described in this thesis and in the 

literature.
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CHAPTER 7

CONCLUSIONS

7.1 Summary

A range of sodium concentrations that yield optimal device performance has been 

found. This is the first time such a range has been shown definitively. CuInSe2-based 

solar cell device performance is optimal with sodium concentrations in the range of 0 . 0 0 1  

to 0.15 at% Na. Efficiencies can increase by as much as 4% when sodium is added. It is 

assumed that this range supplies sufficient sodium for well-passivated grain boundaries, 

but not so much as to produce secondary phases, which may diminish device 

performance. The main improvements are in open-circuit voltage and hole concentration. 

Open-circuit voltage can improve by as much as 80 mV and hole concentrations may 

increase by as much as a factor of 10 when sodium is added. Diode junction quality also 

improves as shown by improvements in fill factor and diode quality factor. Beyond this 

range, both device parameters and material properties show significant degradation, 

likely due to the formation of a new secondary phase or a new compound.

Sodium is found to have the greatest effect on grain boundary properties, and 

there is evidence that suggests sodium moderately affects bulk properties as well, 

especially when sodium is added during CuInSe2 deposition. From data given here and 

in the literature, a significant amount, if not all, the sodium resides at grain boundary
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surfaces. The material probing techniques used thus far have not been sensitive enough 

to detect sodium in the bulk. However, the possibility of some sodium residing in the 

bulk should not be ruled out.

A model including three mechanisms is proposed: (a) sodium passivates grain 

boundary surfaces directly through sodium replacing copper and indium vacancies, and 

(b) indirectly through a catalytic effect on oxygen. It is also suggested that sodium may 

affect the bulk when sodium is added deliberately by (c) acting as a surfactant during 

growth and affecting the bulk layer by layer by inhibiting indium on copper antisite 

formation. These mechanisms can explain the effects of low to moderate sodium 

concentrations due to diffusion from a substrate or precursor, and due to the deliberate 

addition of sodium during deposition. They also give plausible arguments to explain the 

effects at high sodium concentrations. This is the most complete model proposed to date.

The improvements in device quality noted here and in the literature appear to be 

independent of fabrication method, although the magnitude of the changes observed and 

changes in material properties are clearly process-dependent. Sodium incorporation is 

dependent upon substrate temperature, relative deposition rates, grain size, sticking 

coefficient, and the composition of the material at the time of incorporation.

From a technological perspective, it appears that deliberately adding sodium can 

enhance device performance and reduce constraints on key areas of CuInSe2 solar-cell 

fabrication. The addition of sodium during deposition or from a precursor may allow 

researchers and manufacturers greater flexibility in choosing substrates and back contact 

materials as well.
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7.2 Future Work

Areas for future study can be placed in two categories: model verification, and 

production issues.

The proposed model asserts the majority of the phenomena related to sodium in 

CuInSe2 can be explained by grain-boundary passivation effects and suggests that effects 

on the growth may be responsible for secondary observations. As with many 

polycrystalline films, more work is necessary to separate the grain boundary effects from 

the bulk-related effects. Time-of-flight SIMS measurements and small-spot laser 

measurements may aid in this endeavor. More work on single-crystal CuInSe2 may also 

be of use to determine bulk-related effects.

Within the realm of grain boundary passivation, the effects due to sodium need to 

be separated from those due to oxygen. Deliberately changing the oxygen content in 

CuInSe2 materials while maintaining a constant sodium content could shed light on this 

issue. A more in-depth study of oxygen bonding in CuInSe2 with and without sodium 

present would also be useful.

To test the effect of sodium on the growth, controllably adding sodium during 

different growth stages and at different temperatures would be ideal. Examination of the 

sodium bonding at points along the growth (ideally by quenching the film at different 

growth stages) could help verify the processes involved. Examination of the bonding at 

the grain boundaries and in the bulk at high sodium concentrations may also give insight 

into the low/moderate sodium concentration mechanisms.

Production issues for CuInSe2 cells include gallium incorporation, large-scale 

uniformity, long-term stability, and when to add sodium for best results. Many groups
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have studied the Cu(In,Ga)Se2 system with sodium, and the general results are the same. 

However, details of the model may change when gallium is present.

EBIC data suggest sodium enhances junction uniformity on a small scale. If the 

same effect holds on a large scale, this would open up opportunities for large cell and 

module production. The simplest approach would be to study the effects of adding 

sodium on cells varying in size from 0.4 cm2 to 100 cm2, which can be done without 

much modification of other systems at many laboratories.

Although sodium improves performance, no studies have been conducted to test 

the effects of sodium on long-term stability. These tests are fairly straightforward, albeit 

time-consuming. A logical next step would be elevated-temperature tests of the stability 

of CuInSe2 solar cells with and without sodium, and with varying oxygen levels.

Finally, adding sodium during the deposition of CuInSe2 may not be the ideal way 

to incorporate it. It is possible that adding sodium during other fabrication steps may 

have similar effects on the performance and be easier to control.

CuInSe2-based solar cells are a part of a technology that is quickly becoming a 

viable energy source. Photovoltaics are at present the only energy source in many 

regions o f third-world countries, and are fast becoming the mainstay t >r remote areas of 

all countries. Solar cell technology has the potential to become one of the world’s 

primary energy producers. Fundamental research in all areas o f photovoltaics is vital, not 

only to build the core of knowledge, but to help bring about clean, non-depletable 

solutions to the challenge of providing energy to more than six billion people for ages to 

come.
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