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Abstract

Alternative back contact for CIGS solar cells built on
sodium-free substrates

Wilhelm Söderström

It is widely known that the element sodium plays a vital role in providing high
efficiency CIGS solar cells and that when cells are built on sodium free substrates they
need an alternative (a substitute) sodium source. In this study a molybdenum-sodium
compound has been deposited, investigated and evaluated as an alternative back
contact layer containing sodium. The compound had a 5 at % sodium concentration
and it was manufactured by an Austrian company called Plansee. The aim of the study
was to create an equivalent back contact in the sense of sodium delivery, conductivity
and adhesion compared to a normal molybdenum back contact on a soda lime glass.
 
The experimental part of the study started with the construction of complete cells,
which were fabricated and measured. This work took place at the Ångström
Laboratory, Uppsala University, Sweden. The characteristics of the layer and the cells
were analyzed by current voltage measurements, quantum efficiency measurements
and secondary ion mass spectrometry analysis. Cell manufacturing involved sputtering,
co evaporation and chemical deposition processes.
 
Results show that the molybdenum-sodium compound increases the efficiency of a
cell built on a sodium-free substrate. Efficiencies reached 8 % for cells without sodium
in the molybdenum and these cells produced 67 % efficiency and 80 % open circuit
voltage of the reference value. Cells with sodium in the back contact layer produced
90 % of the efficiency and 95% of the open circuit voltage relative to the references.
The best cell with the molybdenum-sodium compound reached an efficiency of 13.3
%.

This implies that the new back contact layer acts as a sodium source but the cells
have 1-2 % lower efficiency than the reference cells built on soda lime glass. Other
characteristics of the layer as conductivity and adhesion show no significant difference
to an ordinary molybdenum back contact.

Measurements also indicate that the sodium is probably located inside the
molybdenum grains and just a small amount is found at the boundaries and in between
the grains. Sodium inside the molybdenum grains is difficult to extract and therefore
not enough sodium will diffuse into the CIGS layer.
 
The conclusions drawn from this study are that the molybdenum-sodium compound
helps to increase the efficiency of a CIGS solar cell built on a sodium-free substrate,
but it does not deliver enough sodium to constitute a substitute sodium source. 
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Populärvetenskaplig sammanfattning 

Dagens debatt om klimatförändringar och människans beroende av fossil energi visar på behovet av 

att skapa globala energilösningar som är hållbara och förnyelsebara. Solceller förväntas bidra i stor 

utsträckning till den energimix som förväntas ta över efter den fossila energin. Solcellsmarknaden har 

vuxit kraftigt de senaste åren och cellerna har börjat nå hög effektivitet samtidigt som priserna för 

produktionen sjunker. 

Tunnfilmssolceller och speciellt typen CIGS solceller (Cu (In,Ga) Se2) är en solcellsteknologi som 

förväntas ta stora marknadsandelar de kommande åren. Teknologin har potential att nå låga 

produktionskostnader och höga verkningsgrader, vilket efterfrågas av marknaden. De låga 

kostnaderna kommer till stor del av att materialåtgången vid cellproduktionen är minimal. CIGS 

cellerna byggs upp av tunna skikt som läggs på ett substrat. För att få fram effektiva CIGS solceller 

krävs det att en viss mängd natrium finns tillgängligt vid tillverkningen av det ljusabsorberande lagret 

i cellen. Detta är oftast inget problem då utformningen av de flesta CIGS cellmodeller baseras på 

användandet av soda lime glas som substrat. Soda lime glas innehåller stora mängder natrium och 

solcellen kan då utnyttja detta under tillverkningen.   

I samband med att solcellsmarknaden expanderar ökar behovet av nya alternativa solcellstyper och 

under senare tid har behovet av att bygga solcellerna på natriumfria substrat ökat. Anledningen till 

detta är att man vill minska cellernas vikt och göra dem böjbara. De nya substraten består av t.ex. 

olika plaster eller metallfolie. Cellerna på dessa substrat kräver en alternativ natriumkälla för att de 

ska leverera hög verkningsgrad.  

Syftet med denna studie var att konstruera och utvärdera ett bakkontaktlager som bestod av en 

molybden-natriumförening. Förhoppningen var att natriumet i föreningen skulle utgöra en alternativ 

natriumkälla för cellen. Målet var att designa en bakkontakt som ger samma egenskaper, vad gäller 

natriums transportegenskaper ur molybdenskiktet, ledningsförmåga och vidhäftningsförmåga till 

substrat och CIGS skikt, som en vanlig bakkontakt av molybden ger. Som utgångspunkt användes en 

förening av molybden och natrium där natriumhalten var 5 at %. Föreningen levererades i form av en 

sputter target och kom från det österrikiska företaget Plansee. Targeten används som källa vid 

deponering av bakkontaktskiktet. 

Det finns andra kommersiella metoder för att leverera natrium till cellen då den byggs på natriumfria 

substrat. Nackdelen med dessa är att de kräver extra processteg och att de inför ytterligare ett steg i 

processen om ska optimeras. Förhoppningen på föreningen som undersöks i denna studie är att den 

skall vara lätt att föra in i befintliga produktionslinor och lätt att optimera. Detta skulle leda till 

besparingar i tid och pengar. 

Studiens resultat visar att molybden-natrium föreningen levererar natrium till CIGS skiktet och att 

cellens verkningsgrad höjs kraftigt av detta. Celler som byggdes på natriumfria substrat med en 

bakkontakt bestående av rent molybden gav verkningsgrader på 8 %, celler med natrium inblandat i 

molybdenen gav som bäst verkningsgrader på 13.3 %. De natriumfria cellerna hade 67 % av 

referensens verkningsgrad (byggd på soda lime glas) och 80 % av Voc (open circuit voltage) 

referensvärdet. Cellerna med natrium gav 90 % verkningsgrad respektive 95 % Voc relativt referensen. 

De andra materialegenskaper som var av intresse för studien visade på likvärdiga egenskaper 

gentemot en bakkontakt av molybden. 



Materialundersökningar visade att molybden-natrium bakkontakten inte gav tillräckligt med natrium 

till CIGS skiktet. Detta är troligtvis anledningen till att cellerna inte hade lika hög verkningsgrad som 

referenscellerna. Andra intressanta resultat som observerats är att det verkar som om största delen 

av natriumet är lokaliserat inuti molybdenkornen och enbart en liten mängd natrium finns att hitta 

på kornens ytor och i hålrummen mellan kornen. Konsekvensen av natriumets placering i 

molybdenet blir att transportegenskaperna av natrium till CIGS skiktet blir begränsade. 

Studien baserades på experiment utförda vid Ångström laboratoriet, Uppsala universitet. 

Experimenten bestod av att tillverka kompletta CIGS solceller med den ovan nämnda föreningen som 

bakkontaktskikt, därefter mättes de elektriska egenskaperna hos de olika cellerna. 

Tillverkningsprocessen innehöll sputtering, förångnings och kemiska deponeringsmetoder. 

Solcellerna har byggts på substrat bestående av aluminiumoxid och glas med en diffusionsbarriär. 

Detta för att minimera risken för att natrium från annat håll än bakkontaktskiktet skall påverka 

studiens resultat. 

Studiens slutsats är att molybden-natrium föreningen levererar natrium till CIGS lagret och bidrar till 

att höja dess verkningsgrad, men cellen får för lite natrium för att ge jämförbara verkningsgrader 

med en referens cell byggd på soda lime glas. Studien visar att det är möjligt att använda en förening 

av molybden-natrium som en alternativ natriumkälla. Detta kan i framtiden ge billigare CIGS solceller 

och öppna för fler användningsområden. För att nå högre verkningsgrad på dessa CIGS celler byggda 

på natriumfria substrat kan en intressant fortsättning för vidare forskning vara att höja natriumhalten 

i molybden-natrium föreningen. 

  



Abbreviations 

SLG – Soda lime glass 

Voc – Open circuit voltage 

Jsc – Short circuit voltage 

QE – Quantum efficiency 

IV – Current voltage 

SIMS – Secondary ion mass spectrometry 

Mo - Molybdenum 

Na – Sodium  

Si – Silicon 

Al2O3 – Aluminum oxide 
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1 Introduction 
 

1.1 Background  
Humankind has an ever increasing demand for energy and our planet is trying to cope with the fossil 

fueled energy production and usage. One of the great global challenges in our time will be the 

transition from today’s society to a sustainable one in the future. Among many problems in the world 

energy production and usage is by far the most negative activity in the sense of creating a sustainable 

society. Today the fossil fuel energy stands for nearly 90 % of the worlds energy supply and is the 

driving force in the global warming.1  The energy demand is projected to increase annually and is by 

2030 believed to have increased by 30 % from today’s demand.1 

 

Renewable energy and energy saving measures stand out as the only option for a sustainable future 

energy solution and here solar energy is expected to contribute greatly to the energy mix. The solar 

cell market has grown rapidly the last years and experiences an average annual growth of 40 %.2  

 

Solar cell systems are interesting as their energy solution suits the growing need of electrification on 

the countryside of the third world furthermore the systems also suit urban environments and large 

scale electricity production. Over time the systems demand minimal maintenance and spare parts 

which are in accordance with the needs of rural areas and areas with little technical expertise.   

 

One problem associated to the large scale introduction of solar power has up to now been the high 

cost of the solar cell module production and to some extent to the relatively low efficiencies. The 

high cost is due to the use of expensive materials of the specific cell technology. To date the market 

has been dominated by cell techniques based on crystalline silicon wafers, more specifically, mono 

crystalline and multi crystalline silicon cells. These cells have high conversion efficiencies, with record 

efficiencies up to 24.5 %3 and production cells up to 20 % but the silicon cells are relatively expensive 

to manufacture. 

 

Silicon (Si) is not the only material that can absorb photons from the sun and convert sunlight to 

electricity. There are many other semiconductor materials that have similar photovoltaic 

characteristics. Compounds as CIGS (Cu(In,Ga)Se2), CdTe and amorphous silicon and others are also 

commercially used as absorber layers in photovoltaic cells. The difference in relation to crystalline 

silicon cells is mostly the absorber layer. Compounds as CIGS have a higher absorption coefficient 

than silicon and therefore less thickness is needed to collect the same amount of photons. A silicon 

wafer has roughly a thickness of about 200 μm compared to a CIGS layer with 1 μm.3 The 

consequence is that these so called thin film solar cells have an extremely low material usage of 

expensive active materials during fabrication. The disadvantage of using CIGS layers is the, compared 

to Si, slightly lower efficiencies. 

 

A solar cell module is built up by a varying number of solar cells which are connected in series to get 

the desired voltage. The modules have lower efficiencies than the individual cells and this is due to 

losses in the module set up. Module efficiencies of today reach up to 19 % for mono-crystalline Si 

and 13 % for CIGS. 
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The thin film solar cells are in the process of becoming the next generation cells with the possibility 

to drastically cut the costs of manufacturing and further reduce the investment cost. Thin film solar 

cell market share has grown rapidly the last years and is expected to take over as the leading 

technology in the future. For now the most efficient thin film cells are based on the CIGS layer 

composition and the record cell was fabricated by the Centre for Solar Energy and Hydrogen 

Research, Germany. The cell has 20.3 % conversion efficiency for a cell area of 0.5 cm2. 3  

 

It has been found that the cell efficiency increases dramatically with a small amount of alkali metal in 

the light absorbing layer. Metals such as Na, Li, K, Cs have been tested and they all give better 

performance to the cell. Results show that Na is the best suited for CIGS optimization.4  The Na in 

CIGS solar cell modules usually comes from the soda lime glass substrate commonly used for this 

technology. 

 

A CIGS solar cell consists of different layers on a substrate. Usually the substrate is a soda lime glass 

(abbreviated SLG throughout the thesis) which is a fairly cheap material and has the same thermal 

expansion coefficient as the CIGS layer.5 So far all record breaking CIGS cells have been made on SLG 

and the reason why SLG gives good cell efficiency is the huge amount of sodium that the glass 

contains, some of which is released during the CIGS fabrication. One problem though is that it is 

difficult to control the diffusion of sodium and as a result; the amount of it in the CIGS layer. To 

control the diffusion it is common to use sodium diffusion barrier layers as Al2O3, Molybdenum and 

other barriers that prevent diffusion. This is of importance when a cell design is to be optimized. Of 

different reasons sodium has a positive impact on the CIGS layer and this will be examined more in 

detail below. 

 

As the solar power market grows, the demand for new solutions for different applications increases. 

One of the upcoming CIGS solutions right now is flexible solar cells that are easier to mount on to 

things and also easier to carry with you. The cells can also be made lighter without a glass sheet as 

substrate. In line with flexible cells the trend for substrates heads for the use of metal foil and 

plastics. 

 

These new cell designs still need a sodium source to deliver the requested efficiency. This issue of 

design has been dealt with in different ways, but so far the alternative designs of a sodium source 

have not reached the easiness and effectiveness of the SLG one. 

 

The need of cell manufacturing on sodium free substrates leads to the question: can a normal 

molybdenum back contact be designed to deliver the required sodium? 
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1.2 Purpose of this study 
 

The purpose of this study is to design an alternative back contact for CIGS solar cells where the cells 

are fabricated on sodium-free substrates. More specifically the task is to evaluate and examine a 

molybdenum-sodium compound as a back contact layer. The sodium in the compound back contact 

is supposed to be a substitute for the sodium source found in regular soda lime glass. The 

performance of the back contact is expected to be equivalent to an ordinary molybdenum contact on 

soda lime glass in the sense of electrical conducting capabilities and sodium transport characteristics. 

 

The molybdenum-sodium compound back contact is made by dc magnetron sputtering from a 

molybdenum target with 5 at % Na. To achieve a well performing back contact the sputter 

parameters and treatment of the back contact layer will be investigated in the pursuit of a design to 

maximize the sodium diffusion from the contact into the CIGS layer.  

 

Today, there are some techniques for deploying sodium close to the CIGS layer when fabricating CIGS 

solar cells on sodium free substrates. Some are used in a commercial sense but they all need extra 

steps in the layer deposition processes. This costs money and time, needs more machines and adds 

complexity to the cell manufacturing process.  

 

The main purpose of the study is therefore to evaluate and investigate how the molybdenum-sodium 

layer (hereafter called “Mo:Na layer”) can be designed to deliver enough sodium to make a highly 

efficient CIGS cell and also that the layer shows good conductivity and adhesion to the substrate. 

 

 

 

1.3 Method 
 

The study has been based on experiments and measurements done at the Ångström Laboratory, 

Uppsala University, Sweden. First a literature survey was performed in the field of CIGS solar cells 

design and construction needs, where also the effect and characteristics of sodium was investigated. 

 

A practical introduction then followed involving the processes of making CIGS cells exploring what 

parameters that can be varied to optimize the new back contact. Complete cells were fabricated in 

the laboratory and characterized. Electronic, structural and material characteristics were all of 

interest.  

 

The different characteristics were analyzed by current-voltage (IV) measurements, quantum 

efficiency (QE) measurements and secondary ion-mass spectroscopy (SIMS). More information about 

the measurement techniques is given in the theory part and in the experimental one. The 

experimental cell series were optimized by using a computer program for design of experiments 

called JMP. This program helps to arrange the experimental solar data in a useful way and connects 

the different parameters to each other.  
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The experimental part of the study involved sputtering, co evaporation and chemical deposition 

processes. All manufacturing was done in a clean room laboratory. This environment ensured 

minimal dust interference between the different layers. Complete solar cells were fabricated from 

cleaning of substrates to deposition of the grid electrodes for the electrical contact. In total the cell 

fabrication process involved seven different fabrication steps. 

 

In this project the back contact will be the only layer that is varied throughout the first test series. All 

the other layers are processed in line with the Ångström Solar Center “baseline” process. More 

information about the baseline concept will follow below.  
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2 Theory 
 

This chapter contains theory necessary for this study. First the photovoltaic effect is described, then 

the CIGS solar cell is briefly touched, more information on the fabrication of cells and the function of 

the different layers are found in the experimental section. In addition to the practical description of 

the cell, theoretical equations explaining the measurements done are introduced. At the end of this 

chapter the influence of sodium on the CIGS layer is discussed. Focus also turns to the back contact 

layer and the important characteristics of it. 

 

 

2.1 The photovoltaic effect and conversion  
To make electricity from light the photovoltaic cell uses a pn junction (figure 1) which is built up by 

semiconductor materials. The semiconductor material absorbs the incoming photons and the 

captured energy excites electrons from the valence band to the conduction band. The excitation of 

an electron leads to that a positively charged hole is created; the electron and its hole are referred to 

as an electron-hole pair. The absorption of photons is determined and controlled by the band gap. If 

the photon has the same energy or higher than the band gap the photon is, most of the times, 

absorbed and an electron hole pair is created. The CIGS compound used in this work has a direct 

band gap of roughly 1.18 eV and is used as the absorbing layer in the cell. The band gap value varies 

depending on the composition of the different components (Cu, In, Ga, Se).3 The voltage output of 

the cell is determined by the band gap of the absorber and losses in the solar cell. The photocurrent 

is dependent on the amount of absorbed photons in the solar cell. All the other different layers 

involved in a CIGS cell captures photons at different wavelengths but without contributing to the 

photocurrent.  

 

When in the conduction band the electrons are free to move in the material.  At the pn junction, or 

more specifically in the depletion region (called “space charge region” in figure 1), an electric field is 

created from the differences in doping of p- and n- doped materials. In a CIGS- cell, ZnO and CdS 

constitute the n doped side and the CIGS layer is the p doped side of the junction.  

 

The electric field collects and separates electrons and holes. Electrons are forced to move to the n 

doped side and holes are transported to the p side. Because of a phenomenon called recombination, 

the electron-hole pairs have a limited diffusion length in the material. Electron-hole pairs created 

further away from the field than a diffusion length, do not in average contribute to the current.  
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Figure 1: Showing the pn junction between two semi conductive materials with a p and n doped side. 

When a solar cell is operative electrons end up on the n side, holes on the p side, of the junction and 

the space charge region acts as a barrier who separates electrons and holes.6 

 

 

The separating force of the pn junction leads to charge accumulation on both sides of the junction 

and thereby a difference in electric potential. If an electric load is connected to the solar cell, the 

electrons will flow from the negative electrode through the load to the positive electrode. Thereby 

power is used by the electric load. 

 

2.2 CIGS solar cells 
 

2.2.1 Background 

Although solar cells have a lot of different designs, they use the same basic physical principle. The 

CIGS technology accounts for a small but growing share of the world market of solar cells and in this 

study the CIGS solar cell design is of interest and it is therefore this design that will be described 

below. 

 

The first characterization of the compound CuInSe2 was done by Hahn in 1953 but several other 

groups were also characterizing these materials at the same time. In the early 1970 Bell Laboratories 

completed the first CuInSe2 solar cell and after some optimization the cell efficiency increased to 12 

%, measured under outdoor illumination.5  

 

Boeing entered the scene of thin film solar cells with a focus on the Cu(In,Ga)Se2 compound. During 

the 1980s Boeing made some important improvements in cell efficiency. Manufacturing issues were 

investigated as plans of scaling up serious production lines were present. The increase in efficiency 

came from an increase in the absorber band gap. This came from the introduction of gallium and the 

use of SLG with sodium in diffusion into the CIGS which gave improvements of the junction with 

better operational voltage and current collection as a result. Even though Boeing used SLG as 
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substrate material, the improved efficiency was not assigned to the presence of Na, but to the better 

matched thermal expansion of the SLG. 

 

A CIGS solar cell is based on thin film technology and the absorber layer is formed by a chemical 

reaction between by Copper, Indium, Gallium and Selenium (Cu (In, Ga) Se2). The cell has a hetero-

junction between the p- and n-doped materials. The CIGS absorption coefficient is as mentioned 

large making the needed thickness of the CIGS layer minimal. A thickness of 1.5 µm is normally 

enough for complete absorption of the available light. 

 

Usually a CIGS cell is built on a substrate, commonly used is glass but at present, other substrates as 

metal or plastics are becoming more common. The most used glass is ordinary SLG which contains 

large quantities of sodium. SLG has a very flat and uniform surface to build on. As said above SLG and 

the CIGS compound have the same thermal expansion coefficients which reduces defects that may 

occur when the material is heated and cooled. 

 

The solar cell during operation has a positive and negative contact. It is fabricated from different 

materials, which are deposited in very thin layers on a substrate. Figure 2 presents the basic layout of 

a CIGS cell and in the experimental section the different layers are described and the fabrication 

steps explained. 

 

 
Figure 2: CIGS solar cell structure7 

 

 

2.2.2 Baseline 

During the experiments an inline structure has been used. “Baseline” refers to a set of process 

conditions during fabrication which enables reproducible device performance. Apart from the 

experimental variation of the back contact and the above described temperature differences in the 

CIGS process the other layers are kept constant throughout the study. This makes it easier to see 

characteristic changes in the cell that can be related directly to the back contact compound. The top 

contact, CdS layer and the CIGS layer are all processed in line with the baseline concept at the 

Ångström Laboratory.  

 

Throughout the study this baseline structure was held like shown in figure 3. 
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Figure 3: SEM picture of a CIGS cell with layer thicknesses of the baseline concept. 

 

This layer configuration has developed during years of optimization of the baseline concept at 

Ångström Laboratory. The baseline concept creates a possibility to compare different ideas and 

structures in an easy way, and it also speeds up the fabrication processes. 

 

2.2.3 Losses in the cell  

Losses found in a CIGS solar cell depend on the different characteristics of the layers involved. As 

mentioned above, photons with energy greater or with the same energy as the band gap are to some 

extent absorbed by the CIGS layer. Photons with less energy are lost since they will not be absorbed 

in the material. On the other hand, photons with higher energy than the band gap will create only 

one electron-hole pair independently of the excess energy. The additional energy is then lost as heat 

in the cell.  

 

Recombination of electron-hole pairs before they are separated by the pn junction is a loss that is 

determined by diffusion length in the material and the quality of the junction. This loss is thought to 

be reduced in the presence of sodium.  

 

Defects causing shunt currents can occur when the different layers are inhomogeneous and for 

example have holes. These kinds of defects may kill the cell completely by creating a short between 

the front and the back contact.   

 

The purpose of the front and back contact is to have as good conducting capabilities as possible 

without disturbing other processes in the cell. The front contact layer should have as good 

conducting properties as possible but should also be as transparent as possible. Thicker front contact 

(ZnO:Al) gives better conductivity but worse transparency for light. The back contact should also 

provide a good adhesion and conducting capabilities while letting through sodium. 

 

Some of the photons are lost due to reflection at the surface of the cell. This loss can be minimized 

by antireflective coating. 
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2.2.4 Modules  

A test solar cell, which has been used throughout this thesis, produces a low voltage and a low 

current, due to the built in properties of the materials and the fairly small area. When CIGS cells are 

built in a commercial purpose cells are put together to form CIGS solar cells modules. This is done to 

get a useful voltage, cells are connected in series and the total cell area is then increased by merging 

the area of the different cells. The connection between the cells is made up by three scribes as the 

picture below shows. This creates cells and isolates them from each other. As seen in figure 4 the 

front contact is deposited after the P2 patterning step in a way that allows a connection with the 

back contact for the next cell. This gives a series connection between the cells which increases the 

voltage. The P1 and P3 scribes are for electrical isolation, between the back (P1) and front (P3) 

contacts, respectively. Modules has not been fabricated during the study.  

 

 
Figure 4: Series connection CIGS cell modules, P1, P2 and P3 stands for the three scribing operations.8 

 

 

2.3 The impact of sodium on the CIGS layer  
Nowadays it is widely known that sodium plays a vital role in taking the efficiencies of CIGS solar cells 

to the extreme. This has not always been the case, it was not until researchers started to use soda 

lime glass as substrate for the CIGS solar cells that they started to see higher efficiencies when 

sodium was present. Since the discovery of the major influences of sodium on CIGS layers there has 

been significant research in the field and some questions have been answered. Still, there are 

uncertainties and there is not a comprehensive and accepted model/description of all the 

mechanisms involved.  

 

As said in the beginning of this thesis, other alkali metals such as Li, K, and Cs could also be 

contributing to higher efficiency in the cell but results have shown that Na is the most useful one. 

These substances are highly reactive. When using a SLG, a mixture of alkali metals and other 

impurities are reaching the CIGS layer and their combined impact on efficiency is not well known.  

 

The beneficial effects appear already at small amounts of sodium and an excess does not seem to 

significantly decrease the efficiency.9 Another view of the situation when there is an excess of 

sodium in the absorbing layer is shown in some studies revealing a decreasing efficiency of the pn 

junction and risk of other defects causing increasing leakage current.11 

 

The amount of sodium given by a soda lime glass is thought to be close to optimal. It usually gives a 

concentration of about 0.1 % sodium in the CIGS layer.10 The sodium in the CIGS layer increases the 

effective p doping of the layer which in turn has been showed to improve the open circuit voltage 
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(Voc) and fill factor (FF).11 Voc and FF are two solar cell characteristics parameters and they will be 

explained more in detail below. 

 

The general description of sodium effects on CIGS layers is that it changes the structural and 

electrical properties for the better. Cells built on sodium free substrates and without added sodium 

usually have efficiencies of 8-10 %. 

 

Sodium impurities in the CIGS layer lead to larger grains and a more flat top surface of the layer. 

These effects are also highly depending on how the CIGS process is designed. After the CIGS layer has 

been deposited most of the sodium is located at the grain boundaries and it will also precipitate at 

the surface. The films with sodium are more compact with fewer voids and crevices.10 It is suggested 

that sodium helps the other substances (Cu, In, Ga, Se) to find their way to the right lattice site during 

the CIGS growth. This reduces the defects that can occur.12 It has also been observed that the cell 

performance is more homogenous and unchanged throughout a wider range of Cu concentrations.13 

As the CIGS film grows in the vicinity of sodium, Na atoms have also been reported to occupy the Cu 

sites in the CIGS layer.10  

 

When it comes to sodium effects on the electrical properties there are many different proposals to 

how these mechanisms work. The observations show improvements in conductivity and net carrier 

concentrations. The higher conductivity is believed to emerge from Na atoms presence at the 

boundaries, which become passivated. Voc has also been suggested to increase by a higher net 

carrier concentration given by the incorporation of sodium into In or Ga lattice sites.14 Here the 

suggested description of the mechanism is that sodium on indium or gallium sites will act as 

acceptors, thereby increasing the p-type doping. The effect of sodium in CIGS is still debated and 

there are many other possibilities for defect formation.15 

 

As mentioned above the Voc is improved with some amount of sodium in the CIGS, the FF increases 

as well but Jsc (short-circuit current) is not experiencing any major change. In some cases a small 

increase in the Jsc has been observed which can be correlated to an increased depletion region 

width.9  

 
In summary, all these effects of sodium lead to higher cell performance by higher Voc and FF. 

 

 

2.4 Ways of deploying sodium to the cell 
As mentioned above Na has an important role in the growth and structure of the CIGS layer and 

there are different methods for “delivering” Na to the CIGS layer. The most common method uses 

out-diffusion of sodium existing in ordinary soda lime glass. The sodium diffuses through the 

molybdenum layer and into the CIGS layer (figure 5.a). 

 

Another well known method is to put a sodium containing layer, usually a salt containing sodium, 

somewhere close to the CIGS layer (figure 5.b). Usually NaF is deposited on the back contact. This 

technique is widely used and is today the most common one on flexible substrates as metal foil or 

plastics which are sodium free.  
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Experiments with co-evaporation of Na together with the other CIGS components has been done but 

with mediocre results. Here NaF, NaSe, NaF or metallic Na is present in the chamber during the CIGS 

deposition process (figure 5.c). Co-evaporation of sodium has been leading to a very rapid 

precipitation of grains and thereby small grain sizes and porous CIGS layers.9 The reason why co-

evaporation is not working can probably be attributed to poor control of the co-evaporation which in 

turn leads to excessive amounts of NaF. Since NaF has to be dissociated into Na and F during the CIGS 

evaporation, excessive NaF evaporation will probably lead to incorporation of NaF in the CIGS film. 

Probably, co-evaporation of Na in a less stable compound or elemental Na would work better. 

 

Sodium treatment after the CIGS process are also possible, this method gives fairly good results 

(figure 5.d).9 

 

 

 
Figure 5: Common deposition techniques. (a) Passive diffusion (SLG), (b) Layer containing sodium, (c) 

Co evaporation, (d) Post treatment, (e) Sodium doped Molybdenum.9 

 

 

Molybdenum/Sodium (Mo:Na- back contact) 

As stated above in the purpose description of the study the purpose of this study is to design an 

alternative back contact for CIGS solar cells based on a molybdenum-sodium compound. This method 

is not widely used but has potential to be if it can, in an easy way, be incorporated into existing 

production lines and if the cells are to be fabricated on sodium-free substrates. The method is 

described in figure 5.e. The film is sputtered similarly to an ordinary molybdenum back contact and 

serves as a conducting layer and a sodium source. This layer can be deposited in many forms under 

the CIGS layer. Other studies have been done in the field of Mo:Na layers and it has been shown that 

it is possible to use this compound to increase efficiency of CIGS solar cells.12  

 

 

2.5 Back contact layer 
To optimize the back contact layer Na transport capabilities are of great interest. The structure of the 

back contact layer has a major effect on how the CIGS layer grows and what the final cell will look 
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like. As briefly described above, the back contact is usually built up by molybdenum and acts as the 

positive contact in the cell. Molybdenum has silver like appearance and it has the sixth highest 

melting point of all elements. 

 

The layer is supposed to posses good conductive capabilities but in the cell it also has other functions 

during the manufacturing process and during the cell life time. One important thing is high adhesion 

to the substrate, this calls for low stress in the deposited layer. Stress can arise from either intrinsic 

or extrinsic factors. For the back contact this means; stress on the atomic level due to certain sputter 

parameters (intrinsic) and/or thermal expansion differences (extrinsic) between substrate and the 

molybdenum layer. 

 

Intrinsic characteristics in the layer are influenced by the pressure present during the sputtering, a 

low sputter pressure gives compressive stress and a high sputter pressure tends to produce tensile 

stress.10 The thickness of the layer is also one parameter that strongly affects stress and thereby the 

adhesion.  

 

Since the molybdenum thermal expansion coefficient is lower than that of the glass substrate, 4 

ppm/K as compared to 8-9 ppm/K, a certain degree of compressive stress induced by a low sputter 

pressure may be advantageous15. Thereby the intrinsic compressive stress can take up part of the 

thermal stress induced by the heating and cooling of the substrate during deposition.  Since the glass 

substrate will govern the thermal expansion (due to its high thickness in comparison to the Mo layer) 

and since the CIGS has comparable thermal expansion to SLG, the adhesion between CIGS and Mo on 

this type of substrate is normally not a problem. 

 

When depositing on substrates as SLG or for example flexible plastics substrate the molybdenum 

layer may reduce in diffusion of impurities into the CIGS layer, which is beneficial. A less beneficial 

effect is that sodium in-diffusion may also be limited by the Mo layer. The Mo layer is thought to 

have columnar structure of the grains and these grains are at times extending from the bottom to 

the top of the layer.10 An electron microscopy cross section of a Mo layer with a Mo/CIGS interface is 

shown in figure 6 below. 

 

 

 
Figure 6: Scanning electron microscopy image of a Mo layer with a CIGS/Mo interface. Here the 

Molybdenum grains can be seen. 16 

 

After the molybdenum layer has been deposited the next step is CIGS deposition. The Mo/CIGS 

interface is of importance for high efficiency cells. During the first phase in the CIGS deposition a thin 
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layer of a few nm of molybdenum - selenide is formed on the molybdenum surface and this 

compound is believed to contribute to an ohmic contact between the molybdenum and the CIGS 

compound. 10 

 

Another good characteristic of molybdenum is that the metal is not corroded by the selenium in the 

gas phase during deposition; the metal is fairly un-reactive and stable which is important for the 

process.5 

 

The oxygen content in the molybdenum film has been a hot candidate to explain the influence of the 

diffusion characteristics for sodium. Oxidized grain boundaries are thought to posses good transport 

properties of sodium from a SLG and into the CIGS during growth. Studies show that Mo layer 

without or with only small amounts of oxygen have worse transport characteristics than layers with 

oxygen.10 Too much oxygen will create high resistivity and other problems which will reduce the 

efficiency of the cell.10 

 

Another thing worth to mention is the increased diffusion capabilities with a higher sputter pressure 

during the deposition of Mo. The higher sputter pressure leads to tensile stress which is thought to 

produce columnar grains and intercrystalline voids.10 A structure like this has a higher amount of 

oxygen bonding sites which gives the layer better sodium diffusion capabilities. 

 

Sheet resistivity of the molybdenum layer is also of interest and it is measured in ohm per square 

(ohm /sq). This is a measurement of the conducting capabilities of a layer. Low sheet resistivity gives 

good conductivity and high sheet resistivity the opposite. Resistivity is obtained by multiplying the 

sheet resistivity with the thickness of the molybdenum layer. Resistivity is not depending on the 

thickness of the Mo layer, whereas the sheet resistivity will be lower for a thicker layer and higher for 

a thinner layer. A low resistivity of the Mo layer can therefore by compensated for by increasing the 

layer thickness. 
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2.6 Solar cell characteristics  
 

2.6.1 IV  

IV stands for current voltage and it gives information about the electrical performance of a solar cell. 

The measurement results in a IV curve (figure 7). The open circuit voltage (Voc) gives an indication on 

the voltage characteristics of a cell. Short circuit current (Jsc) gives the current characteristics. 

 
Figure 7: IV curve. The section called “light” represents the cell operating under 1.5 AM condition 

(1000 W/m2). The dark curve represents the dark measurements which gives information about other 

characteristics of the cell which can be useful. 

 

 

The voltage and current characteristics of an illuminated solar cell can be described by the diode 

equation9. This equation describes the current a cell produces. This current is built up by 

counteracting currents that flow through the diode. 

 

                         
  

   
          

 

 
J = total current 

JD = dark current 

JL = photon generated current 

J0 = dark saturation current 

n = diode ideality factor (material characteristics) 

T = temperature 
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k = Boltzmann’s constant 

q = electrical charge 

V = voltage 

  

If the current J = 0 in the diode equation above, the open circuit voltage can be described by:  

 

     
   

 
   

  

  
     

 

The Voc is depending on the material band gap, Eg, and increases linearly for a CIGS solar cell as the 

band gap increases but only to a certain level, where the increase becomes non linear. The band gap 

increase can be obtained by increasing the Ga /(Ga+In) ratio in the CIGS layer. 

 

When the circuit or the cell is connected in the short circuit mode the V in the diode equation is set 

to 0. This gives a short circuit current similar to the photo generated current.  

 

               

 

The short circuit current is depending on the absorption coefficient, collection efficiency and the 

incoming photon flux. 

 

The fill factor is the ratio between the product of Voc and Isc and the maximum output. In the IV-

graph it can be obtained by calculating the ratio between the areas of two rectangles. A high value 

for the fill factor is a prerequisite for a high efficiency since the maximum power point will be close to 

the maximum voltage and current values.  

 

 

    
         

       
 

 

 

Energy conversion efficiency is described as: 

 

 

  
         

   
 

          

   
 

 

 

Pin is the total energy to strike the cell. In the measurements it is the intensity from the solar 

simulator lamp. 

 

 

2.6.2 QE  

The quantum efficiency (QE) of a solar cell is a defined as the percentage of incoming photons hitting 

the solar cell surface that result in electrons, which are collected at the contacts and thereby 
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contribute to the photocurrent. As said above, only photons with greater or the same energy that the 

CIGS band gap are absorbed, photons with less energy are lost and the QE diagram shows which 

wavelengths that are not contributing to the photo current (figure 8). This diagram is to some extent 

a good indicator of the losses in the solar cell. 

 

 
 

Figure 8: QE measurement, showing a SLG reference cell. Full absorption and conversion of photons 

to electrons are represented as quantum efficiency 1. In the picture the reference cell reaches 0.9 in 

efficiency for a wavelength of 600 nm, this shows that 90 % of the photons with that specific 

wavelength are absorbed and are contributing to the current. 

 

In figure 8 one can see that photons with wavelengths greater than roughly 1200 nm have too little 

energy to excite an electron over the band gap. For small wavelengths we can see that the CdS layer 

starts to absorb electrons, this happens for wavelengths below 500nm (corresponding to the 

bandgap of CdS of 2.4 eV). The conversion is never 100 %, this is due to surface reflection and other 

losses in the structure of the cell such as optical absorption in the ZnO:Al layer. 
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3 Experiments 

3.1 Experimental set-up 
The experiment plan is designed by the different parameters that can be varied in the sputtering 

process. First a test series was performed with the purpose of learning the deposition methods and 

to investigate if the new sputter target with sodium was not causing any problems in the sputter 

process. The test series showed that the target worked well in the sputtering and that the layer had 

as good adhesion to the substrate as the normally used Molybdenum one.  

 

Under this section some of the practical fabrication results will also be presented along with 

problems encountered during the study. An experiment series is built up by roughly 6 substrates 

which have different parameter set ups. Each substrates houses up to 16 solar cells. 

 

 

The plan was designed as follows: 

 

First evaluate the sputter parameters and how they affect the layer and the cell efficiency using the 

following approach:  

 

 Oxygen mixing during the layer deposition 

0-18% of oxygen in the gas mixture, rest is Ar. 

  Pressure in the chamber 

3-10 mTorr  

 Sputter power  

1000-2000 W  

 Preheating of substrate before sputtering 

25-250 degrees Celsius 

 Thickness  

250-600 nm 

 

Due to the purpose of this study and to be able to draw some serious conclusion about the sodium 

delivering capabilities of the layer, the cells needed to be fabricated on substrates which did not emit 

sodium but were in every other sense similar to the normally used substrates. The substrates used 

were therefore soda lime glass with a sodium diffusion barrier made of Al2O3. The purpose of the 

barrier was to stop the in- diffusion of sodium and other alkali metals into the CIGS layer. The barrier 

had a thickness of approximately 250 nm. 

 

By evaluating the electrical characteristics of solar cells made on the Mo:Na layers, the best process 

sputter process was determined. Then the next parameter to change was the CIGS deposition 

process temperature. The temperature was raised from 450 to 640 degrees Celsius which is too high 

for using SLG and therefore ceramic sintered aluminum oxide substrates were used. At these 

temperatures an ordinary SLG substrate melts.  

 

 Temperature increase (from 450 to 640 degrees Celsius) 
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Two of the last series were fabricated on substrates of solid Al2O3. This was due to some experienced 

problems with the Al-oxide barrier. The barrier seems to suffer from leaks which of course interfere 

with the purpose of this study. The leaks let sodium through from the SLG to the CIGS layer, creating 

a situation where it is impossible to say how much sodium that really comes from the Mo:Na film. 

The solid aluminum oxide substrates on the other hand contain no alkali metals and the results from 

these substrates will therefore give a clear indication on how the Mo:Na layer is performing. The 

disadvantage of using aluminum oxide substrates is the different surface structure as compared to 

soda lime glass. The thermal expansion coefficient however is similar to soda lime glass and to the 

CIGS compound. 

 

To control that the cells had been built roughly with the same characteristics and following the in- 

line configuration between the different series, a SLG reference cell was always added to every 

round. This reference cell was constructed after the solar cell group baseline concept. 

 

To get a reference method in deploying sodium and to see if we had too much or too little sodium 

available a NaF deposition was made. This deposition was done on substrates which already had 

received a layer of Mo:Na and by this we are able to increase the amount of sodium present at the 

CIGS deposition. NaF was deposited by thermal evaporation from a tungsten boat containing NaF 

which was heated up in vacuum.  

 

Due to the experienced problems with the diffusion barrier a sodium free glass was use in one 

experiment. This type of glass is completely sodium free but holds a fair amount of potassium. It is 

unclear what roll potassium has in the cell but it is believed to have similar effects as sodium but that 

the influence should be less.  

 

3.2 Fabrication of CIGS devices in this study 
As said earlier, all the processes are performed in the clean room laboratory at the Ångström 

Laboratory. It is a laboratory where the air is constantly filtered and cleaned to ensure a low content 

of particles in the air and on the workbenches where the cells are handled. Personnel are also 

wearing full covering overalls to minimize human particles. 

 

To start with, the substrates go through a cleaning step where they are washed with both soap and 

ultrasonic treatment. Here the surface that is to be coated gets completely free from grease and 

particles. 

 

The next step is to deposit the first layer, the back contact. This deposition is done with a MRC II DC 

magnetron sputtering equipment. The equipment uses the Mo:Na target which this study is built on 

and the sputter process is described in figure 9. As a sputter machine operator, one can control 

parameters which affect the layer being deposited. The parameters are: sputter power, Ar pressure 

during sputtering, preheating of the substrates, gas mixture in the chamber and layer thickness. The 

sputter process is shortly described below. 



 

19 
 

 
 

Figure 9: Sputter process illustration.17 

 

DC Magnetron sputtering techniques uses ion bombardment on a target to knock out atoms from 

the source. The ions and the plasma are created by applying voltage to a low pressure gas mixture in 

the presence of a magnetic field. In the MRCII sputter, the magnetrons are placed just behind the 

targets. Argon gas is the most used sputtering gas and is also used in this work but other mixtures 

exist. In this study oxygen is introduced in the sputter chamber together with Ar with the intent to try 

to optimize the deposition for the stated goal of the thesis, i.e. high release of Na from the Mo:Na 

layer.   

 

When the argon atoms become ions and when the ions move to the surface of the plasma, they will 

be accelerated from the positively charged plasma towards the target which is at lower potential. 

This is due to the powerful field close to the target. When the Argon ions hit the target surface their 

energy is transferred to atoms of the target. These atoms, molybdenum atoms or sodium atoms are 

then knocked out and emitted in all direction in the chamber. Some of these atoms will then 

condensate on the substrate and a thin film is being built up. 

 

When the back contact is finished the CIGS layer, who is the absorbing layer in the cell, is the next. 

The CIGS film is deposited with the use of vacuum co-evaporation. Cu, In, Ga and Se are evaporated 

from separate sources in the vacuum system and the power to the sources can be controlled to 

obtain different concentrations of the elements in the chamber atmosphere. The CIGS layer is 

approximately 2μm thick. The growth and structure appearance of the layer is, as mentioned above, 

highly affected by the presence of sodium.  

 

During this study a vacuum system called BAK has been used. It usually operates under a pressure 

close to 1*10-6 mbar. This machine is connected to a control unit where different evaporation 

profiles can be designed, the profile used in this study is shown in figure 10 and 11 below.  
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Figure 10: A schematic picture of an evaporation program are shown, here the deposition rates and 

the temperature is presented. The program length is approximately one hour and fifteen minutes. 

 

 

 
Figure 11: Temperatures during the CIGS deposition. Black line represents the substrates temperature 

and the grey line represents the selenium temperature. The actual substrate temperature is 

approximately 100 degrees Celsius lower than what shown in the graph due to the measurement set 

up.      

 

 

During the CIGS process the evaporated species will react on the sample surface to form the CIGS 

compound. Since the evaporation is performed in vacuum, almost no other elements than the CIGS 
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ones are present in the vacuum system. Therefore the purity of the CIGS layer can be high. Typically 

the highest substrate temperature during a CIGS process is about 540 degrees C, but in one 

experiment also a higher temperature was used. Selenium is evaporated in excess and the selenium 

source is controlled by temperature. 

 

To form an effective junction between ZnO and the CIGS layer, the CIGS layer is covered with a thin 

layer of CdS. This is done by a chemical bath consisting of ammonia, cadmium acetate and thiourea. 

The solution is heated to approximately 60 degrees Celsius and the substrates stay in the bath for 

approximately 8 min. The thickness of the CdS layer is roughly 50 nm. CdS is toxic and therefore this 

step is done in a fume hood with extra care. 

 

To complete the pn junction a highly resistive ZnO layer (100nm) is sputtered with an rf magnetron 

sputter equipment made by Von Ardenne using Ar as sputter gas. In the same run a top contact layer 

ZnO:Al , with a thickness of about 300 nm is deposited. 

 

A current collection grid is evaporated through a shadow mask by electron gun evaporation in 

vacuum. The layer configuration is set to Ni (50 nm) – Al (2 µm) – Ni (50nm). This machine operates 

under a pressure of about 1*10-6 mbar. 

 

To isolate the front contacts of the cells from each other for measurements a scribing is performed 

using a hard metal tip. This hard metal tip defines cells with areas of 0.5 cm2 but it does not damage 

the molybdenum layer due to the hardness of this layer. Thus the cells are connected on the back 

contact but separate at the front contact, enabling easy contacting for the measurements. 

 

3.3 Molybdenum sputter target with sodium 
As stated above, the target used in this study is manufactured by a company in Austria called 

Plansee. The target has a composition of 5 at% sodium in the form of sodium molybdate and the rest 

consists of molybdenum. An impurity level of <20ppm per element ensures the elemental purity of 

the layers. Compared to a normal target this one comes with a higher price but is installed and 

operated similarly to a target without sodium. 

 

Due to the atmosphere inside and construction of the sputter system the content of sodium in the 

molybdenum layer on the substrate is possibly not the same as in the target.  Plansee estimates that 

the percentage of sodium in the film only reaches 1-1.5 at. % for a target with 3 at. % sodium in the 

molybdenum target. As said earlier the compound used in this study had 5 at. % in the target and we 

assume that the Mo:Na layer consist of roughly 2-2.5 at. % sodium. 

 

3.4 Measurements 
All measurements done during the study have been performed at the Ångström Laboratory. Every 

cell- series passes X-ray fluorescence analyze (XRF) where the CIGS composition is determined. This 

gives a good insight into how the CIGS deposition process step has been performed. To measure the 

thickness of layers a profilometer is used. It has a thin needle that rides on the surface and register 

altitude changes.  
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The IV measurements have been done with a halogen lamp with a cold reflector in an intensity 

corresponding to 1.5 AM illumination (1000 W/m2) and the substrates are constantly cooled to keep 

a temperature close to 25 degrees Celsius. Due to the mismatch between the solar spectrum and the 

halogen lamp solar simulator the current density has been corrected by using the integrated current 

from external quantum efficiency (QE) measurements. 

 

The QE measurement set-up consists of a unit that produces light with a single wavelength and an 

electrical measurement unit which investigate the arisen current from the given wavelength. To get a 

hint of the cell performance and a QE signature the wavelength given to the cell is altered 

throughout the solar spectrum (300-1400 nm).  

   

SIMS analysis gives a depth profile of what a compound is built up by, it is widely used in material 

science and is a very useful tool when working with thin films. It uses a beam of primary ions to 

sputter the surface of a sample. This process digs a hole in the sample and then a mass spectrometer 

investigates the secondary ions thrown up by the sputtering. The process can be seen as digging a 

hole and analyze what is coming up from it.  

 

The process is run in a high vacuum environment which ensures low interference from other 

particles in the chamber. Oxygen ions are often used as a primary ion source due to its fairly non-

reactive behavior which suits the analysis set up. Graphs given by the SIMS analysis in this thesis are 

presented with sputter time on the x-axis and atoms per cm3 on the y-axis.  

 

In the resulting plots the different substances of interest and their amounts are presented. Here the 

amount is given in a logarithmic scale and a linear profile in a logarithmic plot correlates to an 

exponential increase. If the Na has an exponential increase towards the interface between the 

substrate and the back contact, one can interpret this as indicative of a diffusion limited Na supply. A 

flat appearance of the graph indicate that the concentration of Na is less varying throughout the 

layer, this could be an indication the there has been less diffusion through the layer.  
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4 Results 
 

First a complete summary of the different experiments and their IV results are presented in table 1, 

and then the QE and SIMS measurements results follows. After the results presentation the different 

experiments are addressed and discussed.  

 

The adhesiveness between the Mo:Na layer and the layers around was similar to a normal 

molybdenum back contact. This was tested through scribing of the layer and by visual inspection. 

Also the sheet resistivity of the Mo:Na layer was similar to the molybdenum one. 

 

Comment to the experimental results: 

As said above in the experimental section; during the process of making the cells, indications of non 

functional barriers have come up. At one occasion the barrier was completely gone and at other 

times the barrier was leaking. As a consequence of this, the results of the first cell series built on SLG 

with barrier has to be interpreted with care. When the barrier is leaking, sodium atoms diffuse in to 

the CIGS layer and it is difficult to draw any conclusions about how the Mo:Na layer is performing.  
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4.1 IV results 
 

Table 1: Solar cell results (IV measurements). Series where the diffusion barrier is thought to have 

failed, experiment 2 and 4, are not included. The data presented in the table represents the best cell 

of the 16 cells found on every substrate.  

 
 

 

 

Cells have been built completely without sodium and the efficiency then reaches 8-9 % (experiment 

no 6.6 and 6.12). The reference cells (SLG) have had efficiencies between 13.2-15.4 %, on average 

14.2%. Cells with Mo:Na layer on Al2O3 substrates have a mean efficiency value of 11.6 % 

(experiment no 6). When the CIGS process was changed to a high temperature sequence the 

efficiencies of the Al2O3 based cells were increased to 13.3 % (experiment no 7.2). 

 

 

 
 

Experimet Substrate Mo/MoNa Power (W) Pressure (mTorr) Thickness (nm) Preheating (°C) O2 (%)  η (%) η/η ref Voc (V) Voc/Voc ref     Jsc (mA/cm2)

No 1 (O2, pressure)

1.1 SLG ref BLMo 300 14,98 1 0,599 1 30,27

1.2 SLG Mo:Na 1500 10 300 18 12,05 0,80 0,561 0,94 32,68

1.3 SLG Mo:Na 1500 6 300 15,24 1,02 0,612 1,02 33,22

1.4 barrier Mo:Na 1500 10 300 18 10,3 0,69 0,491 0,82 32,43

1.5 SLG ref 2 BLMo 300 15,4 1 0,606 1 32,78

1.6 SLG Mo:Na 1500 10 300 13,6 0,88 0,571 0,94 32,88

1.7 SLG Mo:Na 1500 6 300 3 14,2 0,92 0,578 0,95 32,34

1.8 barrier Mo:Na 1500 10 300 10,7 0,69 0,516 0,85 30,63

No 3 (power, preheating, pressure)

3.1 SLG ref BLMo 14,36 1 0,583 1 32,18

3.2 Na free glassMo:Na 1000 6 300 11,72 0,82 0,546 0,94 29,99

3.3 Na free glassMo:Na 2000 3 300 13 0,91 0,561 0,96 30,62

3.4 Na free glassMo:Na 1000 3 300 150 12,91 0,90 0,56 0,96 31,32

3.5 Na free glassMo:Na 2000 6 300 150 10,15 0,71 0,481 0,83 30,35

No 5 (preheating, thickness)

5.1 SLG ref BLMo 300 13,22 1 0,572 1 30,71

5.2 barrier BLMo 300 13,07 0,99 0,56 0,98 31,32

5.3 barrier Mo:Na 1000 3 250 150 12,37 0,94 0,57 1,00 30,21

5.4 barrier Mo:Na 1000 3 250 250 13,31 1,01 0,581 0,00 30,91

5.5 barrier Mo:Na 1000 3 500 150 12,3 0,93 0,538 0,94 31,01

5.6 barrier Mo:Na + NaF 1000 3 250 150 14,22 1,08 0,593 1,04 31,21

No 6 (preheating, pressure, thickness)

6.1 SLG ref BLMo 300 13,26 1 0,596 1 31,15

6.2 Al2O3 Mo:Na 1500 3 250 11,77 0,89 0,569 0,95 30,24

6.3 Al2O3 Mo:Na 1500 6 250 11,24 0,85 0,558 0,94 29,73

6.4 Al2O3 Mo:Na 1500 3 500 11,79 0,89 0,559 0,94 30,05

6.5 Al2O3 Mo:Na 1500 3 500 250 11,82 0,89 0,564 0,95 30,56

6.6 Al2O3 BLMo 1500 8,72 0,66 0,475 0,80 29,78

6.7 SLG ref BLMo 300 13,33 1 0,579 1 30,39

6.8 Al2O3 Mo:Na 1500 6 500 250 11,35 0,85 0,557 0,96 29,74

6.9 Al2O3 Mo:Na 1500 6 250 250 10,9 0,82 0,553 0,96 29,71

6.10 Al2O3 Mo:Na 1500 6 500 11,55 0,87 0,561 0,97 29,56

6.11 Al2O3 Mo:Na 1500 3 250 250 11,56 0,87 0,546 0,94 29,81

6.12 Al2O3 BLMo 1500 9,15 0,69 0,471 0,81 31,17

No 7 (high temp CIGS run)

7.1 Al2O3 Mo:Na 1500 6 500 250 12,97 0,566 32,13

7.2 Al2O3 Mo:Na 1500 3 500 0 13,27 0,582 31,91
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Figure 12: IV curve showing the increase of Voc for the different cell designs. Jsc also experience some 

minor increase.  The Mo:Na cell presented is found in table 1, experiment 6.5 and the sodium free 

experiment 6.6. 

 

As can be seen in figure 12 the Jsc is slightly increased while the Voc experiences a major increase. 

This appearance was expected for the Voc but not the increase in Jsc which should be slightly 

lowered this due to the higher QE efficiency when sodium is not disturbing the pn junction.  

 

 

4.2 QE results 
When fabricating the cells some uncertainties came up concerning the thickness of the CdS layer. To 

get an indication of how the layer was performing in the cell QE measurements were done. The QE 

graph indicated that the CdS layer was within normal conditions. This result is found in the QE 

signature between wavelength 300 – 500 nm. Here the quantum efficiency is low and the reason for 

this is that the CdS layer is absorbing the photons with the mentioned wavelength. All three cells 

presented in the plot have the same QE values in that spectrum and this indicates that the CdS layer 

was within normal limits.  

 

The goal here is to receive a QE signature for the MoNa cell that is similar to a SLG cell one. 
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Figure 13: QE data, sodium effects on the absorption and conversion efficiency. The sodium free cell is 
experiment no 6.6, the Mo:Na cell no 6.5 and SLG cell no 6.1 in table 1. 
 
 
In figure 13 we can see that the QE curve for the Mo:Na cell is far from ideal (SLG like). The sodium 

free cell has a high QE signature and this is due to the undisturbed pn junction which was discussed 

in the teory section. When sodium is introduced to the cell we can see that the efficiency of the pn 

junction is decreased and therefore a lower QE signature. The bad shape of the solar cell with the 

Mo:Na layer may be due to a less good back contact. This was an unexpected result and has to be 

investigated further. 
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Figure 14:  QE signature is showing the “high temperature CIGS run” cell (no 7.2, table 1) and as a 

reference, a SLG cell (no 6.1, table 1) and a Mo:Na cell with the low temperature CIGS process (no 6.5, 

table 1), was added to the plot.  

 
 

4.3 SIMS results 
SIMS analysis was done on CIGS solar cells with Mo:Na layers from the same target as this study is 

built on. Another process for the CIGS layer is used and a substrate with a slightly leaking barrier. 

Therefore we can only use these results to draw conclusions on the relative scale and we cannot 

relate our solar cell efficiency to the Na concentration calculated from the SIMS data. However, by 

examining the SIMS graphs below (figure 15, 16 and 17) one can observe that there is more sodium 

in the CIGS layer of Mo:Na based cells than in cells with a baseline Mo layer without Na, but less than 

the reference with SLG and a baseline Mo layer.  

 

 

The graphs should be read as follows: The CIGS layer is the first to be analyzed and the graph should 

be read from left to right. One can see that the Cu concentration is high in the left half which indicates 

a CIGS compound. On the right half of the plot the Mo- layer is analyzed. 
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Figure 15: SIMS plot, Mo:Na on barrier glass (Sputter parameters for the Mo:Na deposition: thickness 

400nm, pressure 6 mTorr, and 1500W sputter power). 

 

 

 
Figure 16: SIMS plot, Baseline (molybden) on barrier glass (Sputter parameters for the Mo deposition: 

thickness 400nm, pressure 6 mTorr, and 1500W sputter power). 
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Figure 17: SIMS plot SLG reference (Sputter parameters for the Mo deposition: thickness 400nm, 

pressure 6 mTorr, and 1500W sputter power) 
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5 Discussion  
 

Below the different experimental series and their results are discussed. 

 

As can be seen in table 1 experiment 6, the relative efficiencies and Voc for the Mo:Na cells are not 

very far away from the reference cells performance. The Mo:Na cells reached 90 % efficiency and 95 

% Voc compared to the reference cells built on SLG experiment 6 in table 1. The cells built completely 

without sodium gave 67 % efficiency and 80 % Voc compared to their reference (6.6 and 6.12, table 

1).  

 

The IV plot (figure 8) shows that there is a major increase in the Voc value by using the Mo:Na 

compound as compared to a sodium-free case.  From table 1, no 5.6, results show that the cells 

reach higher efficiency if we add NaF on top of the Mo:Na layer. The substrate with NaF (no 5.6) had 

an efficiency of 14.2 % when the Mo:Na cell (no 5.3) gave 12.37 %. This is an indication that the 

Mo:Na compound is delivering too little sodium. The result correlates with the SIMS analyses which 

show lack of sodium in the CIGS layer.  

 

When looking at the SIMS results the reference cell has a profile for the Na content in the Mo layer 

and the Na concentration increases linearly towards the glass/Mo interface. As said earlier this 

corresponds to an exponential increase of the Na content in the Mo layer, which in turn gives 

indication of a Na supply who is diffusion limited. In the other graph displaying the distribution of Na 

in the Mo:Na layer, the Na profile in the Mo:Na layer is more flat and the diffusion component is 

lower. This shows that there is less movement of sodium throughout the layer and we propose that 

Na has a location inside the molybdenum that makes it very hard for it to move around, e.g. in the 

Mo grain interiors as opposed to grain boundaries. 

 

5.1 O2 in chamber during deposition 
Since oxygen in the grain boundaries is believed, as shown in the theory chapter, to help sodium 

diffusion, oxygen was added to the sputtering process in order to investigate if this could help out-

diffusion of Na from the Mo layer to the growing CIGS film. 

 

Due to problems with the barrier on the substrates and an incomplete experiment series, conclusions 

drawn from this part are to some extent uncertain. 

 

O2 was introduced in the chamber and the molybdenum-sodium layer was partly oxidized. The layer 

got a darker appearance and the resistivity increased. When substrates with barrier and a Mo:Na 

layer was produced in an oxygen environment, they showed lower efficiencies than cells without 

oxygen (table 1, experiment nr 1). Here the cells with oxygen gave 10.3 % and oxygen free cells 10.7 

%. On the other hand the cells produced on SLG with the Mo:Na layer showed an increase in 

efficiency with a small amount of oxygen (3 % of gas mixture) but lower efficiencies with a higher 

oxygen content.  

 

The results show that O2 is not helping the Mo:Na layer in releasing more Na. The grain boundaries 

are oxidized and this is expected to help the out diffusion of Na but it can be suspected that the Na in 



 

31 
 

the Mo:Na film is perhaps not located at the grain boundaries. If this is the case, increasing the 

oxygen in the grain boundaries will not affect the Na diffusion but increase the resistivity.  

 

5.2 Sputter power, pressure, thickness and preheating of substrate 
The different variations in sputter parameters produced samples with similar characteristics 

regarding resistivity and adhesion. When the IV data for experiments no 3, 5 and 6 was analyzed 

using the experimental design and analysis program, JMP, the results pointed towards the advantage 

of using low pressure, thick Mo:Na layer and preheating of substrate. These results are best 

presented by experiment no 6 in table 1. What we also can see here is that there is not a major 

difference among the different parameter set-ups. The best Mo:Na layer design from this stage gave 

an efficiency of 11.8 % (6.5, table 1) which was 1.5 % behind that of the SLG reference of that run. 

 

Changes in sputter power does not seem to affect the performance of the Mo:Na layer (experiment 

3, table 1).  

 

5.3 High temperature CIGS run  
The objective of this experiment was to investigate if the sodium release could be improved if a 

higher substrate temperature was used in the CIGS deposition process. The results are to be found in 

table 1 experiment no 7. 

 

During this experiment ceramic Al2O3 substrates were used and the Mo:Na layer sputter deposition 

parameters were: low/high pressure (3 and 6 mTorr) and a thickness of roughly 500nm. The 

substrates had been preheated. This sputter process variation was chosen since it showed the best 

solar cell efficiency results during the sputter parameter evaluation (experiment 6.5 table 1).   

 

The Mo:Na layer showed no signs of being affected in a negative way by the high temperature 

treatment during the CIGS co-evaporation.  IV measurements on the cells with the high temperature 

CIGS process reviled a small gain in efficiency and a more homogenous efficiency distribution over 

the different cells on the substrate. Also the QE measurement (figure 9) indicated higher current 

density as compared to substrates with the CIGS layer deposited at lower temperature. It is 

interesting that the Mo:Na layer cell at high temperature has a QE appearance quite similar to a SLG 

reference. 

 

Efficiency of the high temperature cells reached 13.3 % with a Voc of 0.582 V (experiment 7.2, table 

1), these numbers are presented by the low pressure Mo:Na deposition. This was the best Mo:Na cell 

in the study built on a sodium free substrate. 

 

Further experiments are needed to investigate the influence of CIGS deposition temperature on the 

out-diffusion of Na from the Mo:Na layer. Unfortunately, the experiment at high temperature 

discussed above did not include a reference with a baseline Na-free Mo layer. 
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6 Conclusion 
 

The purpose of this study was to design an alternative back contact for CIGS solar cells based on a 

molybdenum-sodium compound. The compound and the sodium in it would hopefully be a 

substitute for the sodium source in a regular SLG. The expected performance of the back contact was 

to receive equivalent electrical conducting capabilities and sodium “delivering” characteristics as to 

an ordinary molybdenum contact on a SLG. Another important characteristic of the Mo:Na layer was 

to receive a good adhesiveness to the substrate. 

 

Experiments show that the molybdenum-sodium compound gives a fairly good sodium contribution 

to the CIGS layer but not enough to produce highly efficient cells. The efficiencies of the Mo:Na cells 

are all lower than the reference cells while the adhesiveness and conduction on the other hand are 

similar to an ordinary Mo- contact layer. As a concluding result from the high temperature CIGS run 

one can say that the high temperature treatment affects the cell efficiency, but it is hard to say how 

much gain that has come from the Mo:Na layer and what has come from other changes in the 

structure. 

 

The fabricated CIGS solar cells with Mo:Na produced 90 % of the efficiency and 95% of the Voc that 

was delivered by the reference cells built on SLG. If one compared this to the sodium-free cells which 

gave 67% efficiency and 80% Voc of the references we get a clear indication that the Mo:Na 

compound is increasing the efficiency. 

 

A lack of sodium is probably one reason why the efficiency is limited in the Mo:Na cells. This could be 

due to the fact that a substantial amount of sodium is found inside the molybdenum grains. The 

results of the experiments with sputter pressure, oxygen and thickness indicates a low amount of 

sodium at boundaries and in the voids. As described in the theory chapter almost all of these 

experiments affect the grain boundaries and the voids, so if there would be large amounts of sodium 

present at the boundaries the experimental results should probably been more varied. The low 

mobility of sodium shown in the SIMS analysis also indicates that the sodium is located inside the 

molybdenum grains. 

 

The conclusions drawn from this study are that the molybdenum-sodium compound helps to 

increase the efficiency of a CIGS solar cell built on a sodium free substrate but it does not deliver 

enough sodium to constitute a substitute sodium source. 

 

Continuation of the study 

One interesting continuation of this study would be to use a Mo:Na compound/target that has a 

higher amount of sodium. This could perhaps lead us to an equivalent SLG sodium source. More 

focus should also be turned to how the molybdenum and sodium atoms interact. Where exactly is 

the sodium atoms located and what can we do to get them to move. 
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