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ABSTRACT

With the advent of the 21st century, one of the serious problems facing mankind is
harmful effects of global warming. Add to that the ever increasing cost of fuel and the
importance of development of clean energy resources as alternative to fossil fuel has becomes
one of the prime and pressing challenges for modern science and technology in the 21st century.
Recent studies have shown that energy related sources account fof @/4otal emission of
carbon dioxide in the atmosphere. All research activities are focused on developing various
technologies that are capable of converting sunlight into electricity with high efficiency and can
be produced using a cesffective proess. One of such technologies is the guBaSe
(CIGS) and its alloys that can be produced using-efisttive techniques and also exhibit high
photcconversion efficiency. The work presented here discusses some of the fundamental issues
related to hig volume production of CIGS thin film solar cells. Three principal issues that have
been addressed in this work are effect of reduction in absorber thickmdesice performance
micrononuniformity involved withamount ofsodiumand its effect on devicperformanceand
lastly theeffect of working distance on the propertiesradlybdenum back contact. An effort has
been made to understand the effect of absorber thickness on PV parameters and optimize the
process parameters accordingly. Very thin (<1 pbgoaber film were prepared by selenization
usng metallorganic selenium source in a conventional furnace and byu3mg Se vapor.
Sulfurization was carried out using,$ gas. Devices with efficiencies reaching 9% were
prepared for very thin (<1 pm) CIG&d CIGSeS thin films. It was shown through this work
that the absorber thickness reduction of 64% results in the efficiency drop of only 32%. With

further optimization of the reaction process of the absorber layer as well as the other layers



higher efficencies can be achieved. The effect of sodium on the device performance is
experimentally verified in this work. To the best of our knowledge the detrimental effect of
excess sodium has been verified by experimental data and effort has been made te twrelat
variation inPV parameter to theoretical modefseffect of sodiumlt has been a regular practice

to deposit thin barrier layer prior to molybdenum deposition to reduce the micrononuniformities
caused due to nonuniform out diffusion of sodium fritva soda lime glass. However, it was
proven in this work that an optimally thick barrier layer is necessary to reduce the out diffusion
of sodium to negligible quantities and thus reduce the micrononuniformities. Molybdenum back
contact deposition is a Hlt#neck in high volume manufacturing due to the current state of art
where multi layer molybdenum film needs to be deposited to achieve the required properties. In
order to understand and solve this problem experiments were carried out. The effect io§ worki
distance (distance between the target and the substrate) on film properties was studied and is
presented in this work. During the course of this work efforts were taken to carry out a
systematic and detailed study of some of the fundamental issuesl telaZ|GS technology and
particular for high volume manufacturing of CIGS PV modules and lay a good foundation for
further improvement of PV performance of CIGS thin film solar cells prepared by the two step

process of selenization and sulfurization aftsgred metallic precursors.
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CHAPTER 1 INTRODUCTION

With the advent of the 2Ycentury, one of the serious problems facing mankind is
harmful effects of global warming. With increasing pollution and the increase in concentration of
carbon dioxide and othgreenhouse gases (methane, nitrous oxide, PFCs, HFCs gntheSF
effect of global warming on climatic changes seems to be multiplying with every passing year.
Add to that the ever increasing costfossil fuel and the importance of development of clean
energy resources as alternative to fossil fuel has becomes one of the prime and pressing
challenges for modern stice and technology in the*2dentury.

Recent studies have shown that energy related sources account for 50% of the total
emission of carbo dioxide in the atmosphefé]. Finding alternative energy sources becomes
the principal path towards stabilization of the greenhouse gas emission. Some of the major
contenders for the alternative clean resources are hydmeldiclal, nuclear, wind and solar
energy. Of all these renewable energy sources, photovoltaic is the most promising one as a future
energy technology. The solar cells and modules are already cost effective in margi@tand
applications in remote lotans. Examples are telecommunications towers, weather monitors,
railroad crossings, forest fire watch towers, water pumping, agriculture, health care, vaccine
refrigerators, village education, farm houses, and consumer products, household appliances, etc.
From the utilities point of view, three of the most attractive advantages of photovoltaic at present
are its reliability, the possibility to provide energy to shave off peak loads in certain areas and
distributed generation. For this purpose, the cophotovoltaic (PV) electricity must be reduced
from the present 230¢/kWh to 68¢/kWh. A photovoltaic generation station 140 x 140 km in

area at an average US location could generate all the electricity needed in the US {2i&\k 10



h/yr), assuming a stam efficiency of 10%, a balanad-systems efficiency of 81% and a
system packing factor of 5092]. Therefore, all research activities are focused on developing
various technologies that are capable of converting sunlighteiettricity with high efficiency

and can be produced using a eeféective process. One of such technologies is the 1GGia

Se and its alloys that can be produced using-effsttive techniques and also exhibit high
photoconversion efficiency. Theesearch carried out on this technology is presented in the
following chapters. In order to improve the performance of the solar cell, it is essential to
understand the semiconductor fundamentals that are discussed in the following paragraphs.
Chapter twodiscusses the materials aspects of CIGS thin film solar cells including the other
layers involved in formation of a complete device. The experimental techniques in terms of the
preparation of the solar cell device as well as the characterization techtiguiesere used in

this research are discussed in chapter three. The study carried out and the obtained results are
presented in chapter four followed by the conclusions and suggestion for some future work in

chapter five.

1.1 Overview of Photovoltaics
The phdovoltaic effect is the process of direct conversion of sunlight into electrical

energy. This effect was first observed by Henri Becquerel in 1839. The major advantage of these
photovoltaic systems is that they tap an almost inexhaustible resource ftieat amnd globally
available. Even though the photovoltaic effect was first observed in 1839, the first practical cell
with an efficiency of 6% was developed by Chapin et al at Bell Labs in [@54Also in the

same year Reynds et al developed a heterojunction CdS/Cadbar cell also with an efficiency



of 6% [4]. There are two main categories of solar cell technologies; crystalline silicon and thin

film.

1.2 Thin Film Solar Cells
Currently the photositaics market is dominated by crystalline silicon; however, the thin

film technologies are slowly increasing their total market share. One of the major reasons for the
interest and development of thin film solar cells is their potential low Muastover silicon is
an indirect bandgap material so the thickness required for absorption of most of the solar
spectrum is 102 0 0 Qnitine other hand, direct bandgap materials require thickness of-only 1
2 em. The thin fil m t ec lssingltechpiguesssuch asevapgoratiop, | e r
sputtering, etc. for large area modules. The designs of most thin film technologies have common
processing techniques so the manufacturing costs are very similar. Hence, the choice of any
technology is based on thactors such as highest achievable conversion efficiency, reliability,
availability of materials and environmental concerns.

At present, research is being carried out on the alloys of amorphous hydrogenated silicon
(arSi:H), Cadmium Telluride (CdTe), and @Quer Indium Diselenide (CIS) as major contenders
for large scale production, as all of them are direct bandgap semiconductors. Another factor
which works in favor of the thin film technologies is the processing ddst. chronological
evolution of thin film solar cells is shown in figure[2]. Highest efficiency of 20.3% has been
achieved for CIGS thin film solar cells and 16.5% efficiency has been achieved for CdTe thin
film solar cells.The highest independently confirmedréstrial cell and suimodule efficiencies

are tabulated in tablg®].
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Figurel.1l: Chronological Evolution of Small Area Thin Film Solar Cell Efficiencies

Tablel.1: Confirmed Terrestrial Cell and Submodule Efficiencies Measured under the Global
AML1.5 Spectrum (1000 W/m2) at 25 °C

Classification Eff. Area Voc Jsc FF | Test Centell Description
(%) (cn?) V) (mAlc | (%) (date)
m)
Silicon Cells
Si (crystalline) | 24.7+0 | 4 (da) 0.706 | 42.2 82.8 | Sandia UNSW
5 (3/99) PERL

Si 20.3+0 | 1.002 0.664 | 37.7 80.9 | NREL FhGISE

(multicrystallin | .5 (ap) (5/04)

e)

Si (thin film 16.6+0 | 4.017 0.645 | 32.8 78.2 | FhGISE Uni. Of

transfer) 4 (ap) (7/01) Stuttgart
(45um
thick)

Si (thin film 10.4+0 | 94.0 (ap) | 0.492 | 29.5 72.1 | FhGISE CSG Solar

submodule) 3 (8/07) (2i 2mm on
glass; 20
cells)

-V cells

GaAs 25. 3.91(t) | 1.022 | 28.2 87.1 | NREL Kopin,

(crystalline) 1+0.8 (3/90) AlGaAs
window




GaAs (thin 24.5+0 | 1.002 1.029 | 28.8 82.5 | FhGISE Radboud
film) 5 (ap) (5/05) U., NL
GaAs 18.2 4.011(t) | 0.994 | 23.0 79.7 | NREL RTI, Ge
(multicrystallin | £0.5 (11/95) substrate
e)
InP 21.9+0 | 4.02(t) | 0.878 | 29.3 85.4 | NREL Spire,
(crystalline) ¥ (4/90) epitaxial
Polycrystalline thin filmcells
CIGS (cell) 18.8+0 | 1.00(ap) | 0.703 | 34.0 78.7 | FhGISE NREL,
.6 (8/06) CIGS on
glass
CIGS 16.6+0 | 16.0 (ap) | 0.661 | 33.4 75.1 | FhGISE u.
(submodule) 4 (3/00) Uppsala, 4
serial cells
CdTe (cell) 16.5+0 | 1.032 0.845 | 25.9 75.5 [ NREL NREL,
5 (ap) (9/01) mesaon
glass
Amorphous/Nanocrystalline Si cells
Si (amorphous)| 9.5+ 1.070 0.859 |17.5 63.0 [ NREL uU.
0.3 (ap) (4/03) Neuchatel
Si 10.1+0 | 1.199 0.539 |24.4 76.6 | JQA Kaneka (2
(nanocrystallin | .2 (ap) (22/97) eEm on
e) glass)
Photochemical cells
Dye sensitized | 10.4t0 | 1.004 0.729 | 21.8 65.2 [ AIST Sharp
3 (ap) (8/05)
Dye sensitized | 7.9+ 26.48 6.27 2.01 62.4 | AIST Sharp
(submodule) 0.3 (ap) (6/07)
Organic
Organic 5.15t0 | 1.021 0.876 | 9.40 62.5 | NREL Konarka
Polymer 3 (ap) (12/06)
Multijunction devices
GalnP/GaAs/G| 32.0+1 | 3.989(t) | 2.622 | 14.37 | 85.0 [ NREL Spectrolab
e 5 (1/03) (monolithic
)
GalnP/GaAs | 30.3 4.0(t) 2.488 | 14.22 | 85.6 | JQA (4/96) [ Japan
Energy
(monolithic
)
GaAs/CIS (thin| 25.8+1 | 4.00(t) - - - NREL Kopin/
film) 3 (12/89) Boeing (4
terminal)
aSi/uc-Si (thin | 11.7+0 | 14.23 5.462 | 2.99 71.3 [ AIST Kaneka
submodule) 4 (ap) (9/04) (thin film)




1.3 CIS Thin Film Technology

4 DIn

Se

Cu

Figurel.2: Chalcopyrite structure &€IS Alloy

CulnSe (CIS) is a ternary alloy belonging to thdlll-VI2 compound semiconductor
group. As shown in figure 1.2 CIS lattice elements are tetrahedrally coordinated like all
adamanite semiconductors. Each Cu and In atom has four bonds with &&(wI)n turn each
Se atom has two bonds to Cu and two more to In. Since the strength-afitaed I11-VI bonds
are in general different, the ratio of lattice constants c/a is not exactly 2. The quacfbty 2
(which is10.01 in CulnSg +0.04 in CuGa&) is a measure of the tetragonal distortion in
chalcopyrites. CulnSe2 exhibits 142d symmetry, its atomic coordinates are as follows: four
copper atoms at (0,0,0); (Y2,%2,%2); (¥2,0,%); and (0,%2,%4); four indium atoms at (0,0,%2); (%2,%2,0);
(+2,0,%4); and (0,%,%)and eight selesim at oms a-t, WQua); aj-w,  ,.00); (
(i1 +u, U-ue)r;, eQl; (1, u=+u,, EB),. a@ldS (HJad a bandgap ¢
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the highest reported absorption coefficients (3.6E3)difl. The distinguishing chacgeristic of

the family of these materials as compared to other semiconductors is the large number of crystal
structures and phases. Moreover, none of these phases are a line compound that is the phases are
observed over a range of composition. Even thre pingle phases exhibit about 1% (4’

point defects such as vacancies without decomposition.

The properties of CIS depend strongly on its composition, and the doping of CIS is
controlled by the intrinsic defects. Hence, eitheyge or ntype ClScan be obtained if the
material is grown Cypoor and ptype if Curich film is grown. When the film is grown in the
slightly Cupoor regime the presence of copper vacancies (acceptor defects) can make the film p
type. However, if the material is grown irone Cupoor regime then the excess indium takes the
position of copper sites in the lattidady, indium on copper antisites, donor defects). This leads
to the film being grown as atype film. The Curich films are highly conductive due to acceptor
defects (copper atoms on indium sites). Theype Inrich films are highly resistive due to the
donor defects (indium on copper sites) and acceptor defects (copper vacancies) occurring at the
same time. Even with total potential lattice defect concentratbrsl(0° /cm® the net carrier
concentrations in CIS absorber films are typically *¥3lcm®. This means that there must be
either complete compensation or only a small fraction of the total defect population can be
electrically active (or both}g].

The presence of a thin surface layer of G8& has been indicated in some recent
studies. This is termed as the ordered vacancy compound (OVC), a defect chalcopyrite which is
In rich [9]. The OVC has bandgap of ~1.3 eV. As compared to binary compounds the ternary

compound CIS is more tolerant to small deviations from stoichiometry. As mentioned earlier CIS



films grown in the Cwrich regime can be highly conductivity anegype. However, this results

in degradation of device performance and this could be attributed to the formation of copper
selenide species that are highly conductive and can result in short circuit of the junction. This
behavior is explained based on thelGt5e ternary phase diagrdt0] shown in figure 1.3. In

order to achieve good device performance, the composition needs to be slightly In rich. As the
metal ratio (I/111) approaches unity the carrier concentration increases which results in better cell
performance. In Se rich films, both Cu and In vacancies yield stronglpep films.
Simultaneous formation of oppositely charged defects in the In rich flms may lead to a highly
compensated, highly resistive n otype films. The efficient selfloping dility of CulnSe has

been attributed to the exceptionally low formation energy of Cu vacancies and to the existence of

a shallow Cu vacancy acceptor level.

Se

/IOC'J
n-type
films

Cu

In

Figurel.3: Ternary Phase Diagram for @orSe ystem

This complex ternary diagram can be reduced to a simpler pdéugty phase diagram

along the tie line between €3e and IgSe; [11]. The simplified pseudo binary phase diagram is



shown in figure 1.4. As seen from the p s e

d i a gphasen(CulnBd?)elieslin a very

narrow range of 24 to 24.5% of copper at room temperature. At growth temperature between 500

AC t o 5 5-phask €xjsts in therange of 22 to 24.5 at% Cu. As per the phase diagram the

coolingof sligity Cup oor composition i ndi c apghasgCuln;Bed

also known as ordered defect compaund
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Figurel.4: Pseudobinary In2SéBu2Se equilibrium phase diagram for compositions atdbe
CulnSe2 chalcopyrite phase (Redrat)]

prese

The first thin film CIS solar cell was produced by the evaporation of CIS as a compound

[12]. Some of the techniques being researched for depositiGhSofiims include threesource

evaporation[13][14][15], laser ablation16][17], flash evaporatiorj18][19], vapor transport



[20], spray pyrolysig21][22], sputtering[23], liquid phase epaxy [24][25], electrodeposition
[26][27], screen printing28] and selenization of metallic layef@9][30][31]. CIS films can be
produced by c@vaporation or sequential ayoration of elemental sourcds. co-evaporated

CIS films, the composition of the materials with regaydhiie metal ratios corresponds to the
evaporation rates whereas in sequentially evaporated CIS films, it corresponds to the thickness.
Co-evaporation of the elemental sources gives better device quality flms as compared to films
prepared by the two stepgzess But for commercial purposéao step process preferred over
co-evaporation because it does not require as stringent control over evaporatiorT ates.
technique of sputtering of precursors for the Cujn&esorber layer was pioneered by ARCO
Sdar. Later Shell Solar developed the process further. The two stage process was developed by
ARCO Solar[2]. The two stage process consists of the deposition of thé Quetallic
precursors on Mo coated substrate by sputtefling metallic precursors are later annealed in
diluted HSe ambient. kBe breaks down to produce selenium which reacts with the metallic
precursors to form CulngeHowever, HSe gas is very toxic and hazardous with the time
weighted average threshold liwalue (TWATLV) of 0.05 ppm. HSe is usually stored in high
pressure cylinders (~20 kgf/ém Metalorganic selenides, such as diethyl selenide (DESe),
dimethyl selenide (DMSe) and ditertialbutylselenide are being used as alternative candidates for
the S source for metal organic chemical vapor deposition (MOCVD) of ZnSe and other
chalcogenide§32]. The metalorganic selenides are liquids at room temperature and are stored at
atmospheric pressure in glass or stainless stdddléns. Hence it involves less danger of wide
spread leakage as compared tg5él Even though the TWALV of DESe or DMSe is 0.2

mg/m3, they are regarded as safer alternatives,&e lh potential leakage risk. Chichibu et al.
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first demonstrated the pos8ity of using DESe as selenium source for the preparationllbf |

VI2 based absorbef32]. Earlier, Culn.,GaSe.,S,y (CIGSeS) thin film solar cell with an

efficiency of 13.73% has been fabricated at the FSEC PV Materiblsratary using DESe as

selenium sourcg83].

1.4 CIGS Thin Film Solar Cells

e ! I | T — T l - =
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Figurel.5: Theoretical Analysis of Device Efficiency versus Semiconductor Bandgap

The most optimum contgon for application of solar cells would be to maximize both the

short circuit current density {J and the open circuit voltage . Jsc can be maximized by

absorbing as much incident light as possible that means to have a semiconductor with small
bardgap with a high absorption coefficient over a wide energy range. Moreover, the material
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properties need to be improvesuch that the minority carrier lifetime increases leading to
increased collection of electrons at the contacts without recombinatocarybe maximized by
decreasing the forward current driven by the phiotluced potential difference to be as small as
possible. This forward current reduces the voltaget lpilby the incident light. The forward
current is primarily dependent on thendgap of the material. Thus, maximization qf Wleeds

higher bandgap. Hence, it can be concluded that an optimum bandgap exists that maximizes both
Jsc and V.. Theoretical analysis has shown that this optimum bandgap is ~1.5 eV and results of
some of fist calculation for various semiconductareshown in figurel.534].

The bandgap of CIS is ~1.02 eV which is lower than the optimum bandgap. This led to
the incorporation of gallium in the ternary CIS semiconductor resuttirige formation of the
pseudequaternary Culpn,GaSe (CIGS) semiconductor. The incorporation of gallium is done in
such a way that it is used to substitute an equivalent amount of indium. This substitution raises
the bandgap of the material. The bandgap be varied from 1.02 eV (CIS bandgap) to 1.7 eV
(CGS bandgap). Figure 1.5 shows the variation of bandgapgaliibm content varied over a
full composition rang¢35]. The bandgap variation for CulgGaSe is given by[36];

E, =1.011+0.664x- 0.249(1- x) [Stochiometric CIGS] (1.2)

E, =1.0032+0.7136% [Cu poor CIGS] 2)(1
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Figurel.6: Bandgap Variation as Function of Gallium Content

Another advantage of gallium incorporation in CIS films is better adhesion of the
absorber film to the molybdenum back contact. Also gallinocorporation can cause a graded
bandgap which leads to better collection of charge carriers. Gallium has the tendency to
segregate to the back of the device that causes abrupt changes in the carrier concentration near
the back contact. Indium and coppeavl higher reactivity with selenium as compared to
gallium. Hence, indium and copper diffuse to the surface during selenization process. After
complete consumption of indium into CulnSand some CuSeat the surface, selenization of
gallium and its intergtion with CuSe begins towards the back contact forming a higher bandgap
CuGaSe towards the back contact. This leads to an electric field that acts as minority carrier
mirror and reflects all the minority charge carriers. This electric field is calleacl surface

field (BSF). BSF also prevents recombination of electrole pairs at the back contact.
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The best device efficiencies for CIGS thin film solar cells have been achieved on devices
with bandgap around 1.1 eV. It has been observed that devicereffes tend to decline as the
bandgap increases above 1.3 eV and the gallium content, x increases beyond 0.5 due to reducing
fill factors and short circuit current density7]. Another feature of addition of gallium to the
CulnSe matrix is a possibility of bandgap engineering. By controlled variation of gallium
concentration over the depth of the absorber layer bandgap grading can be achieved.

Figure 1.6 depicts two different structures, one with a single bandgap throubbkout
absorber layer, and the other with a graded bandgap (the bandgap increasing towards the back).
In CIGS, the bandgap increase arising because of Ga incorporation, seems to be accommodated
by the conduction band minimum moving to higher enerf&$. If a single bandgap exists
throughout the thickness of the absorber layer, then the band bending is confined to the front
portion of the layer, in the region where the depletion region penetrates. (This, of course,
depends on # doping level in the film.) Hence, there is no electric field outside this region,
towards the back of the device. Therefore, the minority carriers (electrons in the conduction
band) that are generated outside the depletion region must rely on theodiffuschanism to
reach the junction. However, if the minority carrier diffusion length is small, compared to the
depth of the absorber layer beyond the depletion region, then carriers generated far away from
the depletion region (i.e., towards the backha layer) have only a small probability of being
collected by the junction, and of contributing to the photocurrent. In the other structure, a
bandgap grading and the resulting conduction band edge bending exist. In this case, the electric
field helps theelectrons move towards the junction, thereby increasing the probability of their

collection[39].
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Figurel.7: Band Bending with (a) No Grading (b) Grading

Also the formation eergy for a Gg, defect is higher than the formation energy af,In
This destabilizes the formation of defect pairs ot@\hc, thereby reducing the tendency for
the formation of OOIGS ragion The higheshreported)effitigney fotda

small area CIGS solar cell is 20.3 % by Z$0].

1.5 CIGSeS Thin Film Solar Cells
As mentioned earliergallium has tendency to segregate to the back near the Mo

interface. This leads to a favorable bandgap grading as it creates a BSF thus reducing
recombination of electrons at the back contact. However, in case of two step processing of CIGS
thin film sola cells, it is not possible to have gallium near the junction or the space charge
region. In a two step process the metallic precursors are deposited either by sputtering or
evaporation in the first step. In the second step these metallic precursomnsesiedim selenium
ambient, known as selenization, to form CIGS absorber layer. Hence, the whole purpose of
adding gallium to the CIS matrix for achieving increase in voltages is not served for CIGS solar

cell prepared by the two step process.
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Extensive reearch has been carried out on CulnGEIGS?2) thin film solar cells.
CIGS2 absorber layers have a bandgap of ~1.5 eV. As the bandgap of this absorber is more than
that of CIGS absorber layer a bandgap grading can be achieved by combining these tveo absorb
materials. For this reason, addition of sulfur to the CIGS matrix is considered to achieve higher
voltages that are necessary for high efficiency copper bekaftogenizedmodules. The
bandgap variation for CulRGa(Se.,S)). is given by[41];

E,(eV) =1+0.13x* +0.08x?y +0.13xy + 0.55x + 0.54y

Figure 1.8[33] shows the graded bandgap that can be achieved in GdSe.,Sy
(CIGSeS) thin film absorbers by addition of gallium and sulfur to the CIS matrix. As can be seen
in the figure addition of sulfur tends to move the valence band maximum to lower energies
leading to a higher bandgap in the space charge region and so higher voltages. This becomes an
added advantage in comparison to increase in bandgap by moving obrithectton band
minimum to higher energy as lowering of the valence band maximum to lower energies results in

an electric field that opposes the movement of holes towards the junction.
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CIGS thin film absorber layer can be converted to CIGSeS absorber by annealing the
CIGS absorber layer in sulfur ambient. This process is known as sulfurization. On sulfurization
the sulfur atoms may occupy selém vacancies or replace selenium. Replacement of selenium
is possible due to the higher reactivity of sulfur compared to selenium. This leads to reduction in
the number of compensating donors and moreover, it leads to passivation of the surfaces and

interfaces[42].
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1.6 Role of Sodium
Sodalime glass (SLG) is the most commonly used substrate in fabrication of CIGS thin

film solar cells. SLG is known to contain significant amount of sodium in the form gb.Na
Sodium tends to diffusento the absorber film when CIGS films are deposited at high
temperatures, which is the case in most of the efficient CIGS thin film solar cells. It has been
shown that diffusion of small amounts of sodium in the CIGS absorber film tends to have a
favorable effect on the film and device properties. One of the favorable alterations includes
increase in gype conductivity{43]. It has been reported that sodium promotes increase in grain
size and preferential orientatip#d] and a reduced sensitivity of devices to the metal ratio.

Several models that have been devised to elucidate the effect of sodium are as follows;

1. Occupation of copper site in the lattice by sodium reduces the number;¢f (Cu
Incy) defect pair. This reduces the cation disorder and improves the fill factors and
the voltages.

2. Sodium passivates the surface and the grain boundaries due to improved
incorporation of oxyge5].

3. Sodium ions diffuse to the abker surface along the grain boundaries and
subsequently react with selenium to form sodium polyselenide,S@ya
compound where x =-& , [ ,SB compbands act as a Se source during the
absorber growth. N&g compounds retard the growth of the CIGS phase and
thus aid in improved incorporation of selenium into the absorber film. If the
partial pressure of the lea@ium is low then NgbSe, a very stable compound is

formed. The release of selenium from & is unlikely thus leading to poor
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absorber growtld6]. NalnSe forms during absorber preparation, this directs the
CulnSe2 film to lhe (112) preferred orientati¢a7].

The Astandardo method to incorporate Na in
glass substrate without an alkali barrier layer between the substrate and the Mo back contact
layer, wrere the Na diffuses into the absorber during growth. Wextdrd efficiency cells have
been fabricated by using this technique. The typical sodium concentrations found in such CIGS
layers are of the order of 0.1 af¥8]. Sodum diffusion from the SLG is a passive sodium
incorporation technique that depends on the properties of the SLG and also the properties of the
Mo back contact. The diffusion of sodium by the passive incorporation technique usifam
and also is not weecontrolled.

The nonuniform out diffusion of sodium from the SLG substrate can be avoided by
using an alkali barrier. The typical diffusion barriers employed aé,$49], SiO,, Al,O; [50]
etc. Na containing precursor film is usually deposited prior to the precursor deposition on the Mo
back contact layer. Na containing compounds used argdNiANaSe[52], NaS orNaO [53].

Sodium has also been incorporated into the film after the precursor deposition but before
the selenization/sulfurization process. However, this method of sodium incorporation adds

another step in the process and malylre suitable for large volume production.

1.7 Interfacial Layer between Mo and Absorber Layer
A thin interfacial layer is formed at the molybdenum and absorber interface during

absorber preparation. The interfacial layer can be Ma®d Mo(SexS:), dependng on the
process. Both the compounds have hexagonal lattice structure. The lattice constants, aff®oSe

a = 3.288+0.002 A andyc 12.92+0.01 A. The MoSdayer is formed at temperatures >350 °C
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[54]. The material is stablbetween 0 °Q 1200 °C and at 67 at.% selenium. The heat of
formation of MoSegis -242.2+ 3.3 kJ/mol at 298.15 °K and p = 101.325 [8%. The bandgap
of MoSe is 1.37 1.4 eV and is inherently highlyfype in nature.

The formation of this layer depends on several parameters. Studies have shown
that the formation of the interfacial layer affects the performance of the solar cell. The Mo/CIGS
contact, without the MoSdayer formation, results in a Schottky type of contaett thauses
recombination losses at the back contact. Formation of a thin Nep®e is essential to facilitate
a quasiohmic electrical contact across the Ci®&® interface. This quasashmic contact results
in reduced recombination losses and thus impreedisefficiency[56]. The MoSe layer also
improves the adhesion of the absorber layer to the molybdenum back §ontact

The thickness and crystallographic orientation of the M&Ser deterrme the adhesion
and electrical properties of the CIG8o0 interface. The conductivity of MoSdayer is
anisotropic hence the orientation of the layer can have a direct effect on the transport properties
at the interface. Conductivity through the paraifelSe layer is about two times higher than the

MoSe layers oriented perpendicular to the molybdenum subg$&8}e
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CHAPTER 2 PHYSICS OF SEMICONDUCTOR AND SOLAR
CELL

One of the simplest forms of a solar cell is-& punction withincident light as the
external source of excitation for producing excess charge carriers. Thus it is essential to
comprehend the semiconductor fundamentals in order to understand the principle and operation

of solar cells.

2.1 Energy Levels of Isolated Atoms
An electron of an isolated atom can have discrete energy levels as given by the following

approximation;

- Z°mq*
En = 21122
8e;h°n

(2.1)
Where,
g- Electron charge;
Z- Atomic Number;
mo- Mass of free electron;
(- Permittivity of free pace;
h-Pl ankds constant ;
n- Principal quantum number
When two such identical atoms are brought in close proximity the energy level for the
electron will be split into two levels by the interaction between the two atoms. Now let us
consider a solid wherthere are N atoms very closely packed. The outer orbits of each atom then

overlap and interact with each other. This results in shifting of the energy levels and N separate

narrowly spaced energy levels are formed and for larger values of N which isliyeheraase
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in solids it results in a continuous band of energy. Figure 2.1 illustrates the formation of energy

bands in solids.

e = F5F——
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Figure2.1: Formation of Energy Bands from Discrete Energy levels

2.2 What is aSemiconductor
Materials can be classified as metals, insulators or semiconductors. In metals the

conduction band overlaps with the valence band (figure 2.1) so that there is no bandgap. As a
result the electrons can move the net higher available energlyvigh only a small applied

field. Hence, metals exhibit high conductivity. In insulators the valence electrons form a strong
bond between neighboring atoms that is difficult to break. Due to this there are no free electrons
available for current conduot at room temperature. In insulators the valence band is
completely filled and the conduction band is completely empty with a large bandgap as shown in
figure 2.1 resulting in poor conductivity. In semiconductors, at T = 0 °K the valence band is
completey filled. However, the forbidden energy bandgap is not very large (figure 2.1). Hence at

room temperature the loosely bound electrons are provided enough energy to break the bond and
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hop from the valence band to the conduction band. As the conductiorhbarmdany empty
energy states the electrons can move even with a small electric field. Thus, semiconductor

conductivity lies somewhere in between those of metals and insulators.

Empty Conduction Band

Conduction Band
0 00

Eg >5eV
0.1 eV <Eg< SeV
Conduction Band
O O O O
Filled Valence Band Valence Band
Valence Band
Metal Insulator Semiconductor

Figure2.2: Energy Band Diagmm for Metal, Insulator and Semiconductor

A semiconductor can be classified as intrinsic or extrinsic. An intrinsic semiconductor is
extremely pure with a very low concentration of impurities. When an intrinsic semiconductor is
doped with impurities it iknown as an extrinsic semiconductor. An extrinsic semiconductor can
be classified as-type and ptype. An extrinsic semiconductor doped with donor impurities that
provide an extra electron is known asype material and one doped with acceptor impurities
that accept electron and provide an extra hole is knowrtygsepmaterial.

In any semiconductor there is a forbidden energy region in which allowed states cannot
exist. The energy band above this energy gap is called the conduction band and the oise below
called the valence band. And the forbidden energy region is called the Energy Bandgap (EQ)
which is one of the most important parameters in semicondu&tbysically, Eg is essentially
the energy required to break a bond and free an electron intotideiction band and leave a

hole in the valence band.
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The Fermi level is defined as the energy level below which all states will have at most
two electrons of opposite spinbo9ptltcaobedasmg t o
defined as the energy level where the probability of finding an electronTi®énccupation of

the conduction and the valence band states is governed by thelieamstatics and igiven by

f(E)=—

e 2.2)

Where,

k-Bol tzmands constant ;

T - Absolute temperature

Er - Fermi energy.

Essentially, it defines the probability of electron presence in the conduction band E(i€) 1
gives the probability of hole being present in the valence band. If the Fermi energy lestel is
very close to either of the band edges i€EE KT or B-E, » KT then for all practical purposes

the Fermi Dirac statistics can be replaced by the Boltzman factor;

E- E, E -E
) and exp(-

KT KT ) (2:3)

exp(

for electrons in te conduction band and holes in the valence band respectively.

For an intrinsic semiconductor the Fermi level lies approximately in the middle of the
bandgap. This Fermi level shifts towards the conduction bandtigrenand towards the valence
band for ptype semiconductors. The Fermi levels can be calculated using the following
equationg59];

For ntype Eg - Ec =KT.In(N, / N.) (2.4)
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For ptype E, - E; =kT.In(N,/N,) (2.5)
where E - conduction band minimum;

Ev - valence band maximum;

Np - Donor concentration;

Na T Acceptor concentration;

Nc and N, are the effective density of $ain the conduction band and valence band
respectively and are given by;

N, =2 Ty

h? N, ZZ(MKT)%

and T (2.6)

2.3 p-nJunction
When two isolated #ype and pype material are electrically connected they form a

metallurgical pn junction. When a fm junction is formed, there exists a large carrier
concentration gradient at the junction. This leads to diffusion of electrons fromsttle to the

p-side and diffusion of holes from thespde to the rside. As the electrons continuediffuse to

the pside some of the positive donor ions are left uncompensated orsitie as they are fixed

in the lattice. Similarly diffusion of hole to theside causes some of the negative acceptor ions

to be left uncompensated on thside. Thisresults in a negative space charge being formed near
the pside of the junction and a positive space charge being formed nearsttle of the
junction as shown in figure 2.2. The space charge region creates an electric field that is directed
from the pogive charge to the negative, thus opposing the diffusion tendency of majority
carriers. A potential buildup occurs across the junction due to the electric field. The electric field

and the potential distribution are shown in figures 2.3 and 2.4 respgctive
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Figure2.5: Potential Distribution across the Junction

Under thermal equilibrium the electron and hole current densities are given by
J,=mnpE. /px=0 (2.7)
J, =m.pHE. /x=0 (2.8)
where |41 Electron mobility;
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Hp - Hole mobility;
Er - Fermi energy
ni1 Electron concentration;
p - Hole concentration

For net zero electron and hole current densities it is essential that the Fermi level is
constant through the sample. This result in the bending of the energy bands that leads to a
potential being developed. The developed potential is known as the built in voltayeTfe

band bending occurring in arpjunction is shown in figure 2.5.

Vacuum Leve

Figure2.6: Band Bending in a-p junction

The buid in voltage is given by
V, =kTIn(N,.N, /n?) (2.9)

where Ny i Acceptor concentration;
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Np - Donor concentratign
n; - intrinsic concentration.

Under equilibrium conditions the net electric field in the neutral region should be equal to
zeo. This means that the total charges on the n side are equal and opposite of the total charges

on the p side. This leads to the charge neutrality equation givie®hy

N,-X, =Np.X, (2.10)

where x I Width of the depletion region on the p side of the junction;

Xn - Width of the depletion region on the n side of the junction.

The total space charge width is given[b9];

Wz\/ZeS(NA+ND)(VB-V) (2.11)
ANANp

The space chargegion and the corresponding electric field gives rise to a junction capacitance

that is given by the following equati¢s9];

quNA
C= [ ="AL  forNa>>N 2.12
2(v, - V) AT (212)

where d electron charge;
Na T Acceptor concemation;
Np i Donor concentration;
CLi Permittivity of the material;
Vg i Applied bias voltage.
As can be seen from eq.12.the graph of 1/€versus voltage will give a straight line.

The slope of this line will provide the acceptor concentration andntieecept at y=0 will
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provide the built in potential. In our research such capacieoitage measurements will be

used to calculate the net carrier concentration and the built in potential.

2.4 Heterojunction
p-n junction can be classified into two types Hpomction and heterojunction.

Homojunction is a junction between twetype and pype of the same material e.g. silicon.
Heterojunction is a junction between two dissimilar semiconductor materials. Heterojunctions
are of two types; isotype and anisotypetdnojunctions. Isotype heterojunctions are the one
formed with materials of same conductivity and anisotype are formed with materials of different
conductivities. Semiconductor properties such as electron affinity, work function and material
properties sch as lattice constant differ for each element. These differences result in band
discontinuities at the interface that act as traps or recombination centers.

Figure 2.7shows the band structure of two materials before formation of a junction. The
two semconductors have different bandgaps&d E,, di f f er ent pmaonrdk, Gf unct
di fferent el.&aatdansdiffeeerdt perimti ttii veist d.deédggire ZI8shows the
energy band diagram of a heterojunction. The band discontinuitigssareby;

DE. =¢,- ¢, (2.13)
DE, =E,, - E,,- DE. (2.14)
The total built in potential ¥ is sum of electrostatic potentialsgivand Vg, of the two
semiconductors. In homojunction solar cells, minority charge carrierdedrday photons
absorbed in the-type region are lost due to recombinatibieterojunction solar cells have the

advantage of using higher bandgatype heterojunction partner so that lesser number of charge
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carriers are lost due to recombination. The fitin solar cells that are extensively researched are

basically heterojunctions.
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Figure2.7: Energy Band Structure of Isolated Semiconductors
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Figure2.8: Energy Band Diagram of Heterojunction

2.5 Solar Cells
When a light is made incident on a semiconductor photons with energy greater than the

bandgap of the semiconductor are absorbed in the semiconductor and photons with energy less
than the bandgap are transumitt

In a solar cell these absorbed photons create elelestiienpairs. The minority charge
carriers generated within the diffusion length of the junction can easily diffuse to the junction
and then are swept across the junction by drift. Once on the sitteerof the junction these
charge carriers are majority charge carriers and hence are conducted to the contacts. This results

in a photo generated current)(to flow through the external circuit. The phenomenon of solar
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energy conversion thus involveset processes of absorption of photons, generation of carriers,
diffusion of the minority carriers to the junction, collection of the separated carriers at the
external contacts, and finally the utilization of the power generated afid L, are the minaty
carrier diffusion lengths of holes and electrons respectively, W is the depletion width and G is
the generation rate of electrbole pairs, thef60]
I, =qAG[L, +L, +W) (2.15)
Depending upon the intended apption, the diode can be operated either in the third or
the fourth quadrants of theM characteristic. Power is delivered to the device from the external
circuit when both the current and junction voltage are either positive or negative. If operated in
the fourth quadrant, however, power is delivered from the junction to the external circuit, and
this is the principle of operation of a solar cell device. As mentioned at the beginning of this
chapter a solar cell is essentially @ punction diode. Hencin the dark condition a solar cell
behaves like a diode following the diode equation givefbbj;

e
=12
€

kT _ 13 (2.16)

where b1 Reverse saturation current;
V1 Applied bias voltage.

Under illumination e photocurrent is generated and hence the net current flowing
through the external circuit is the combination of the diode current and the photocurrent which is

given by[59];
A qV
|=|O§e 4T-1‘§- I (2.17)

where | T Photogenerated current.
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The first term in eg2.17 gives the voltage driven current and the second term gives the
light generated current. As can be seen from the above equation under short circuit conditions the
voltage V is zero and so the first termeq. 2.7 tends to zero. Hence the short circuit current is
equal to the photo generated current. Thus,

I (2.18)

ISC

The open circuit voltage can be found out by setting the net current equal to zero and is given by

[59];
kKT el KT el @

Vo =—Ing= 1u0 —Ing=y (2.19)
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Figure2.9: Ideal }FV Curve of Solar Cell under Light and Dark Conditions
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Ideal currertvoltage characteristics of solar cell under dark dludninated conditions

are shown in figure 2.

2.6 Equivalent Circuit of Solar Cell
Figure 210 a) shows the equivalent circuit of an ideal solar cell ah€ 2) shows a real

solar cell. A real solar cell has a series resistancan® a shunt resistanceyRThe current

source in the circuit is the photogenerated current.

I I

—
-
p—

E

() (b)

Figure2.10: Equivalent Circuit of Solar Cell (a) Ideal; (b) With Series and Shunt Resistance

The series resistance R the combinationfahe bulk resistance of the absorber material,
metallic contact resistance and the resistance between the contacts and the probe. The shunt
resistance R takes into account the parallel current paths due to recombination in the absorber

material and thealue of R, reduces as the number of shunt paths increase. As can be seen from
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figure 2.10 the ideal values ofsRnd Ry, are zero and infinity respectively. The effect of the
series and shunt resistance on the idéakurve of a solar cell is illustradl in figures 2.11and
2.12 respectivelylt can be seen from figure 2.11 that €&an be calculated by taking the
reciprocal of the slope of the curve at the open circuit voltage point gréiiRbe calculated by
taking the reciprocal of slope of the carat the short circuit current point.

The current equation given in eq. 2.17 does not take into account the effect of series and
shunt resistance. The eq. 2.17 is modified to accommodate the effects of series and shunt

resistance and is given [B9];

& 1,0
Inégg + -1 @- A ) (2.20)
g |0§ bRy KT
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Figure2.11: Effect of Series Resistance o ICurve
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Figure2.12: Effect of Shunt Resistaa®n }V curve

Power cannot be delivered either at open circuit or short circuit conditions. As can be
seen from the-V curve in figure 2 the power delivered at any point can be calculated from the
area under the rectangle in the fourth quadrant. Thenmuan power is delivered at point,P
with optimum values of current,land voltage ¥. This leads us to the definition of another
important parameter known as the fill factor (FF). Fill factor can be defined as the squareness of
the FV curve at the maxinm power point and is given by;

V..l

FF =_m-nm 2.21
Vo (2.21)

oc'’ sc

where \, 1 Voltage at maximum power;

Im T Current at maximum power.
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The conversion efficiency of solar cell is given by;

P FFV,_I
—m =TT Teetse (2.22)
Py R

in

h=

where R, T Incidentpower.
Currentvoltage measurements will be used in this research to calculate the PV

parameters such agylsg FF, d .

2.7 Spectral Response
The absorption of light in a semiconductor can be explained by considering the optical

transmission equation given by;

d/)=Gexp(- al/ )x) (2.23)
wherel ¢ - Intensity of lightincident on the semiconductdy- Absaption coefficient which is a
function of wavelengthx - Depth of material from surface of incidence.

The value of the absorption coefficient must be high for the absorber material used in a
solar cell device, so that most of the light is absorbed inetulug/ay. Figure 2.2 shows the
optical absorption coefficient spectral dependence for various semiconductors used in PV
applicationg61]. The figure clearly shows that CIS has the highest absorption coefficient of all

semicomuctors used for PV application.
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Figure2.13: Optical Absorption Coefficient Spectral Dependence for Various Semiconductors

As mentioned earlier photons with energies greater than the bandgap of the
semicomluctor are absorbed in the semiconductor at some depth. These absorbed photons create
electronhole pairs at a depth of x from the surface. The generation rate of the charge carriers is
given by[59];

G(/,x)=a(/ )F(/)a- R(/ )exo[- a(/)x] (2.24)
wh e r e- N&nfber pf incident photons per &mer unit bandwidth;
R ( aHraction of these photons reflected from the surface.

Assuming low injection condition the internal spectral response can be derived as;
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1
[1- R

SF(/):q.F(/) (/)][‘]p(/)+‘]n(/)+‘]dr(/)] (2.25)

where J( & Photocurrent contributions from therpgion
Ji( & Photocurrent contributions from thmeregion
Ju( © Photocurrentontributions from theepletion region.

From eq. 2.8 the total photo generated current can be easily calculates @iven by;
3, = F()- R SR Jor (2.26)

It is assumed that most of the charge carriers generated at the front of the solar cell (in
case of CIGS thin film solar cells this is in the CdS layer) are lost due to recombination. Hence
J( &) aentmmp eq. 2.25 is negligible and can be neglected while calculating the total
photogenerated current.

Quantum efficiency measurements can be used to calculate the bandgap of the absorber
material. Moreover, information on which regions of the solarlealll to current loss can be

obtained.
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CHAPTER 3 DEVICE STRUCTURE AND FABRICATION OF
SOLAR CELLS

3.1 Device Structure
The thin film solar cell used for this research has the structure sodalime

glass/Mo/CIGSeS/CdSANnO/ZnO:Al. The fabrication of this solar cell begirwith either
molybdenum coated 2 mm thick sodalime glass or an ordinary 2 mm thick sodalime glass. A thin
layer of NaF is deposited followed by the deposition of the absorber layer of CIGSeS layer. On
top of this absorber layer atype heterojunction parer of CdS is deposited transparent and
conducting window itayer of +ZnO/ZnO:Al is deposited on the top and the cells are completed
by deposition of Cr/Ag contact fingers through a metallic mask. Figure 3.1 shows the device

structure of the CIGSeSithfilm solar cell fabricated ithe FSEC Thin Film Photovoltaicsab.

Cr/Ag Contact Fingers

N

‘}ZnO/ZnO:Al ~0.5 pm
«———CdS ~50 nm
CIGSeS ~1 pm

Molybdenum ~ 1 pm

Soda Lime Glass

Figure3.1: Device Structuref CIGSeS Thin Film Solar Cell FabricatedR8EC Thin Film PV
Lab
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3.1.1 Substrate
The substrate used in thissearch is sodalime glass (SLE9cause othe main reason

that it is cheap and easily available. Glass is corrosion resistant and another reason that SLG is
used is diffusion of sodium from the glass seems to improve the cell performance. It improves
the fill factors and the Voc. But this incorporation of sodium adds an uncontrollable factor in
determining the reproducibility of the cell performance. The other issue with the sodalime glass

substrates is that, at high temperatures glass softens and finghy. w

3.1.2 Molybdenum Back Contact
The most widely used back contact in CIGS solar cells is molybdenuybdémum

forms a goodOhmic contact and offers high resistance to selenium corrosion. Several metals
such as W, Mo, Ta, Nb, Cr, V, Ti and Mn were invesdtigaas possible back contact material for
CIGS solar cells. It was found that Ti, Cr, V, and Mn were found to react with selenium during
absorber growth. Ta and Nb showed decent performance with only graded bandgap absorbers. It
was found that W and Mo gaxcomparable performanf&2]. Mo has become the back contact

layer of choice because of its relative stability at the processing temperatures, resistance to
alloying with Cu and indium, and its low contact resistg6&3. A relation between the current

loss and back contact properties has been established and is giédh by
‘]Ioss = qﬁfls (/ )ABC d/ (31)
where Asc - Optical absorbance of the back contadia solar cell.

This can be calculated from energy f 1l ux

spectral photon flux density of AM1.5 spectral intensity distributigns i3 dependent on the
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thickness of the absorber layer. For a thick aleodpssis zero. But as the thickness starts to
reduce dssbegins to increase depending on the reflective property of the metal.

The thickness of the Mo layer is around 1 micron. It is deposited using DC magnetron
sputtering. The sputtering pressuckgermine the resistivity and adhesion of the films. It was
found that Mo films deposited at higher pressures showed higher resistivity but better adhesion
where as films deposited at lower pressures hadrloesstivity but poor adhesiorFilms
depositedat high pressures have poor resistivity due to a rougher surface which results in the
growth of rougher absorber layers. However, they adhere to the glass much better. Films
deposited at lower pressures have a smoother surface which results in lowigitydsig they
suffer from adhesion problem due to compressive stresses.

Recent studies have shown that there is a correlation of sodium diffusion into the
absorber and the sputtering parameters of Mo back contact layer. It was shown that the sodium
content in the absorber layer was low when Mo was deposited at low sputtering pressures as
compared to when deposited at higher sputtering predéijes

The absorber layer was discussed in detail in the earlier chapter, thatefatescussion

will continue with with cadmium sulfide (CdS), the heterojunction partner.

3.1.3 Cadmium Sulfide Heterojunction Partner
CdS is the commonly usedtype semiconductor as a heterojunction partner-tgpp

CIGS absorber layer to form-p junction. CdS is a direct bandgap semiconductor with a
bandgap of ~2.4 eV. CdS grovny chemical bath depositiof€BD) has a wurtzite structure
with the caxis perpendicular to the substrate plane and the crystal structure can be varied

depending upon the depositiparameter§67]. The wurtzite structure of CdS is shown in figure
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3.2. A recent studypased on oss section images of the Cula®&S interface has shown that
CdS can grow epitaxially on CulnSE8]. The difference between the lattice constant of CdS
and that of CIGS is very small. Hence, the interface of CdS and CIGS has a lower defect density.
CdS can be deposited using different processing techniques s@@Daslosed space
sublimation (CSS),and RF sputtering. CBD is the most widely used technique for CdS
deposition as the films grown by CBD are much more uniform and smoother as compared to the
other techniques. CBD growth of CdS provides several advantages such as conformal growth
and consegent protection against damage due to high energy ZnO deposition process. It
provides a natural etching and cleaning of the absorber surface thus passivating the surface.
Moreover, Cd is known to diffuse into the Cu poor absorber layer and occupying #ie<un
the lattice thus reducing the acceptor defect density and a causing a consequent type inversion
[69]. The band structure of CdS is such that it provides a favorable band alignment with the
absorber layef70]. CdS is a highly #iype material that results in an adequately wide depletion
layer that extends into the absorber layer and covers most of the thin CIGS layer. This leads to

minimization of tunneling and also to higher voltag&s.
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Figure3.2: Wurtzite Structure of CBD Grown CdS

One of the disadvantages of CdS as a heterojunction partner for CIGS absorber layer is
the bandgap limit which restricts the pbies from the blue region to reach the absorber as most
of the blue photons are absorbed in the CdS layer and are lost due to recombination. It is
estimated that the total current loss due to blue photon absorption in CdS is approximately 6
mA/cn? [72]. Another disadvantage from the industry point of view would be the large amount
of hazardous waste disposal and lower material yield.

Such disadvantages have led to the investigation of other materials to replace CdS as a
window layer. Some of the other materials considered are ZnSe,S&land InSeg [73].

Moreover, research has been carried out on ZnO as a windowd4j.er

3.1.4 Transparent and Conducting Zinc Oxide

The mainrequirements for a front contact are high conductivity and good transparency.
Zinc oxide is the most widely used material for front contact in CIGS solar cells as it has very
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high bandgap of 3.3 eV and has good optical and electrical properties. The afmbaping is a
tradeoff between the electrical and optical properties. The transmission drops off at higher
wavelengths due to the free carrier absorption which is a function of doping concentration. It has
a hexagonal wurtzite structure and is typicalfype. ZnO films show a transmission of about
90% between 40@000nm. ZnO can be deposited by different processing techniques such as
sputtering, chemical vapor deposition, etc.

Generally a blayer of ZnO is used as a front contact in CIGS thin filmrsoddls. The
first layer is the highly resistive, intrinsic ZnO-4n0O) and the second layer is highlytype
layer of ZnO doped with Al (ZnO:Al). The thirdnO layer is necessary to prevent diffusion of
Al into the absorber layer thus avoiding the direghtact of the transparent and conducting
oxide and CIGS absorber layer of Mo back contact. It is necessary to optimize the thickness of
the +ZnO layer as too thin a layer will not reduce the leakage currents enough and too thick a
layer will lead to incease in the series resistance. The thicknesZo0iis shown to affect the

Voc and the fill factor$75].

3.2 Device Fabrication
The sequential steps followed in the fabrication of CIGS/CIGSeS thin film solar cells is

briefly discussed in this section.

3.2.1 Substrate Cleaning
As is the case witlintegrated circuitechnology, in CIGS thin film solar cells it is of

utmost importance to carry out thorough substrate cleaning. The reason for such thorough
cleaning is that presence of sitedces of contaminants is known to have a drastic impact on the

device performancelherefore a systematic cleaning procedure has been devised in our lab.
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Il nitially a 60X 40 pieces of either Mo scoated

then scrubbed in a special soap solution. The scrubbing is followed by rinsing of the glass
substrate in running water for at least five minutes. The substrate is theniplaradtrasonic

bath, containing diluted soap solution inidaized (DI) wate, for around five minutesrhis is
followed by rinsing of the substrate in DI wat@ihe substrate is then dipped in an organic
solvent, 2propanol, for about 15 minutes. The substrate is then cleaned in flowing DI Weger.
substrate is then blow driagsing industrial nitrogenThe substrate is immediately mounted in

the vacuum chamber. Particular care is taken to minimize the time between the cleaning of the

substrate and the mounting of the substrate in the vacuum chamber.

3.2.2 Silicon Nitride Barrier Laya Deposition
A thin alkali barrier layewas deposited on the sodalime glass prior to the deposition of

the molybdenumback contact so as to minimize the diffusion of sodium from the sodalime glass
during the absorber preparatioviarious alkali barrier gers have been used such as silicon
nitride, silicon dioxide, aluminum oxide. However, the performance of silicon nitride as an alkali
barrier was found to be better when compared to the other bgda#drdHence silicon nitde

was used as the alkali barrier layler this researchSilicon nitride was deposited on sodalime
glass by reactiveadio frequency (RFjnagnetron sputtering process using a pure silicon target.
Pure silicon target veaused because it is cheaper (abmug third in cost) and considerably
robust as compared to the expensive and brittlecsifi nitride ceramic target3he partial
pressure ofargon and nitrogemas mixtures, RF sputtering power asabstrate movement
duration per unit distanceere systemscally varied to obtairthe desiredilm thickness of an

optimized silicon nitride layer.
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The cleaned substrates were mounted in the vacuum chamber and were maintained
overnight in high vacuum. A combination of mechanical, turbo molecular pump and enyopu
was used to establish a base pressure of <2Xbér. The base pressure was measured using
Bayard Alpert type ionization gauge. Ultrahigh purity argon and nitrogen gas were introduced
into the chamber. The pressures of the gases were controlled usssgflowcontrollers and
measured using convectron gauges. The chagdtervalvewas throttled tanaintain the total
pressurat 1.6x10° Torr of Ar:N,::8x10%8x10* during the depositiorDepositionswere carried
out from asilicontarget of dimension30 cm x 10 cm. Theubstrates wemmoved linearly along
10 cm width of the target with the help of a LabVIB\sbntrolled stepper motofhe sputtering
process was performed under various power and substrate movement duration per unit distance

to deposit fims with a nominal thickness of ~7501000 A.

3.2.3 Mo Back Contact Deposition
For this researgitcommercially available Mo coated sodalime glass usedas well as

Mo deposition is carried out on ordinary sodalime glass. A diffusion barrier layer of silicon
nitride is deposited prior to deposition of Mo. After the substrate is cleaned thoroughly as
mentioned in the earlier section, it is placed in the deposition chamber. The deposition chamber
is kept overnight in high vacuum to remove water and other comsaunivapors from the
substrate. Silicon nitride deposition is carried out by reactive DC magnetron sputtering of silicon
target in N/Ar ambient. This is followed by DC magnetron sputtering of Mo in Ar ambient. A

Mo target of dimensions 30 cm x 10 cm wased and the targsubstrate distance was
maintained at 6 cm. CuGa and In targets used in this research have the same size as the Mo target

and the targesubstrate distance was also maintained at 6 cm. To achieve uniform thickness the
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substrate was moveduhearly over the Mo target along its width. Thickness variation in the range

of + 3% over a width of 10 cm and of +5% over a width of 15 cm was achi{g&dAn
extensive research was carried out earlier to optimize thegsrpeegameters for Mo deposition.

It was concluded that a three layered Mo gave the optimum performance. Here the first and third
layers weredeposited by the high power and lower pressure cycle (300 W / 3*Xd®). The

middle layer was deposited by thev power and high pressure cycle (200 W / 5 X Twrr)

[33]. Efforts will be continued to further optimize the Mo back contact layer in order to improve

the overall device performance.

3.2.4 Sodium Precursor Deposition
As mentiored earlier various compounds can be used as sodium precufsoimg the

available sodium precursr NaF is stable in air, nelygroscopic and evaporates
stoichiometrically Hence in this research, NaF was used as the sodium precursor. After the
depositon of molybdenum back contact the substrates were allowed to cool down for ~2 hours
in the sputtering chamber. The substrates were immediately moved to the evaporation chamber
for the NaF deposition. A combination of mechanical and diffusion pump in catidnnwith a

liquid nitrogen trap was used to maintain high vacuum. The advantages of diffusion pump are
low maintenance cost, low running cost, high pumping speed and reliability. mBjer
disadvantage of diffusion pumps is the tendency to backstreawapdrsinto the vacuum
chamberA liquid nitrogen trap was used minimize backstreamingf the oil vapors. The NaF

layer was deposited by the thermal evaporapoocess. The thickness of the NaF layer was
varied from 40 A to 120 A. The distance betwdles substrate and the boat was ~7 inches. The

power was adjusted to maintain the rate of deposition at ~1 A per second. The total thickness and
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the deposition rate eve me a s u r e thficom iXTQId qbartz crystalthin-film deposition
controller. After tle deposition, the gate valve to the diffusion pump was closed and the substrate

was allowed to cool for ~2 hours.

3.2.5 CIGS/CIGSeS Absorber Layer Deposition
For this researcha two step process is adopted in the deposition of CIGS/CIGSeS

absorber layer. Ther§t step consists of deposition of metallic precursors namely; Cu, In and Ga.
These metallic precursors are then converted to CIGS/CIGSeS by annealing the metallic
precursors in selenium and sulfur ambient at high temperatures. This second step is known as
selenization and sulfurization respectively. The annealing of the metallic precursors is carried
out by two ways namely; in conventional furnace and by rapid thermal processing (RTP).

The metallic precursors are deposited by DC magnetron sputteringdue@a alloy
target (78 at.% Cu and 22 at.% Ga) and In target in Ar ambient. The substrate is maaeto m
linearly along the width of the target and the speed is adjusted in order to achieve desired
thickness. The metallic ratios are adjusted by adjustiaghickness of the metallic precursors.

The metallic ratios are expected to be directly proportional to the thickness of each layer which
in turn isinverselyproportional to the speed of substrate movemerdirectly proportional to
the time for whichthe moving substrate receives the sputtered species.

After the deposition of the metallic precursors with desired thickness the substrate is now
placed in a conventional furnace and vacuum is taken in this chamber. The substrate is slowly
heated to someniermittent temperature and then a metglanic selenium source is introduced
in the chamber along with NThe substrate is then heated to temperature above 500 °C at

variable ramgd33]. For formation of CIGSeS absorber lay&sS is introduced in the furnace as
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source of sulfur during the dwell time at higher temperatures. The substrate is then allowed to
cool. The cooling rate is increased by placing a high speed fan directed towards one end of the
furnace. The substrate i®aed in an inert ambient of ;No avoid any further addition of
selenium or sulfur in the film. Optimization of the tirremperature profile used in the

conversion of the metallic precursors into CIGS/CIGSeS is one of the topics of this research.

3.2.6 CdS Heteojunction Partner Deposition
A layer of the heterojunction partner CdS is deposited using the chemical bath deposition
(CBD) technique. Earlier, a new setup for CBD of CdS on 10 cm x 10 cm glass and stainless

steel substrates was designed and develppddFigure 3.3 shows the experimental setup used

for the CdS deposition using CBD techniqus].

y ometer (T

/ Substrate

-

| _~Reaction bath

0

Water batTt

Figure3.3: Experimental Setup for Chemical Batlef»sition
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An aqueous alkaline solution with pH> 9, prepared in a beaker by addition 6JHNEs
a complexing agent, 0.015M Cd$@s cadmium source, 1.5M Thiourea as sulfur source, is
placed in a hot water bath. The temperature of this hot water is cedtsutch thatequisite
temperature of CdS deposition is achieved. The deposition is generally carried out in the range of

60 to 80 °C. A ~50 nm thick CdS layer is grown on the absorber layer using CBD technique.

3.2.7 Transparent and Conducting-ZnO/ZnO:Al Depasition
Bilayer of transparent and conducting@nO/ZnO:Al is deposited using RF magnetron

sputtering. After deposition of CdS by CBD the substrate is mounted in the vacuum deposition
chamber and kept overnight in high vacuum. This aids in reducing the wagter content from

the surface of the substrate. The substrate is moved linearly along the width of the sputtering
targets to at calculated speed to achieve the desired thickness. Research was carried out earlier at
FSECThin Film PV Labto optimize theprocess parameters for deposition of the front contact

[79]. This served as the baseline process for deposition of front contact for this research. A thin
layer of ~ 50 nm-ZnO layer is deposited at RF power of 200 W and am@ssure of 1.5

mTorr and ~ 500 nm thick ZnO:Al is deposited at RF power of 300 W and argon pressure of 1.5
mTorr. ZnO:Al film with sheet resistance of 400 ¢q/ 1 and transparency
deposited using this process. These parameters arenkiooe adequate for the preparation of

highly efficient CIGSeS thin film solar cells.

3.2.8 Cr/Ag Front Contact Finger Deposition
Cr/Ag front contact fingers are deposited though a metal mask using thermal evaporation.

First ~50nm thick Cr is deposited followeg ~1 um of Ag. Cr is deposited as a barrier layer to

avoid diffusion of Ag into the ZnO:Al front contact layer. Moreover, Cr provides better adhesion
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to ZnO than Ag. The metal mask is designed for preparation of cells with the total area of ~0.43
cnt soas to maximize the active area of the cell. The metal mask also provides a front contact

pad so as to minimize shadowing of the active area by the probes durimgdsurement.

3.3 Material Characterization
Various material characterization techniques arel useaid in optimizing the process

parameters. Electron Probe Micro Analysis (EPNBYsed to find out the metallic ratios and the
cation ratio in the absorber film.-bay diffraction (XRD) is carried out on the absorber film to
calculate the lattice cotant of the CIGS and CIGSeS films and thus the ratios of Ga/(In+Ga)
and S/(Se+S). Moreover, XRD provides information on preferred orientation of the grown films.
Optical microscopy followed by scanning electron microscopy (SEM) is used to characterize the
surface morphology of the absorber layer. SEM images provide vital information such as the
grain size and compactness of the absorber film. Moreover-seoctisn SEM image indicates

the presence of voids in the absorber film, if any, and also provides isformation about the
absorber and back contact interfaces. Transmissgmtron microscopy (TEM), Auger electron
spectroscopy (AES), Secondaoy massspectroscopy (SIMS) is carried out on selected samples
to find bulk material properties and variougerface properties and to find out the elemental

depth profile in the absorber film respectively.

3.4 Electrical Characterization
After the devices are fabricatedVI measurements are carried out using ahdase

designed and built-V setup. The v setyp consists of Kepco power supply, Agilent
technologies multimeter. The power supply and multimeter are interfaced to the computer using

a Labview program. The Labview program also determines solar cell parameters such as open

52



circuit voltage (Voc), shorticcuit current (Isc), voltage and current at the maximum power point
(Vmp and Imp), fill factor and consequently efficiency of the fabricated CIGS thin film solar
cell. The AM 1.5 global spectrum conditions are simulated using a lamp with the interwity of
sun.

Before the measurements are done the absorber layer is scrapped off to make contact with
the Mo layer. A layer of indium is soldered onto the Mo back contact layer to make better
contact with the probes. One probe is placed on this indium soltdrdahck contact and the
second probe is placed on the Cr/Ag contact pad to complete the circuit. The solar cell is biased
over a range of0.2 to 0.5 V and anV curve is plotted.

Quantum efficiency (QE) measurements are carried out on the completededisidao

calculate the bandgap of the absorber layer.
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CHAPTER 4 RESULTS AND DISCUSSIONS

4.1 Interdiffusion of Metallic Precursors
In order to optimize the process parameters for selenization of metallic precursors

essential to understand the kinetics anechanisms of phase transformation of the metallic
precursors into CIGSeS absorber layer. Therefore, the metallic precursors were annealed to
certainlow temperatures for a fixed period of time that simulated the-témgerature profile of

a baseline pragss that was set earlier. The metallic precursors were precursors were subjected to
two different annealing cycles namely, 100°C for 15 mand 120°C for 10 min. Material
properties and alloy formation for these annealed precursors along with -thepated
precursor were studied usingrAy diffraction and Auger electron spectroscopy.

Some intermixing of Cu and In was observed even in thdepesited films due to the
high energy of arriving atoms during sputtering. With increasing temperature integnoixCu
and In increases, as expected. Figures 4.1, 4.2, and 4.3 show the AES depth profile of as
deposited film, film annealed at 100 °C for 15 min. and film annealed at 120 °C for 10 min.

XRD patterns showed that @n binary phases were formed everas deposited films.
Culn peak at 2d s3p&8ak 8adit and 8383 DA6ACuCwm peak
at 2d = 40.8A were obser vyeadd nordllayed Co wvavigdoas t i o n
follows: 0.43, 0.17,and 0.40 for asdeposited film,0.47, 0.13,and 0.40 for 100°C/15 mins
sample, 0.51, 0.09, 0.39 for 120°C/10 mins sample. Figures 4.4, 4.5, and 4.6 show the XRD

patterns of each sample.
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Figure4.1l: AES Depth Profile of As Deposited Film
100/15 mins
S
T
c
o
8
=
[(¢}]
(&)
[
@}
o

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Depth (mm)
—--Cu —+In —=—Ga - Mo —=C

Figure4.2: AES Depth Profile of Film Annealed at 100 °C for 15 mins
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Figure4.3: AES Depth Profile of Film Annealed at 120 °C for 10 mins

Intensity (Counts)

400
350
300
250
200
150
100
50
0

As Deposited
7] O
l E =
O
- E E 5
| 3 3 O
30 32 34 36 38 40 42 44 46

2 Theta(®)

48

Figure4.4: XRD Pattern of As Deposited Film
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Figure4.5: XRD Pattern of Film Annealed at 100 °C for 15 mins
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Figure4.6: XRD Pattern of Film Annealed at 120 °C for 10 mins
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The AES depth profile and the XRD pattern suggest that thén @inary phases are
formed throughout the bulk of the material. Intermixing and Culn phase formation helps in
avoiding formation of detrimeat binary phases. The decreasing proportion of non alloyed Cu
with increasing temperature suggests that Cu diffusion is the mechanism for transformation to
Culn and Cula

Based on these result a modification was made to the standard selenization [prdcess.
standard selenization process, the selenium precursor was introduced at room temperature. In the
modified selenization process the selenium precursor was introduced at higher temperature in the
range of 140 °C to 145 °C. It was essential to intcedto the selenium precursor before the
temperature crossed 156 °C which is the melting point of indium. Figure 4.7 shows the optical
images of samples prepared by the standard selenization process and the modified selenization
process. As can be seen frdahe figure the density of features on the absorber surface has
reduced in the modified process. The improvement in the surface morphology was attributed to
the better intermixing of the precursor. The hypothesis made here is that the selenium precursor
when introduced at room temperature starts reacting with the metallic precursor thus reducing
the intermixing of the precursors. This can result in the presence of elemental indium which
beyond 156 °C is liquiike and results in the micrononuniformitieshd features or the micro

non uniformities can result in increased shunting thus reducing the device performance.
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Figure4.7: Optical Images of Absorber prepared by the standard and the modified selenization
process

4.2 Very Thin (<1 um) CIGS Thin Film Solar Cells Prepared in Conventional furnace
Experiments were carried out for reducing the thickness of the absorber layer from the

present ~<RPumsThe metalticrecursors CuGa and indium were depassiad DC
magnetron sputtering technique. The thickness of the metallic precursors was reduced to one
third. Experiments were carried out to optimize the selenization time and also optimize the NaF

thicknessThe samples were etched in 10% KCN to removei€ulayer.
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4.2.1 Effect of Selenization Time
It is essential to optimize the annealing timemperature profile during the second step

i.e selenization in the preparation of the absorber film. Longer duration of annealing step would
aid in improving the grairstructure of film as well as aid in homogenization of the film.
However, the presence of selenium during this annealing step results in selenium reacting with
the molybdenum back contact. The reaction of molybdenum film with selenium results in the
formaion of MoSe layer. Asmentioned earlier MoSdayer is highly ptype and at very low
thickness helps in forming an ohmic contact. Essentially it acts a tunnel diode thus forming a
near ohmic back contact for CIGS thin film solar cells. However, as ttengss of the MoSe

layer increase it again leads to a formation of Schottky contact resulting in higher recombination
at the back contact. Therefore, it is essentiatii@e a balancevhile optimizing the selenization
time-temperature profile. Theref®r experiments were carried out with varying selenization
time keeping the selenization temperature constant. The purpose of this experiment was to
understand the effect of duration of selenization on the absorber film as well as the device
performance. Bsed on these experiments the optimal selenization time couldfibeddéor
absorber films with reduced thickness.

Three selenization times of 60, 45 and 30 minutes were experimented with while keeping
the selenization temperature constant at 515 °C.céle were completed by deposition of CdS
heterojunction partnelayer using CBD window bilayer of $ZnO/ZnO:Al by RF magnetron
sputtering and then Cr/Ag contact fingers by thermal evaporation. Cuvdtdage (V)
characteristics were obtained for the=ells using the-V setup that was built thouse. Figure

4.8t0 4.10show the variation in various PV parameters with respect to the selenization time.
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It can be seen from the figures below that as the selenization time was reduced all the PV
parametes improved. As mentioned earljighe thickness of MoSdayer is directly deperemt
on the selenization time. Therefore, as the selenization time is reduced the thickness of the MoSe
layer isalsoredued thus making a near ohmic contact at the back.celethe recombination
losses near the back contact are reduced thus improving the current density. As can be seen the
reverse saturation current is reduced byoader of magnitude for sample selenized for 30

minutes, which can explain the increase indpen circuit voltage.

B Normalized Voc (V) B Normalized Jsc (mA/cm?2)
% Normalized FF (%)

19

Arbritary units
(BN
|

60 40 30

Selenization time (mins)

Figure4.8: Variation of Open Circuit Voltage, 8t Circuit Current Density, and Fill Factor
with varying selenization time
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Figure4.9: Variation of Series and Shunt Resistance with varying selenization time

Figure4.10: Variation of Diode Ideality Factor and Reverse Saturation Current with varying
selenization time.
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