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ABSTRACT

Thin film solar cells have the potential to be an important contributor to the world energy
demand in the 21% century. Among all the thin film technologies, CulnGaSe, (CIGS) thin film
solar cells have achieved the highest efficiency. However, the high price of photovoltaic (PV)
modules has been a major factor impeding their growth for terrestrial applications. Reduction in
cost of PV modules can be realized by several ways including choosing scalable processes
amenable to large area deposition, reduction in the materials consumption of active layers, and
attaining faster deposition rates suitable for in-line processing. Selenization-sulfurization of
sputtered metallic Cu-In-Ga precursors is known to be more amenable to large area deposition.

Sputter-deposited molybdenum thin film is commonly employed as a back contact layer
for CIGS solar cells. However, there are several difficulties in fabricating an optimum back
contact layer. It is known that molybdenum thin films deposited at higher sputtering power and
lower gas pressure exhibit better electrical conductivity. However, such films exhibit poor
adhesion to the soda-lime glass substrate. On the other hand, films deposited at lower discharge
power and higher pressure although exhibit excellent adhesion show lower electrical
conductivity. Therefore, a multilayer structure is normally used so as to get best from the two
deposition regimes. A multi-pass processing is not desirable in high volume production because
it prolongs total production time and correspondingly increases the manufacturing cost. In order
to make manufacturing compliant with an in-line deposition, it is justifiable having fewer
deposition sequences. Thorough analysis of pressure and power relationship of film properties
deposited at various parameters has been carried out. It has been shown that it is possible to

achieve a molybdenum back contact of desired properties in a single deposition pass by choosing



the optimum deposition parameters. It is also shown that the film deposited in a single pass is
actually a composite structure. CIGS solar cells have successfully been completed on the
developed single layer back contact with National Renewable Energy Laboratory (NREL)
certified device efficiencies >11%. The optimization of parameters has been carried out in such a
way that the deposition of back contact and metallic precursors can be carried out in identical
pressure conditions which is essential for in-line deposition without a need for load-lock.

It is know that the presence of sodium plays a very critical role during the growth of
CIGS absorber layer and is beneficial for the optimum device performance. The effect of sodium
location during the growth of the absorber layer has been studied so as to optimize its quantity
and location in order to get devices with improved performance. NREL certified devices with

efficiencies >12% have been successfully completed.
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CHAPTER 1 INTRODUCTION

Energy has played a dominant role in the growth and development of mankind. The
current global power consumption is approximated 15 TW, the vast majority of which is
generated through the consumption of fossil fuels such as oil, coal, natural gas and also to some
extent by nuclear resources. The world energy demand is projected to be 30% higher in 2040
compared to the current usage [1]. There are bound to be concerns regarding how long the
existing fossil energy resources would last. The International Energy Outlook expects a nearly 50

percent jJump in global energy demand by 2035 as shown in Figure 1.

Figura 1. World energy consumption, 1990-2035
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Figure 1 World energy consumption 1990-2035 [1]

The production of energy using fossil resources poses a serious threat to the overall
health of the global environment. Burning of fossil fuels produces ~21.3 billion tons of CO, per

year [2]. A major threat faced by mankind is the harmful effects of global warming due to the

1



accumulation of greenhouse gases in the atmosphere. CO, (82%), methane (9%), nitrous oxide
(5%), and pollutants (4%) constitute the greenhouse gases in the atmosphere [3]. The effect of
global warming on climatic changes seems to be accelerating with every passing year. Hence
during the last two decades there has been an enhanced interest in the development of clean

renewable resources for energy production.

1.1 Renewable Energy Technology

The world currently relies heavily on coal, oil, and natural gas for its energy
requirements. Fossil fuels are non-renewable, that is, they draw on finite resources that will
eventually dwindle, becoming too expensive or too environmentally damaging to retrieve. On the
other hand, there are several types of renewable energy resources that are constantly replenished
and will never run out.

The most promising source of clean, safe and abundant energy is the sun. The total solar
energy captured by the earth’s surface in one hour is ~14 TWyr. Thus solar has the great
potential to meet a large fraction of energy needs. In fact, most renewable energy comes either
directly or indirectly from the sun. Solar energy can be used directly for heating and lighting
homes and other buildings, for generating electricity, and for hot water heating, solar cooling,
and a variety of commercial and industrial applications. The sun's heat also drives the winds,
whose energy, is captured using wind turbines. The winds and the sun's heat cause water to
evaporate. When this water vapor turns into rain or snow and flows downhill into rivers or

streams, its energy can be captured using hydroelectric power.



Along with the rain and snow, sunlight is also responsible for growth of plants by the
process of photosynthesis. The organic matter that makes up those plants is known as biomass.
Biomass can be used to produce electricity, transportation fuels, or chemicals. The use of
biomass for any of these purposes is termed bioenergy.

Hydrogen can be found in many organic compounds as well as in water. It is the most
abundant element on the Earth. However, it does not occur naturally as a gas. It always exits in a
combined form with other elements, such as with oxygen to make water. Once separated from
another element, hydrogen can be burned as a fuel or converted into electricity.

Not all renewable energy resources are derived from the sun. Geothermal energy taps
the Earth's internal heat for a variety of uses, including electric power generation and the heating
and cooling of buildings.

The energy of the ocean's tides is realized due to the gravitational pull of the moon and
the sun upon the Earth. In fact, ocean energy comes from a number of sources. In addition to
tidal energy there is the energy of the ocean's waves, which are driven by both the tides and the
winds. The sun also warms the surface of the ocean more than the ocean depths, creating a
temperature difference that can be used as an energy source. All these forms of energies from

ocean can be used to generate electricity.

1.2 Harvesting Solar Energy
It is clear from the above discussion that solar energy is the strongest contender among
various renewable energy technologies. By the end of this century mankind may possibly run out

of fossil fuels. The energy reaching the earth’s surface is ~7000 times the present global energy



consumption. Sun’s energy is abundant and clean. If 1% of the unused land area is used ~4 times

more electricity could be produced as compared to the fossil fuels and nuclear power [4]. Hence

technology has to be developed so as to efficiently produce and store the electricity from sun.
Energy from the sun can be used to heat homes through passive solar design, solar hot

water systems, solar space heating and electrical generation using solar panels (photovoltaics).
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Figure 2 Solar PV generation Capacity (Source: BP Solar)

1.2.1 Photovoltaics

Solar power generating capacity grew by 73.3% in 2011, the fastest growth recorded
since 1996. Total capacity grew by 29.3 GW to reach 63.4 GW. Capacity has grown almost ten-
fold over the past 5 years. As seen in Figure 2, Solar capacity growth in 2011 was dominated by
two countries, Italy (9.3 GW added) and Germany (7.5 GW). Together they accounted for 57.1%
of global capacity growth in 2011. Germany remains the leader for cumulative installed capacity
(24.8 GW), and ltaly (12.8 GW) has leapt into second place ahead of Japan (4.9 GW). China,

already the leading manufacturer of solar PV, has started to develop its domestic solar market,



adding 2.2 GW in 2011. China completed a 200 MW solar PV plant, which was at the time the
world’s largest solar PV plant.

Solar power generation enjoyed spectacular growth in 2011, with a record 86.3%
increase. Its overall share of renewable power remains low (6.5%), but 2011 marked the arrival

of solar power at scale, contributing 20% of the growth of renewable power in 2011 [5].

1.2.2 Solar PV Technologies

Crystalline silicon (c-Si) solar cells are considered as the first generation solar cell
technology. The present solar cell market is dominated by silicon based solar cells having a share
of 90% while market share of thin film modules is 10% [6]. Figure 3 provide the growth in the
efficiency of various PV technologies around the world.

As of 2012, the worldwide thin film PV market is worth $3 Billion and the thin film
market share is ~ 10% of the total PV market. Most of the other market share belongs to Silicon
wafer based technologies. The CIGS based technologies constitute ~ 2 % of the market in 2012
[Source: GTM Research].

Thin film PV industry has grown significantly over the last ten years. Shipments of thin
film PV grew from a very small value of 68 megawatt in 2004 to 2 gigawatt in 2009 - at a
compound annual growth rate (CAGR) of 97 %. Figure 4 shows the historic thin film production

since year 2002.
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The thin film PV market share rapidly increased between 2005 through 2009 and reached
its summit at 18% in 2009 during the period of polysilicon bottleneck. After 2009, the thin film
market share continued to fall every year due to rapid decrease in price and over supply of
polysilicon. In 2011, polysilicon based PV modules dropped in price by over 40% during the
course of the year. Prior to these last few years thin-film PV was considered a superior
alternative due to the low material consumption and freedom from the unstable prices of
polysilicon. As the price of silicon based PV rapidly decreased the value proposition of thin-film
solar cells was undermined. Although the original cost advantages have been compromised, there
are still several advantages to thin-film PV such as better energy output per nameplate power
rating due to improved performance in low light and high temperature conditions. Figure 5
shows the comparison of historic thin film PV growth and the polysilicon spot prices. It is clear
from the figure that as the polysilicon prices crashed after 2008, the YoY growth rate of thin film

PV fell from 140% to mere 20%.
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Figure 5 Comparison of Thin Film Year over Year (YoY) growth and polysilicon spot pricing

1.2.3 Future for Thin Film PV Manufacturers

Despite of the challenging times faced by the thin film PV manufacturers, there is a
promising future for the CIGS PV manufacturers in the years ahead. The GTM Research's "Thin
Film 2012-2016: Technologies, Markets, and Strategies for Survival” report forecasts global thin
film production and total market value dipping below $3 billion in 2012. But the report also
projects a jump in thin film demand in 2015-2016, when the total market recovers to $7.6 billion.
In particular, the report forecasts strong growth in the CIGS technology segment, forecasting
production at 4 GW in 2016. The industry's recovery is based on the assumptions that thin film
PV manufacturers would manage to follow their efficiency and cost per watt road maps. The thin

film modules perform better than the polysilicon modules in the low light as well as high



temperature environments. Hence, they have better energy yield performance than their

polysilicon based counterparts.



CHAPTER 2 SEMICONDUCTOR DEVICE PHYSICS

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

approximation;

£ _~ Z*myq*
"~ gethin?

Where,

g- Electron charge;

Z- Atomic Number;

mo- Mass of free electron;

go- Permittivity of free space;

h- Plank’s 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 where there 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 is generally the case
in solids it results in a semi-continuous band of energy. Figure 6 illustrates the formation of

energy bands in solids.
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Figure 6 Formation of energy bands in a solid

2.2 Classification of Materials Based on Energy Levels of Electrons

Materials can be classified into metals, semiconductors and insulators based on the
position of the valence band and conduction band (Figure 7). The conduction and valence bands
completely overlap with each other in case of metals, resulting in no band gap. Therefore,

electrons are free to move under the influence of very small electric field due to the availability

of several empty states.

Empty Conduction Band

Conduction Band

Eg >5eV
0.1 eV <E,<SeV
Conduction Band
o 8 8 8
Filled Valence Band Valence Band
Valence Band
Metal Insulator Semiconductor

Figure 7 Energy band diagram of metal, insulator and semiconductor
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For an insulator at room temperature, the valence band is completely filled with bound
electrons and the conduction band is almost unoccupied with free electrons. Due to large
bandgap (>5eV) the electrons cannot accelerate under the influence of an electric field. In
semiconductors on the other hand, the valence band is completely filled at 0 °K while the
bandgap is considerably smaller than that of the insulator. The thermal agitation at room
temperature can excite some electrons from the valence band into the conduction band. The
conduction band has many available empty energy states and hence the electrons are free to
accelerate under the influence of an electric field. Thus, the conductivity of a semiconductor lies

in between those of metals and insulators.

2.3 p-n junction

Since a solar cell is essentially a p-n junction, it is important to get a basic understating of
them. The semiconductors can be classified into intrinsic or extrinsic. An intrinsic semiconductor
or an undoped semiconductor is pure with a very low concentration of impurities. When an
intrinsic semiconductor is doped with impurities it is known as an extrinsic semiconductor. An
extrinsic semiconductor can be classified as n-type and p-type. An intrinsic semiconductor doped
with donor impurities that provide extra electrons is known as n-type and that doped with
acceptor impurities that provide extra holes is known as p-type.

When two isolated n-type and p-type material are electrically connected they form a
metallurgical p-n junction. When a p-n junction is formed, there exists a large carrier
concentration gradient at the junction. This leads to diffusion of electrons from the n-side to the

p-side and diffusion of holes from the p-side to the n-side. As the electrons continue to diffuse to
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the p-side some of the positive donor ions are left uncompensated on the n-side as they are fixed
in the lattice. Similarly diffusion of hole to the n-side causes some of the negative acceptor ions
to be left uncompensated on the p-side. This results in a negative space charge being formed near
the p-side of the junction and a positive space charge being formed near the n-side of the
junction as shown in Figure 8. The space charge region creates an electric field that is directed
from the positive 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 also shown in Figure 8.

p-type Resulting Field Elsctron n-type
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Figure 8 Formation of Space charge region, electric field and built in potential when n and p type
semiconductor are brought in intimate contact
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2.3.1 Types of p-n Junction
(a) Homojunction
A homojunction is the interface formed between a p-type and an n-type of the same

semiconductor material.

EVaC A
qVvy
X E
) A, vee
S Xs q4é,
Eg | E,
B oY lX_ . E
E, F
p—Type
EV
n—Type

Figure 9 Energy band diagram of a homojunction

Here,
Evac : Vacuum level
Ec : Conduction band Minima
Ev : Valence band Maxima
Er : Fermi level Energy
Eq : Bandgap Energy
Xs : Electron Affinity
Dy : Diffusion Potential

Dy and @y, Work functions for p and n sides respectively.
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(a) Heterojunction

A heterojunction is an interface formed between two dissimilar semiconductor materials
with different bandgaps, electron affinities and work functions. Figure 10 shows the example of
two semiconductors and their important parameters. Discontinuity may occur at the junction
between valence and conduction bands. It can be seen that a spike has appeared in the
conduction band and a cliff in the valence band at the junction due to band bending. A spike in
the conduction band is the result of properties specific to the material such as the electron affinity
() and the cliff in the valence band is a result of difference in energy bandgap. Presence of spike
and cliff limit electron current that flows from p to n region when light is incident on the solar

cell.

l X, X X,
E ac y | | |
v i qul\;\;’_ qV, I
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2
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Egl EC
Er -l .. A P Su_ Y. 4 _._
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Figure 10 Energy band diagram of a heterojunction
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Here, Eqiand Egz  : Bandgaps
geiand qpz  : Work Functions
griand gy2  : Electron Affinities

2.4 An Ideal Solar Cell

An ideal solar cell under illuminated conditions can be described as a photo diode with a
current source connected in parallel. Figure 11 provides schematic of an equivalent circuit of a
solar cell under illumination. The diode represents the p-n junction of the solar cell and the
current source represents the photo generated current. Under dark, a solar cell behaves like a
diode. It follows the diode equation 1 [7]. The part of the circuit on the left of the two dots is the
cell and remaining on the right is the load, characterized by the load resistor (R oaq). An actual
solar cell has a series resistance (Rs) and a shunt resistance (Rs). Ideally the values of Rs = 0 and
Rsy = . The value of Rs and Ry, depend upon the properties of the solar cell. Rs of a cell can
arise from the following reason: (i) bulk resistance of the individual layers, (ii) interface
resistance between layers such as between absorber and back contact, and between front contact
window layer and the contact fingers (iii) contact resistance of front contact. The shunt resistance
Rsn takes into account the parallel current paths due to recombination in the absorber material
and the value of R, reduces as the number of shunt paths increase. The effect of Rs on short
circuit current and Rg, on the open circuit voltage is shown in Figure 12 and Figure 13

respectively.
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Figure 11 Equivalent Circuit of a Solar Cell
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Figure 12 Effect of series resistance on solar cell short circuit current density
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Figure 13 Effect of Shunt Resistance on solar cell open circuit voltage

Here, lo : Diode Reverse Saturation Current
q : Electron Charge
\Y : Voltage at the terminal ends
T . Absolute Temperature (K)
ks : Boltzmann constant

Similarly, under illumination, the corresponding current-voltage equation of an ideal

solar cell is modified to equation 3.
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Here, I is the photogenerated current.
Under illumination the total current through the external circuit is the combination of the
photogenerated current and the diode current. Under the short circuit condition the voltage, V =

0. Hence from equation 2.7, the short circuit current (ls) is equal to the photogenerated current

(1)

The ideal current-voltage characteristics of a solar cell under dark and illuminated
conditions are depicted in Figure 14,
Equation 3 does not include the effects of R and Rg, on the solar cell performance. The

modified I-V equation is given by equation 6 as follows,
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Figure 14 Current Voltage characteristics of a solar cell in dark and under illumination

The power generated at V. and I is zero. The maximum power (Pmax) IS generated by
cell at a voltage (Vmp) and at current (Imp). Fill factor is the measure of squareness of the 1-V

curve defined mathematically as:

L R @)
VOC'ISC VOC'ISC

The conversion efficiency (1) of a solar cell is the ratio of the maximum power output

(Pmax) that can be extracted from the device to the incoming power (Pin):

P FFV .1
= _Mmax 0l e e 8
"5 T B ©
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For laboratory measurements, Pi, = 100 W/cm? corresponds to the AML.5 solar

spectrum.
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CHAPTER 3 MATERIALS REVIEW

3.1 Thin Film Solar Cells

Thin film solar cells are being developed with the active absorber layer thickness
approximately 2-3um instead of having a thickness of 180-300 um typically used for crystalline
silicon solar cells. This difference arises due to the fact that direct band gap semiconductors need
small thicknesses to effectively absorb the solar radiation as against indirect band gap materials
that need a reasonable thickness (at least 50 um) to absorb the solar radiation. The actual
thicknesses are much higher in crystalline silicon solar cells essentially to impart some

mechanical strength to the wafers in order to make their handling easier without breakage.
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Figure 15 Variation of optical absorption coefficient with photon energy
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Thin film solar cells offer several advantages over c-Si technology which are realized in
the form of cost savings. These advantages are:

e The material consumption is reduced since the absorber thickness is lower for absorption
of photon radiation

e By choosing scalable manufacturing technique such as sputtering, large area deposition is
possible

e Due to monolithic integration of thin film solar cells the cost and time associated with
wafer to wafer soldering is reduced

e The purity requirement for the materials is low. Essentially, in the case of crystalline
silicon solar cells high purity of materials is necessary since the electron-hole pairs are
generated far away from the built-in electric field. Presence of impurities would reduce
the diffusion length of the charge carriers. However, in case thin film solar cells most of
the electron-hole pairs are generated close to the built-in electric field and are separated
by drift component instead of diffusion. Therefore, it is possible to use relatively low
purity materials.

e The thermal budget associated with processing of c-Si solar cells is very high, due to high
melting point of silicon. However, thin films solar cells can be fabricated at much lower

temperatures, thereby, reducing the cost associated with high temperature processing.

3.2 Current Thin Film Technologies in the Market
The current thin film technologies that are manufactured on large scale include;

e Hydrogenated amorphous silicon (a-Si:H)
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e Cadmium telluride (CdTe)

e Copper indium gallium selenide (CIGS)

3.3 CIGS Thin Film Solar Cells

Compounds in the I-111-VI, family have an immense potential to make a significant
contribution to address the energy need of the world. The initial development of thin film solar
cells was pioneered with the study of Cu,S/CdS heterojunction [8]. However, the research had to
be abandoned on account of instability issues associated with these cells that resulted in their
very fast degradation essentially due to migration of copper atoms. Later it was found that the
addition of trivalent indium to the Cu,S structure prevented the degradation due to copper
migration and thus evolved the CulnSe, (CIS) thin film solar cells. CulnSe; and its alloys with

gallium and sulfur have shown so far the highest conversion efficiencies of 20.3% [9].

3.3.1 Optical absorption

High optical absorption coefficient is one of the properties that make CIS material well
suited for solar cells applications as depicted in Figure 15. Hence, as mentioned before, CIS
absorbers would require very small amount of material (~100 times less) compared to the

crystalline silicon for the same extent of light absorption.

3.3.2 Band Gap Engineering

CIS has a direct bandgap of 1.02+0.01 eV at room temperature with a temperature
coefficient of -2+1 x 10™ eV/K in the lower temperature range [10]. The typical absorption
coefficient is greater than 10°cm for 1.4 eV and higher photon energies [11]. One of the
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advantages of the compound semiconductors of I-111-VI, family is that various alloys can be
mixed together to form compounds with variety of material properties and band gap energies as
shown in figure 8. The band gap can be varied from 1.02 eV for CIS all the way up to 2.7 eV for
CuAlS, Within CIS incorporation of gallium (Ga) leads to an increase in the bandgap over a
wide range up to 1.68 eV by increasingly substituting In by Ga. The band gap increase due to Ga
content is governed by the equation 9 [12]. Essentially the increase in band gap is due to increase

in the energy of the conduction band as shown in Figure 17 [13].
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Figure 16 Variation of band gap energy with lattice constants for copper chalcopyrite materials

Eo) = Ego) T (Egay = Ego) X FDX(X=1) ooeiiiii 9

9(x)

Where,

Eqg) : Band gap of CulnSe; (1.02 eV)
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Eq) : Band gap of CuGaSe; (1.68 eV)
b : Bowing parameter (0.15 — 0.24 eV for CulnGaSe,)

X 1 Gallium concentration

Due to higher chemical activity of selenium with indium, gallium tends to diffuse
towards the back contact and forms CuGaSe; (CGS) [14]. CGS is a wide bandgap semiconductor
with a bandgap of 1.68 eV. The bandgap gradient created between CIS and CGS creates a back
surface field (BSF) that acts as a mirror for the electrons moving towards the back contact. The

BSF greatly minimizes the back contact recombination and thus increases the V. [15].

CulnSe, CuGaSe,

/117177777777
Molybdenum Back Contact

Figure 17 Bandgap bending due to formation of CGS compound

Similarly, the band gap can also be increased by up to 2.4 eV by substituting S for Se.

CulnGaS; (CIGS2) is a wide bandgap semiconductor with a bandgap of 1.54 eV, higher than that
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of CIGSe. Sulfurization of CIGSe leads to formation of CIGSeS compound at the surface of the
absorber. This helps in increasing the bandgap of the absorber at the interface by shifting the
valence band maxima to lower energies as shown in Figure 18. However, the grading depends on
the time, temperature and also on the sulfur content. The increase in the bandgap due to the

addition of sulfur is governed by the equation 2 as follows:

E, =0.95+0.8x-0.17x(A-x)+0.7y =0.05y(1-y) ..o 10

Where, X, y corresponds to the concentrations of selenium and sulfur respectively.

Culn(Se,S), CulnSe,

/1171717777777
Molybdenum Back Contact

Figure 18 Bandgap bending due to formation of CIGSeS compound at the surface of CIGSe absorber

In a two-stage process, growth of favorable grains takes place at the expense of the

unfavorable grains. Large numbers of small grains are present at the molybdenum/CIGSe
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interface. Due to higher diffusivity of sulfur in the crystal, a longer sulfurization treatment leads
to formation of CIGSeS or CGSeS, thus lowering the valence band. An excessive amount of
sulfur can react with molybdenum at higher temperatures to form a thick MoS; layer which
subsequently increases the series resistance of the cell and thereby, reduces the fill-factor.
Therefore, optimization of sulfurization time is very critical to derive the best from this treatment
without degrading the device parameters. Sulfur is also known to passivate and reduce the
compensating donors at the CIGSe surface by either replacing the existing selenium or by

occupying the existing vacancies [16].

3.3.3 Crystal Structure

CIS and its alloys belong to the I-1lI-IV, family that crystallizes in tetragonal
chalcopyrite structure. The tetragonal chalcopyrite structure results from the cubic Zinc blend
structure of ZnS as depicted in Figure 19 in which the Zn sites are replaced alternatively by Cu(l)
and In/Ga(lll) atoms. Each Cu(l) and In/Ga(lll) atom has four bonds with the Se(IV) atom. In
turn each Se atom has two bonds with Cu and two with In/Ga atoms. Since the bond strengths of
I-VI and I11-VI bonds are in general different, therefore, the ratio of the lattice constants (c/a) is
not exactly 2. This deviation from c/a =2 is termed ‘tetragonal distortion’. The value of c/a can
vary from 2.01 for CulnSe, to 1.96 for CuGaSe,. The system of copper chalcopyrites covers a
wide bandgap of energies ranging from 1.02 eV in CulnSe, to 2.4 eV in CuGaSe; thus covering
most of the visible spectrum. Since there is no miscibility gap in this system any desired alloys

can be produced between these compounds.
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Zn

Figure 19(a) CIGS chalcopyrite crystal structure and (b) the equivalent ZnS structure

The tetragonal structure of CIS is equivalent to two FCC structures one stacked on top of
the other. The growth plane in FCC structure is typically (111) which is the close packed plane.

The equivalent close packed plane in chalcopyrites is (112).

3.3.4 Phase Diagram

CulnSe; alloy system has one of the most complex phase diagrams when compared with
all the other thin-film solar cell materials. All the possible phases in the CulnSe; alloy system are
indicated in the ternary phase at 500 °C (Figure 20). CulnSe, absorber prepared under excess
selenium has composition that fall on or close to the tie line between Cu,Se and In,Ses. Along
with the chalcopyrite CulnSe;, the ordered defect compounds (ODC) viz., CuslnsSeg, CuzInsSes,

CulnsSes and CulnsSeg also lie on the tie line. The ODC compounds have the same chalcopyrite
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structure as CulnSe, [17]. The complex ternary diagram can be reduced to a simpler pseudo

binary phase diagram (Figure 21) along the tie line.
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Figure 20 Ternary Phase Diagram of the Cu-In-Se Alloy (Redrawn)

In the pseudo binary phase diagram, a = CulnSe,, f = CulnsSes, y = CulnsSeg, and 6 =
high temperature phase with sphalerite structure. As seen from pseudo binary phase diagram, the
o. phase exists at copper concentration between 24-24.5 at. % at room temperature. The existence
of a phase is over a very narrow composition range and does not even include the stoichiometric

composition of 25 at.% Cu. Typically the copper content in the thin film absorber is 22-24 at. %.
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Figure 21 Pseudobinary In,Ses—Cu,Se equilibrium phase diagram for compositions around the CulnSe2
chalcopyrite phase (Redrawn) [18].

The a or CulnSe; phase exists between 22 -24.5 at.% Cu at the growth temperature of 500
— 550 °C. At room temperature, both CulnSe, and CulnsSes phases exist at 22-24.5 at.% Cu. The
B or Culn3Se5 phase evolves due to the creation of copper vacancies (V¢y) and indium on copper
sites (Incy). Therefore, the phases are also termed ordered vacancy compounds. The B phase has
a bandgap of 1.23 [19] -1.3 [20] eV. Higher bandgap at the junction will help increase the Vo
[21]. However, some groups have reported that the  phase is weakly n-type [22]. The surface
layer is weakly n-type and the bulk of the material is p-type, thus they form a buried p-n junction
[23-24]. The inverted surface helps in reducing the recombination at the metallurgical interface
with CdS. The thickness of the ODC layer depends upon the copper content in the film. ODC

layer thickness varies inversely with copper content in the absorber [25].
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Partial replacement of indium by gallium and by addition of sodium actively or passively
widens the a phase thus making it possible to have single phase (a phase) region between 22-
24.5 at.% Cu at room temperature [26]. It is evident from the phase diagram that the CulnSe;
phase exists over a range of copper-poor compositions at growth temperature of ~500 °C. If the
absorber is prepared in a copper-rich regime, Cu,Se phase forms. The Cu,Se phase is highly
conductive. The presence of this phase diminishes the performance of the solar cell. The
presence of any trace amount of this phase can degrade the cell performance and therefore, it

must be removed by etching with 10% KCN solution.

3.3.5 Absorber Preparation Techniques

A wide variety of techniques have been used to fabricate CIS thin film absorbers. These
include, three-source evaporation [27-30], selenization (sulfurization) of sputtered metallic
precursors (termed sputtering for the sake of brevity) [31], flash evaporation, laser ablation [32],
vapor transport [33], spray pyrolysis [34-36], liquid phase epitaxy [37-38], electro-deposition
[39-40], screen printing [41] and selenization of metallic layers [42-45]. Among the several
techniques mentioned above, coevaporation and sputtering are the most promising. Sputtering is
an established process for very high-throughput manufacturing. ARCO Solar, later Shell Solar
pioneered the CIS preparation using the sputtering technique [46]. The two-stage process
developed by ARCO Solar consisted of sputtering of a copper and indium layers on Mo-coated
sodalime glass at first step. In the second step, the deposited copper-indium layers were exposed
to selenium-bearing gas ambient of hydrogen selenide (H,Se) mixed with argon. The hydrogen

selenide dissociates and provides selenium, which reacts and mixes with the copper and indium
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to produce high-quality CIS absorber layer. Sputtering technology has the added advantage of
being easily scalable and adaptable to roll-to-roll production on flexible substrates.

In the early 90’s, a low toxic selenization process was developed at the FSEC’s PV
Materials Laboratory to avoid use of highly toxic H,Se gas. The two stage selenization process
involved deposition of a copper-indium layer with excess copper. The elemental stack was
selenized by annealing in the presence of selenium vapors obtained by thermally evaporating
elemental selenium. Selenization of the copper-rich film improved the absorber adhesion with
the molybdenum back contact. Indium was deposited on the copper-rich film to make it copper-
poor and re-selenized to produce an efficient thin-film CIS absorber [47]. The process was later
modified by gallium addition to achieve a cell efficiency of 9.02% [48]. Currently, CIGSeS
absorbers are being prepared by rapid thermal processing of metallic precursor films with
elemental selenium and conventional furnace annealing in selenium vapor obtained from
diethylselenide (DESe) or other organometallic precursors [49]. Sulfurization of the selenized
film to form CIGSeS and of metallic precursors to form Culn;xGayS; (CIGS2) is carried out in
diluted H,S gas [50]. Till date, in FSEC’s photovoltaic materials laboratory, an efficiency of
13.73% has been obtained on a CIGSeS absorber layer prepared using diethylselenide as a
selenium source [51]. Research activities in FSEC photovoltaic materials laboratory on CIGS2

thin-film solar cells resulted in an efficiency of 11.99% [52].

3.3.6 Doping in CIGS Absorbers
The most important characteristics of CIGS material is accommodation of a large amount

of compositional variation without appreciable change in the electronic properties. Highly
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efficient solar cells can be fabricated with Cu/(In+Ga) ratio of 0.7 to slightly less than 1. This
phenomenon can be explained on the basis of defect chemistry of CIS. It has been shown that the
formation energy of defects such as copper vacancies V¢, and defect complexes 2V¢,+Ing, is
low [53]. V¢, is a shallow acceptor that contributes to the p-type conductivity of CIGS. The
2V tiIng, defect prevents degenerate doping in indium-rich material. Isolated Inc, acts as a deep
donor while the combination with 2V¢, has no deep level and is electrically neutral. Because of a
high amount of 2V¢,+Inc, complexes, they interact with each other and further reduce the
formation energy.

Thus the creation of such defect complexes can compensate for Cu-poor/In-rich
composition of CIGS without adverse effects on photovoltaic properties. Doping of the CIGS
semiconductor is controlled by intrinsic defects. Samples with p-type conductivity are grown if
the material is copper poor and annealed under high Se vapor pressure, whereas Cu-rich material
with Se deficiency tends to be n-type [54-55]. Thus Se vacancy (Vse) is considered to be the
dominant donor in n-type CIGS and also compensating donor in p-type CIGS whereas V¢, is
dominant acceptor in Cu-poor p-type material. Cu-poor material has Inc, antisite donor defects
along with V¢, acceptors, resulting in heavily compensated n or p-type material. In the case of
excess Cu, dominant defects are Cu,, antisite and In vacancy (V),) acceptors, both of which
contribute to a strongly p-type material. On the other hand Cu-rich material with Se deficiency

tends to be n-type. Thus Se vacancy is considered to be dominant donor in n-type material.
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3.3.7 Effect of Sodium on Absorber Preparation

Several beneficial effects of sodium in copper chalcopyrite thin-film solar cells are
reported in the literature. It has been shown that the presence of sodium plays a very critical role
during the growth of CIGS absorber layer and is beneficial for the device performance. Several
sodium precursors have been explored to determine their effect on the growth of CIGS solar
cells. Among those studied, sodium fluoride (NaF) has been found to be the best choice. This is
because NaF is non-hygroscopic, stable in air and evaporates stoichiometrically [56]. It has been
shown that selenization of the film containing sodium results in the formation of NaSey
compounds that delay the growth kinetics of the CIGS phase for better incorporation of selenium
in the film [57]. Sodium has a tendency to reduce detrimental point defects. It reduces
compensating donors by substituting selenium vacancies Vs, and therefore increases the p-type
conductivity.

Sodium also replaces Inc, anti-site defects further reducing the compensating donors
[58]. Apart from reducing the compensating donor, sodium also replaces copper vacancies
thereby minimizing the formation of ordered defect compounds (ODC) and thus favors widening
the a-phase region. Sodium also promotes increase in grain size and preferred (112) orientation
of CIGS films [59-61]. Sodium has also been shown to passivate the surface and grain
boundaries of CIGS films by promoting oxygen incorporation [57]. The overall effect of sodium
on the device performance is noted by an increase in efficiency by improvement in fill factor and
open circuit voltage. Addition of sodium helps in fabricating Cu-poor films with higher device

efficiencies without a KCN treatment.
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It has been shown that the optimum amount of sodium for better device performance is
determined by the process used to prepare the absorbers films [61]. Therefore, films prepared by
RTA will need higher amount of sodium compared to films synthesized in conventional furnaces
with slower temperature ramp rates.

The highest efficiencies of CIGS thin-film solar cells have been achieved by using soda-
lime glass as substrate material. Soda-lime glass contains significant amounts of sodium in the
form of 13-15% Na,O. The sodium from the substrate diffuses through the Mo back contact into
the absorber. In order to ensure uniformity in sodium incorporation, the preferred technique is to
use alkali barriers between the soda-lime glass and molybdenum back contact and deposit a
known quantity of sodium, traditionally, by thermal evaporation of sodium precursor on
molybdenum before the absorber growth [62-63]. However, for large area substrates the
uniformity in Na deposition will still be compromised and this method of sodium incorporation
adds another step in the process rendering it unsuitable for large volume production. Different
methods have been tried to minimize this problem. In a recent study by Shogo et al, soda-lime
glass thin-film deposited by rf-magnetron sputtering was used as sodium source for controlled
incorporation of Na in CIGS films grown on flexible substrates [64]. The large area uniformity
of deposited sodium is the noted advantage of this technique compared to the sodium deposited
by traditional thermal evaporation.

In recent years an alternative technique has been developed wherein sodium doped
molybdenum back contact has been explored. In fact, efficiencies of 13.7% have been achieved
on flexible titanium foils using this method [65]. It is possible to control the optimum amount of

sodium by sputtering a layer of know thickness from such a target. In an in-line manufacturing
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set-up, this technique would eliminate the need for additional deposition for sodium precursor
thus contributing to saving in terms of time and cost for the additional equipments. The benefits
of this method are being realized to the point that companies like Plansee are already producing
standard (3, 5, and 10 at. % Na) and custom made sodium doped molybdenum targets know
commercially as MoNa. This technique is very suitable on a production scale for large areas and
would eliminate the additional step for deposition of sodium precursor. However, this can only

provide sodium at the back.

3.3.8 Back Contact to CIGS Solar Cells

A suitable back contact for CIGS solar cells must satisfy various requirements. Therefore,
several metallic back contacts have been explored. Various parameters need to be satisfied for a
choice of high quality back contact layer for CIGS solar cells. This includes,

i.  Due to the highly reactive ambient and high temperatures (~500°C) during CIGS
processing, the back contact must withstand such harsh conditions without
degrading its properties.

ii.  Conductivity and adherence to the substrate should also be maintained throughout
the entire processing and also during the operating lifetime of solar cell.

iii.  The back contact must also play a role as a barrier against impurity diffusion form
the substrate into the absorber.
iv. It must possess a high optical reflectance in order to avoid optical losses.
Several metals have been explored such as Au, Pt, Ni, Al, Ag, Cu, W, Cr, Mo, Ta, V, Ti,

Nb, Mn as back-contact material for CIS based thin-film solar cells [65-71]. Pt, Au, Ni, and Mo
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all form fairly reproducible, low-resistance contacts to the CIS absorber layer. Mo and Ni
contacts seem to improve with high-temperature treatment [72]. Au and Pt show considerable
diffusion into the CIS layer when annealed at elevated temperatures [73]. Molybdenum is the
most widely used back contact material because of its relative stability at the processing
temperatures, resistance to alloying with Cu and In, and its low contact resistance to the absorber
layer [74]. Among all these materials investigated, molybdenum is preferred back contact for it
satisfied most of the requirements for an ideal back contact. Molybdenum is chemically stable
and does not react with Cu, In, Ga or their alloys during the processing. It makes a good Ohmic
contact with the CIGS absorber due to the formation of an intermediate MoSe, layer [75]. The
highly efficient CIGS solar cells have been made with molybdenum as the back contact layer. A
number of investigations have reported about the mechanical, optical, and electrical properties of
Mo thin films deposited with DC magnetron sputtering technique [66].

It is a well understood that sputter-deposited refractory metal thin films have a correlation
between working gas pressure, power and residual stress of the as-deposited film, [77-80]. It has
also been demonstrated that the sputtering power influences the stress state of the molybdenum
thin films. Other studies have reported that the adherence of the molybdenum thin films their
conductivity is strongly dependent on the working gas pressures [79-82]. Molybdenum thin film
can possess a variety of properties by varying the process parameters. For example, films
deposited at low working gas pressures generally have a poor adherence to the substrate, high
conductivity and compressive stress state, while those deposited at high gas pressures tend to

have a good adherence, low conductivity and residual tensile stress. The influence of working
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gas pressure on the electrical and mechanical properties of the molybdenum back contact layer
has been reported along with their effect on the performance of the solar cells [81, 82, 84, 85].

The main factor which influences the adherence of the film to the substrate is residual
stress. Bell et al. have reported a strong correlation between the stress state within a film to the
working gas pressure and angle of incidence of sputtered atoms [86]. Similar results were also
confirmed with the study conducted by Scofield et al. who showed that films in compressive
stress state had poor adherence and those in tensile stress had good adherence with the substrate
[66]. Shen reported that stress state in molybdenum films changes from highly compressive to
highly tensile in a narrow pressure range of 8 to 10 mTorr [88], while, Hoffman et al. obtained
this transition pressure at ~0.2 mTorr [78]. Shen also reported that the microstructure of the
compressive films was densely packed microstructure while films with tensile stress had a very
porous columnar microstructure.

Gordillo et al. showed that the electrical conductivity of sputter-deposited molybdenum
thin film is highly influenced by both sputtering power and working gas pressure both of which
influence the microstructure of the film [88]. Scofield et al. found that the resistivity of about
10uQ-cm was steadily obtained at pressures between 0.2 and 2 mTorr without significant

pressure dependence followed by a steep increase at pressure of more than 2 mTorr [66].

3.3.9 Deposition of Heterojunction Partner Layer
Cadmium sulfide (CdS) has been well investigated as a heterojunction partner with CIS
based absorbers and a variety of techniques have been explored to fabricate device quality films

[C1]. CdS is a direct bandgap n-type semiconductor with a bandgap of ~2.42 eV. Due to its wide
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band gap and transparency, CdS serves as a window layer with minimum light absorption. The
lattice mismatch between the CdS and CIGSe interface is very small. CdS can also grow
epitaxially on CIS surface [81]. Due to much higher carrier density in CdS compared to CIGS,
major portion of the depletion region is in the CIGS film. Therefore, the recombination of
minority carriers at the back contact is minimized.

During the initial development stages of CIGSe thin film solar cells, the heterojunction
was formed by depositing a thicker CdS layer of approximately 1-3 um by sputtering [89] or
evaporation [39]. The temperature of the substrate during the evaporation process was
maintained between room temperature and ~200 °C. Bilayers of CdS consisting of a thicker low
resistivity layer doped with indium [90] or gallium [91] and a thinner high resistivity layer were
deposited by evaporation or chemical bath deposition (CBD). So far, thin CdS layer deposited by
CBD is the preferred technique for CIGS thin films solar cells.

If the thickness of CdS is more than the optimum, it absorbs some portion of high energy
photons and therefore, decreases the short circuit current. The photon absorption can be
minimized with an optimum thickness of ~50 nm. Too thin CdS layer or its absence can lead to
an increase in the recombination in the space charge region of the absorber layer. This results in
a reduction of open-circuit voltage, fill-factor and spectral response. In chemical bath deposition,
the growth of CdS film occurs either by the reaction between the constituent ions or by clustering
of colloidal particles [92]. CdS layer protects the junction against mechanical and chemical
damages during the deposition of the subsequent ZnO layer.

The benefits of depositing CdS layer by CBD are described as follows:
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CdS layer deposited by CBD provides complete coverage of the uneven absorber
layer surface as compared to deposition by evaporation at very low thickness.

The Cd™ may also diffuse into the Cu poor surface layer of the absorber layer and
occupy the Cu sites. This helps in reducing the acceptor defect density and thus
causing a consequent type inversion. This type inversion might result in a buried
homojunction. The diffusion of Cd" into the CIGSe layers also depends on the
orientation of the CIGSe layer. (220/204) oriented CIGSe layers allow more Cd*
diffusion into the CIGSe layer.

During the CBD process ammonia removes the native oxides. The absorber
surface is thus cleaned which enables the epitaxial growth of CdS layer.

Sodium present at the CIGSe/CdS interface may affect the junction properties.
CdS deposition by CBD may wash away the traces of sodium present on the

absorber surface.

The limitations of CdS layer deposited by CBD are described as follows:

Large amount of toxic hazardous waste is generated during the CBD process.
Being a wet process it cannot be incorporated within an in-line fabrication set-up.
Yield is very low.

The bandgap of CdS restricts the photons from the blue region to reach the

absorber.

Due to the above mentioned disadvantages researchers are investigating other options to

replace CdS as the heterojunction partner. However, it is difficult to find a replacement with
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similar properties due to the beneficial chemistry of the CBD process and favorable properties of

CBD CdS layer as a heterojunction partner.

The deposition of CdS by CBD is usually carried out with the following constituents:
1. Cadmium precursor: CdSQO,4[93], CdCl;, [94], Cdl,, or Cd(CH3CO0O0),[95]
2. Sulfur precursor: Thiourea (SC(NH,),)

3. Complexing agent: NH,OH

The complexing agent NH4OH slows down the reaction and also avoids the formation of
Cd(OH),. The concentration of thiourea is maintained higher than that of the metal precursor.
The optimum temperature range for CdS deposition is between 60 — 90 °C where thiourea
hydrolyzes and decomposes to release S* anions. The total reaction for the formation of CdS is

given as:

Cd(NH3)?" +SC(NH,), +20H" — CdS+H,NCN +4NH, +2H,0

3.3.10 Transparent and Conducting Front Contact Layer
The front contact layer in the CIGSe based thin film solar cell should meet the following
requirements;
I. It must provide high transparency (>85%) so as to let most of the light pass

through it.
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ii. It must have low sheet resistance ~60 Q/o or less so that it can transport all the
photogenerated current to the current collection grid without significant resistive
losses.

The early generation CulnGaSe, based thin film solar cell used CdS doped with In [90]
or Ga [96] as front contact layers in addition to the CdS buffer layer. The bandgap of these layer
was ~2.42 eV. The entire short wavelength light (<520 nm) was absorbed by the thick CdS layer
that resulted in reduction of the total photogenerated current. Deposition of CdS layer by CBD
allowed the layer to be very thin. This minimized the absorption of short wavelength photons and
also enabled the use front contact layer with higher bandgap so as to transport the photocurrent
efficiently.

The materials which could satisfy the above criteria included ZnO, SnO,:In (ITO) and
SnO,. The deposition of SnO, is carried out at 350-750 °C. After the deposition of CdS layer
CIGSe devices cannot tolerate temperatures > 200 to 250 °C. The cost of ZnO is much lower
compared to ITO. Hence ZnO is being used as the front contact layer.

The present day devices use oxide bilayers consisting

Q) ~50 nm thick highly resistive layer and

(i) 200 — 500 nm thick highly conductive layer.

Together with CdS, the highly resistive undoped ZnO (i:ZnO) layer protects the device
from electrical losses due to the inhomogenities present in the absorber. Moreover, the i:ZnO
layer prevents the diffusion of aluminum from the highly conductive ZnO:Al layer into absorber
layers. 1:ZnO layer also protects the interface layer from sputter damage induced during the

deposition of the ZnO:Al layer which typically involves high energy sputtered species. The
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thickness of the i:ZnO layer is also critical from the device performance point of view. If the
thickness of the i:ZnO below the optimum thickness then it may lead to the increase in the
leakage currents. However, if the layer is too thick it will decrease the current density due to an
increase in the series resistance. i:ZnO layer greatly influences the open circuit voltage, V. [97].
Doped zinc oxide films have several attractive properties such as high conductivity, high
(3.3 eV) bandgap making it highly transparent in the visible region and has high reflectance for
infrared radiation. The low electrical resistivity of the transparent conductive oxide films is due
to the presence of intrinsic defects, i.e. oxygen vacancies (Vo) and zinc interstitials (Zn;) which
act as shallow n-type donors [98-99]. Low resistivity films can be obtained by introducing
charge carriers into ZnO by extrinsic doping with group Il elements such as aluminum [], boron
[100] or gallium [101]. Aluminum belongs to group Il and Zinc belongs to the group Il
elements. When ZnO is doped with Al, Al atoms replace Zn atoms and act as donors. The
amount of aluminum doping in ZnO can vary from 0.1 wt. % — 2 wt. % [102]. The properties of
the highly conductive layers vary with the amount of doping and also the process gases. Various
techniques have used for deposition of doped ZnO layer, viz., DC and RF magnetron sputtering
[103], chemical vapor deposition [104], reactive DC sputtering, sol-gel techniques [105], atomic
layer epitaxy [106] MOCVD, and laser ablation [107]. However, RF magnetron sputtering
technique is the preferred choice due to higher deposition rates, very good thickness uniformity

and high density of the films, relatively cheap deposition method and scalability to large areas.
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3.4 Kesterites

Despite the promise of current thin-film technologies, both CdTe and CIGS rely on
relatively rare and toxic elements. As production of these PV technologies increases, there is a
concern for the amount of indium (In) and tellurium (Te) available and for how this scarcity
could adversely affect production costs. A more abundant and environmentally benign absorber
is needed in order to ensure a competitive and stable thin film PV market.

Because of these concerns, there has been a shift in research to the kesterite-related
family of material, specifically Cu,ZnSn(S,Se)4(CZTS). This material involves earth abundant
elements, while also meeting the requirements necessary to construct a successful solar energy
device. The kesterite crystal structure is similar to the chalcopyrite type structure seen in CIGS,
where every trivalent group Il atom (In and Ga) are replaced with equal number of divalent
group Il and tetravalent group IV metals (Zn and Sn) [108]. Currently the record 9.7 % efficient
cell has been developed using a liquid based deposition process[109], while only a maximum of
6.8% efficient cells have been produced using vacuum deposition techniques[110]. According to
the literature there is a large gap in the fundamental understanding of this technology which
results in the relatively low cell performance parameters. A more thorough knowledge base will
eventually lead to improvement in cell efficiencies.

Current research focuses on the (a) the deposition process of precursor materials and
subsequent annealing process, (b) the micro-structure and composition of CZTS absorber layer
(c) the electronic and optical properties of the CZTS absorber layer as well as (d) the structure
and properties of the interfaces between the CZTS and the Molybdenum back contact as well as

the n-type heterojunction partner layer.
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Various routes have been explored in an attempt to produce high quality CZTS films. The
most successful has been a recent approach using a hybrid solution-particle based deposition
approach [109]. A hydrazine solution containing dispersed solid particle precursors has been spin
coated on a substrate and annealed to form single phase CZTS. Although the deposition method
produces a fairly thin layer, the process can be performed multiple times in order to produce the
appropriate layer thickness. This is an interesting approach because of its potential application in
high throughput printing or coating methods that are currently employed in other electronic
manufacturing industries. There has also been some success in the use of sputtered stacked metal
precursors annealed in a Sulfur or Selenium atmosphere to produce high quality CZTS [111-
113]. This is a similar process used to produce high quality CIGS absorber layers, and is the
current method of fabrication within the industry. Efficiencies up to 6.7% have been produced
with this approach [113]. As also seen in the CIGS cell production the most successful vacuum
approach to fabricate CZTS cells has utilized co-evaporation techniques [110]. This has
produced only slightly better conversion efficiencies of 6.8%. There is much work remaining in
the optimization process of these techniques in order to produce the highest quality devices.

The morphology of the CZTS layer also remains to be fully optimized for cell
production. A similar trend of higher processing temperature leading to larger sized grains is
what has previously been seen in CIGS absorber layers. However, these larger grains are not
necessarily associated with the highest conversion efficiencies. This is due to a number of
factors. A segregation of ZnSe has been seen in conjunction with these higher temperatures [2].
This along with the formation of a MoS; or MoSe; phase along the interface at the back contact

leads to higher recombination rates and higher series resistances. This will result in low fill
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factors and cell efficiencies. There are models using pseudo J-V curves constructed using already
achieved open circuit voltages and similar series resistances obtained in CIGS cells that predict
conversion efficiencies above 11% [108]. If the issue of higher series resistances and
recombination losses can be overcome, there will be a large increase in conversion efficiencies.

The overall band structure over the completed diode has not been studied well. There has
been speculation of surface recombination effects at the heterojunction interface limiting the
open circuit voltage (Voc) [108]. A mismatch in conduction band alignment where the absorber
layer conduction band edge is higher than that of the buffer layer is believed to be the cause of
this interface recombination. Improvement in the matching of an appropriate heterojunction
partner along with an optimized absorber synthesis method could also lead to increased cell
efficiencies.

There is hope that the next generation of thin film solar cells will consist of earth
abundant and non-toxic materials. Kesterite based cells already meet these requirements and
have shown promise in their ability to produce conversion efficiencies that might rival the
previously successful technologies of CdTe and CIGS. However, the limited knowledge base
available for the CZTS technology will limit any large scale production from taking place.
Through further research and a better understanding of the fundamentals behind this technology,
there is a possibility of highly efficient and very cost effective technology to emerge in the thin

film PV market.
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3.5 Cadmium-Free Solar Cells

Champion CIGS thin film solar cells are currently prepared with a n-type heterojunction
partner CdS layer along with an intrinsic ZnO buffer layer. There has been significant research
in the development of an alternate to a cadmium based layer for several reasons, mainly from the
desire to decrease the environmental impact by using a less toxic chemical. Other motivations
include the possibility to increase the transmission of higher energy photons below 550 nm, to
optimize the conduction band offset at the CIGS/CdS interface, and to remove the wet-chemical
deposition procedure to allow for a more efficient in-line manufacturing process. One very
promising candidate is the ZnMgO alloy. Various reports of CIGS devices that incorporate a
ZnMgO layer (sometimes in conjunction with another layer such as ZnS) have demonstrated
comparable or superior performance with devices that include a classical CdS/ZnO buffer layer
[115-117].

A single Zn;.xMgxO layer can be used to replace just the ZnO window layer or both the
CdS and ZnO layers. This is such a versatile material because of the precise adjustments of the
optical and electronic properties made possible through the control of the Mg composition. The
band gap energy along with the transmission spectra can be effectively controlled by adjusting
the composition of a Zn;.xMg,O thin film [118], as well as the conduction band offset when used
in a device [119]. Through control of these material properties, there are a number of functions
that this material can perform. Furthermore, this layer can perform multiple functions
simultaneously if a magnesium gradient is imposed [120].

As previously mentioned, it is also important for the material that replaces CdS to utilize

a deposition method that can be implemented with minimal manufacturing cost while also
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maintaining the integrity of the device. If the wet-chemical CdS deposition method can be
replaced with a dry process such as RF sputtering, this will allow for a more efficient in-line
manufacturing process. Currently thin film layers of ZnMgO have been deposited using RF
sputtering with some success [117,120]. However, sputtering of the heterojunction partner can
result in damages at the absorber surface that can cause an increase in interface recombination
resulting in a decrease in the conversion efficiency. Therefore, special care of the deposition
process and post treatment process need to be considered when completing this layer.

Therefore, ZnMgO remains a top choice in the possible replacements for a Cd-free buffer
layer. However, additional research is needed to provide a recipe for successful use of ZnMgO in
production of an efficient solar power conversion device. Advances in the utilization and

understanding of a ZnMgO layer will greatly benefit the thin film PV market.
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CHAPTER 4 EXPERIMENTAL

This section describes the experimental techniques used for the deposition of
molybdenum back contact followed by development of CIGSeS and CIGS2 thin films solar cells
on those contacts. Various materials and device characterization techniques used in this research

have also been described briefly toward the end of this chapter.

4.1 Device Fabrication
4.1.1 Substrate Cleaning

Commercially available low cost, low iron sodalime float glass ~3 mm thick was the
substrate of choice used in this research. Substrate cleaning is the most critical part of the device
fabrication since a poorly cleaned interface between the substrate and the device can serve as a
source of impurities and potential site for delamination either during processing or later.

(i) The sodalime glass substrate was cleaned using the 1% LiquiNox® soap solution
prepared with deionized water. The glass substrate was immersed and allowed to stay in this
soap solution for a period of one hour in the temperature range of 50-70 °C with continuous
stirring of the solution. The substrate was rinsed thoroughly in running tap water to remove all
traces of soap.

(i) This was followed by ultrasonic cleaning in a bath of isopropyl alcohol for 30
minutes.

(iii) Finally the step (1) was repeated without using any soap with the deionized water.

The substrate was dried using a jet of nitrogen gas.
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4.1.2 Deposition of Alkali Diffusion Barrier

A thin barrier layer was deposited on the sodalime glass prior to the deposition of
molybdenum back contact so as to minimize the diffusion of sodium from the sodalime glass
during the absorber preparation. Several alkali barrier layers have been tried such as silicon
nitride, silicon dioxide, aluminum oxide. However, the performance of silicon nitride as an alkali
barrier has found to be better when compared to the other barriers [121]. Silicon nitride is
deposited on sodalime glass using reactive radio frequency (RF) magnetron sputtering from a
pure silicon target. Though targets of silicon nitride are available in the market, there are two
reasons for not choosing them. First, the quality of films obtained is far better by reactive
sputtering of pure silicon target compared to films deposited from compound targets of silicon
nitride [122]. Second, the cost associated with pure silicon target is approximately one third of
the cost associated with ceramic targets of silicon nitride.

The cleaned substrates were mounted in the vacuum chamber and were maintained
overnight in high vacuum using a combination of mechanical, turbo molecular pump and
cryopump to obtain a base pressure of < 2x10°® Torr. Ultrahigh purity argon and nitrogen gas
were introduced into the chamber using mass flow controllers and measured using convectron
gauges. Depositions were carried out from a silicon target of dimensions 30 cm x 10 cm. The
substrates were moved linearly along the width of the target using a LabVIEW® controlled
stepper motor. The substrate movement was controlled to deposit films with a nominal thickness

of approximately 800 — 1000 A.
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4.1.3 Molybdenum Back Contact Deposition

Molybdenum is one of the most suitable materials used as back contact for CIS based
thin film solar cells. As mentioned before, the properties of molybdenum films depend strongly
on the target-substrate distance, the power and the argon pressure during deposition.
Molybdenum back contact was deposited by DC magnetron sputtering in a vacuum chamber
with base pressure of < 2 x 10°® Torr using a combination of a mechanical, turbo and a cryopump
(pumping rate 1500 liters/sec). Depositions were carried out from a molybdenum target of
dimensions 30 cm x 10 cm. The substrates were moved linearly along the width of the target
with the help of a LabVIEW® controlled stepper motor. The thickness variation was in the range
of £ 2.5% along the 30 cm length of the target. A total of four layers, viz., two compressive and
two tensile were deposited. The first and the third layers were deposited under high argon
pressure so as to achieve tensile films. The second and the fourth layers were deposited under
low argon pressure and high power. These layers were compressive in nature. The total thickness
of the resulting molybdenum back contact layer was ~0.7 um. Also, recipe for single layer of
molybdenum back contact has been developed with the details provided in the results and

discussion section.

4.1.4 Deposition of Sodium Precursor

As mentioned earlier (Section 3.3.7) various compounds can be used as sodium
precursors. Among the available sodium precursors, NaF is stable in air, non-hygroscopic and
evaporates congruently. Hence in this research, NaF was used as the sodium precursor. The

substrates were allowed to cool in the sputtering chamber after the deposition of molybdenum
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back contact. The substrates were then immediately moved to the evaporation chamber for
deposition of the NaF. For some samples, NaF was deposited after the deposition of CulnGa
metallic precursors on the molybdenum coated glass substrate. A combination of mechanical and
diffusion pumps in conjunction with a liquid nitrogen trap was used to maintain high vacuum
(~2x10” Torr). There are several advantages of diffusion pump including low maintenance cost,
low running cost, high pumping speed and reliability. The major disadvantage of diffusion
pumps is the tendency for the oil vapors to backstream into the vacuum chamber. A liquid
nitrogen trap was used to overcome backstreaming of the oil vapors.

The NaF layer was deposited by the thermal evaporation. The thickness of the NaF layer
was varied between 40 A to 80 A. The distance between the substrate and the evaporation boat
was maintained at ~18 cm. The power was adjusted so as to maintain the rate of evaporation
(deposition) at ~1 A per second. The total thickness and the deposition rates were measured with
“Inficon XTC/2” thin-film deposition controller. After the deposition was over, the gate valve for
diffusion pump was shut and the substrate was allowed to cool for ~2 hours before the samples

were moved to the next processing station.

4.1.5 Deposition of Metallic Precursor

A two-stage process was used for the preparation of the absorber layer. The first step
consists of the deposition of the CuGa-In metallic precursors. The glass substrates coated with
silicon nitride/molybdenum/NaF were mounted in the sputtering chamber and maintained at high
vacuum for overnight. The metallic precursors were deposited by DC magnetron sputtering.

Since the melting point of gallium is 29.76 °C, it is difficult to prepare a pure gallium target and
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consequently to sputter from it. Hence, an alloy target of Cu-Ga (78 at. % Cu and 22 at.% Ga)
was used. This concept was pioneered by the researcher at PV Material laboratory at FSEC
[123]. Now it is being used over several places including leading companies. The indium
precursor was deposited from 99.999% indium target. The layers were deposited in a stacking
sequence. The idea underlying the selection of optimum stacking sequence has been elaborated
in the results and discussion section of this research work. The precursor deposition was started
with CuGa as the first layer and ended with a very thin CuGa layer. The substrates were moved
linearly along the width of the targets and the substrate movement rate was optimized so as to
achieve the desired film thickness. All targets are of same size. The deposition of CuGa was
normally carried out at a sputtering power of 350 W and argon pressure of 1.5 mTorr and the
indium was deposited at sputtering power of 180 W and argon pressure of 0.7 mTorr. The
deposition parameters were optimized so as to obtain either copper-rich or copper-poor

absorbers.

4.1.6 Preparation of Absorber Layer

A large three-zone conventional furnace was utilized for the preparation of CIGSeS
absorbers. The furnace includes a gold coated mirror for insulation. The mirror helps to maintain
uniform temperature along the entire length of the furnace. A quartz tube is placed coaxially
within the gold coated tube. The quartz tube is used to keep the mirror clean from any deposits.
The heating element coil fits in between the quartz tube and the gold coated infrared reflector

furnace. Each end of the gold mirror furnace is supported at two ends by ceramic block. A metal
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flange with a high temperature compatible O-ring is used to seal the open end of the quartz tube
during the process.

The precursor films are homogenized and the required amount of an organometallic
selenium precursor is introduced in the furnace. The selenization process was carried out in
organometallic selenium precursor vapor diluted in pure hydrogen or in the forming gas prepared
by mixing N, and H; The selenization process was carried out in the temperature range of 450 °C
— 550 °C for 30-60 minutes. After the selenization process all the remnants of the reaction
products were exhausted and refilled with H,S diluted with nitrogen gas to carry out the
sulfurization process. The sulfurization process was carried out at 500 °C with 5-10 minutes
dwell period. The process gases were evacuated from the chamber and it was finally filled with
ultra-high purity UHP nitrogen during cool down.

The CIGS2 absorber on the other hand were prepared in a Lindberg three zone tubular
furnace with a continuous flow of dilute (~8-10%) H,S gas in nitrogen at temperatures of 475-
500 °C. The gases were exhausted through a scrubber consisting of multiple bubbling columns
containing highly concentrated NaOH solution for eliminating the H,S gas before venting the

contents to the atmosphere.

4.1.7 Deposition of CdS Heterojunction Partner Layer
Chemical bath deposition (CBD) was used in this research for the deposition of the
cadmium sulfide (CdS) heterojunction partner layer. The CdS deposition was carried out in an

alkaline aqueous solution with pH >9. The main ingredients that were used in the CBD process
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included, ammonium hydroxide (NH,OH), cadmium sulfate octahydrate (3Cd.304S.8H,0) and
thiourea (SC(NH,),).

The aqueous stock solutions of all the ingredients with required concentrations were
prepared separately. At first, the absorber samples were treated with a dilute KCN solution to
etch away any trace amounts of Cu,«(Se,S)x phase. The samples were thoroughly flushed with
deionized water so as to remove the traces of KCN solution. The flushings were stored under
hazardous waste category. The thiourea solution was filtered so as to remove any undissolved
particulates that may act as nucleation sites. The solution of deionized water together with
NH;OH, CdSO,, and SC(NH;), were mixed and the sample was immediately transferred into this
mixture. The temperature of the water bath was maintained at ~65 °C. The beaker was then
placed in the water bath and stirring was initiated using a magnetic stirrer. After 7-8 minutes the
CdS solution attained ~60 °C. The samples were taken out of CdS solution after 15 minutes. The
color of the sample became bluish purple. The samples were cleaned with deionized water so as
to remove any particulates of CdS from the surface. Finally, the samples were thoroughly dried

using a gas jet of nitrogen.

4.1.8 Deposition of Transparent Conducting Oxide (TCO) Layer

1:ZnO and ZnO:Al TCO bilayers were deposited using RF magnetron sputtering. The
ZnO:Al target of 99.995% purity contained ~2 wt.% Al,Os. After the deposition of the CdS layer
the samples were mounted into the vacuum chamber for TCO deposition. A reference glass

sample was always mounted along with the CIGS samples so as to measure the transparency and
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sheet resistance during every deposition. The optical transmittance of the i-ZnO/ZnO:Al bilayers
was measured using “Shimadzu UV-2401PC” spectrophotometer.

A combination of mechanical pump, turbo molecular pump and cryopump (pumping
speed 800 liters/sec) was used to achieve a base pressure of ~2x10® Torr. The samples were
maintained overnight in high vacuum. This process also aids in degassing the chamber walls and
to reduce the water vapor content from the chamber. Each target was presputtered for ~25
minutes so as to remove any undesired contaminants from their surface. A thin (~50 nm) layer of
1:ZnO was deposited at a RF power of 200 W and Ar pressure of 1.5 mTorr. This was followed
by ZnO:Al layer of ~500 nm at RF power of 425 W and argon pressure of 1.0 mTorr. ZnO:Al
film with a sheet resistance of 25-50 Q/o and transparency of >85% was routinely deposited
using this process. After the deposition, the samples were allowed to cool for at least 1-2 hours

before moving to the next chamber for the deposition of front contact fingers.

4.1.9 Deposition of Front Contact Grid

Thermal evaporation was used for the deposition of chromium/silver front contact fingers
using a mechanical mask. Due to poor adhesion of silver to ZnO and to prevent the diffusion of
silver into the ZnO:Al layer, initially, ~500 A thick layer of chromium is deposited followed by
the deposition of ~1.25 um thick silver. The average deposition rate for chromium was ~2-5 A
per second. The power was optimized so as to maintain the rate of deposition for silver at ~10 —
20 A per second. The total thickness and the rate of deposition were measured using “Inficon
XTC/2” thin-film deposition controller. The metal mask allows to create contact grids for about

9 cells over a 2.5 cm x 5 cm substrate area with each cell area of approximately ~0.414 cm?.

57



Figure 14 provides a schematic of the complete transverse cross-section of the CIGSeS thin film

solar cell.
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Figure 22 Structure of CIGSeS thin film solar cell

4.2 Characterization
4.2.1 Materials Characterization

Several characterization techniques were employed to study the materials properties and
device characteristics. The sheet resistance of the absorber films was measured using a two-
probe method to carry out a relative comparative assessment of conductivity from one
experiment to the other. A Dektak3 profilometer was used to measure the thicknesses of the
various films that were deposited. Scanning electron microscopy (SEM) was carried out at the
Materials Characterization Facility (MCF) of the UCF using Zeiss ULTRA-55 FEG SEM to

study the surface morphology of the films and the cross sectional view to observe the lateral
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grain growth. Chemical composition of the bulk of the film (precursors and absorber) was
carried out by electron probe micro analysis (EPMA) and energy dispersive X-ray spectroscopy
(EDS). The EPMA data used in this research work is a statistical average of data points from 10
different locations. EDS was carried out on Zeiss ULTRA-55 at MCF and EPMA analyses was
carried out at NREL. The X-ray diffraction (XRD) measurements were carried out on Rigaku
D/MAX XRD Il with a thin film attachment using a 40 kV copper X-ray tube to analyze the
crystallographic structures and phases. The lattice parameters, preferred orientation and the
composition of the absorber films were estimated by studying the XRD peaks.

Electron Back Scattered Diffraction (EBSD) was carried out at NREL to analyze
absorber films in order to provide orientation maps and to study misorientation between grains,

grain size and their distribution.

4.2.2 Device Characterization

4.2.2.1 Current-Voltage (I-V) measurement

I-V characteristics of all the completed devices were carried out using an in-house
fabricated I-V setup. The illumination was obtained using Newport solar simulator Model No.
91190-1000 with AM1.5 global filter. I-V measurements were carried out both in light and under
dark conditions. I-V measurement under illumination provides important photovoltaic parameters
such as open circuit voltage (Voc), short circuit current density (Js), series resistance (Rs), shunt
resistance (Ry), fill factor (FF) and efficiency (n)). I-V measurement was also carried out in Dark to
obtain the diode parameters such as, reverse saturation current density (Jo) and diode quality factor

(A). Devices with efficiencies >10% were sent to NREL for authentication and certification.

59



4.2.3. Residual Stress Measurement

The residual stress was measured with the bending-beam method. Thin rectangular glass
strip of 0.15 mm thickness, 1 cm x 15 cm was attached to the soda-lime glass substrate during
every deposition. The nature of the bending in the glass strip can be either convex or concave
depending on the stress state. Stoney derived the classic expression relating the radius of
curvature of the deposited thin film, R to its internal residual stress, a; in case where the films are

much thinner than the substrates [98].
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Figure 23 Schematic of a bent glass strip with a thin film deposited over it

Here, E; is the Young’s modulus of the strip, t, is the thickness of the glass strip, t; is the

film thickness, v is Poisson’s ratio of the glass strip, R and R, are the radii of the curvature of the
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film after and before deposition respectively. Dividing equation by (1-v) considers that the stress

state within the film is biaxial. Therefore, Stoney’s equation can be reformulated as,

S = [3 (:Evt)zo] [tf] ................................................................................. (12)

Here, S is the average stress, L, is the length of the glass strip, and § is the deflection at the ends

of the glass strip as depicted in Figure 23.
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CHAPTER 5 RESULTS AND DISCUSSIONS

5.1 Development of Single Layer Molybdenum Back Contact

A multi-pass processing is not desirable in high volume production because it prolongs
total production time and correspondingly increases the manufacturing cost. In order to make
manufacturing compliant with an in-line deposition, it is justifiable having minimum deposition
sequences. The goal of this research was to develop a composite molybdenum back contact
layer 1) that can be deposited in a single pass, 2) has good adhesion to sodalime glass 3)
optimum conductivity 4) stable in the reactive ambient up to 550°C, the softening point of
sodalime glass substrate.

As mentioned before, the properties of sputtered thin films such as resistivity, stress and
structure are directly related to the incident energy of the sputtered atoms and the neutralized
argon atoms. The incident energy in turn is dependent on the sputtering power, working gas
pressure, working distance, angle of incidence and direction of incidence. During a single run,
the sputtering power, working gas pressure, working distance remain the same. However, the
angle and direction of incidence vary for each location on a substrate when the substrate is
moving over the sputtering target with respect to the race track on the sputtering target from
where the sputtered species (atoms, molecules, etc.) originate. Therefore, even under identical
conditions of sputtering power, working gas pressure and working distance, the residual stress,
resistivity, structure and morphology of the deposited film will be different at different locations
on the substrate. The forthcoming results will validate this statement. Therefore, the film

deposited after a single complete pass will actually be a composite structure.
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5.1.1 Benefits of Choosing a Multilayer Structure for Back Contact

It is a well-established fact that optimum amount of sodium during the formation of CIGS
absorber is beneficial for device performance. Sodium has several advantages in improving the
absorber quality and several models have been proposed to explain this fact. Coincidently, soda
lime glass which is the substrate of choice is a good source of sodium. To serve the purpose of
being able to use the sodium from the glass substrate, a molybdenum layer with an open
structure is desired. Films with open structure are obtained when they are sputtered under the
condition of low sputtering power and high gas pressure. However, the films so obtained have
high resistivity which is not desirable for a back contact. On the other hand, films sputtered at
high sputtering power and low sputtering gas pressure have low resistivity but inherently suffer
from poor adhesion to the glass substrate. Therefore, a multi-layered molybdenum back contact
is deposited so as to achieve good adhesion to soda lime glass along with high conductivity.
Moreover, the open films tend to be in tensile stress and the compact films tend to be in
compressive stress. Therefore, stacking of these individual layers eventually minimizes the

overall stress in the composite film.

5.1.2 Molybdenum Film Deposited by Other Research Groups

Cleaning of the glass substrate is a very critical step before deposition of the
molybdenum film by magnetron sputtering. At the National Renewable Energy Laboratory
(NREL), a very stringent cleaning procedure is adopted followed by very rapid drying process
using a spin rinse drier. Any shortfall in the cleaning can result in water marks on the substrate

surface that can lead to incorporation of impurities on the glass surface. These impurities can
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eventually lead to poor adhesion of molybdenum film to the glass substrate. As a matter of fact,
the molybdenum film used in the preparation of the >20% efficient CIGS solar cell was
deposited at intermediate power and pressure in the range of 7-10 mTorr with the total thickness
of the film being 1um, deposited in two passes under similar conditions. The reason for choosing
a double layer as opposed to a single layer of 1um thickness is that the film deposited in single
pass would peel-off. Other research groups have tried to add adsorbed gases to assist in the
adhesion of the film to the substrate. At the Institute of Energy Conversion, University of
Delaware, small amount of oxygen was added during molybdenum deposition. A research group
in Japan is known to have added small amounts of water vapor during CIGS deposition to
improve the performance of the devices. In this research the molybdenum films were deposited
on sodalime glass substrate coated with an optimized barrier layer of Si(O,N)x,SiO; in order to
avoid out-diffusion of sodium from the soda-lime glass substrate to the absorber layer. A
standard lab cleaning procedure was adopted for cleaning the glass substrates followed by blow

drying in a jet of nitrogen gas as mentioned before.

5.1.3 Molybdenum Deposition with Moving Substrate

At the beginning of this experimental work, estimation of deposition rates was carried out
for molybdenum target at various sputtering parameters of power and pressure. The working
distance between the target and substrate was maintained at 90 mm. The results are summarized
in Figure 24. It is desirable to achieve the highest deposition rates during sputtering. It can be
seen that the highest deposition rates are obtained with increase in sputtering power and that the

increase in sputtering rate with increase in the sputtering gas pressure is not much significant.
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The sputtering power supply used in this research has a current limitation of 1A. Therefore, the
deposition rates at higher power (>300 W) and gas pressures were not feasible due to
corresponding increase in the discharge current that approached 1 A limiting value.

It has been shown that the deposition rate is a liner function of sputtering power. The
results relate with the model suggested by Ekpe et al [124]. This model is based on the
assumption that the flux of sputtered atoms to the substrate only consists of fast atoms and the

thermalized atoms moving because of diffusion are neglected.
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Figure 24 Molybdenum deposition rates obtained at various sputtering parameters

There are several advantages of low pressure sputtering and it is widely being adopted
in the industry. It has been observed that the efficiency of target utilization strongly improves

with decreasing the sputtering gas pressure [125]. Keeping this fact in mind, it was decided to
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focus on the high power and low pressure regime to obtain the desired film types. Minimum
incorporation of gaseous species/contamination takes place during film deposition and densities
approaching bulk values are obtained. Being able to choose low pressure deposition parameters
was a focus during this research. Resistivity measurement of deposited films was carried out in
order to understand the relationship between sputtering parameters with the electrical properties.
The detailed results are provided in the Figure 25. It is clear from the figure that working gas

pressure plays a major role in the magnitude of resistivity as compared to sputtering power.
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Figure 25 Variation of resistivity for molybdenum films deposited at various sputtering processing
conditions

The resistivity values ranged between 13 pQ.cm (300 W/ 0.1mTorr) to 170 pQ.cm (200
W/ 5mTorr). The order of magnitude difference in resistivity has been discussed by several

researchers based on the oxygen and argon content in the deposited films [126-127]. The
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resistivity data comprises the combined effects of defects in the crystal and the presence of

chemical impurities.
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Figure 26 Comparison of (110) reflection for molybdenum films deposited at various sputtering
processing conditions

Figure 26 shows the variation in peak intensity and peak broadening for the (110)
reflection of the molybdenum film deposited at various sputtering conditions. It is evident here
that higher sputtering power with low gas pressure favors the formation of highly crystalline film
with (110) preferred orientation. Improved and defect free crystal structure corresponds with
better electrical properties.

The next step was to determine the stress build-up in the deposited molybdenum films.
The detailed procedure has been mentioned in the experimental section of this dissertation. The

films were deposited on a 15 cm x 10 cm soda-lime glass substrate in the center of which a very

67



thin glass trip was attached so that after the completion of the film deposition the magnitude of

the built-in stresses could be determined. The depositions were carried out at several sputtering

parameters with the results summarized in Figure 27 and Figure 28.
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Figure 27 Variation of residual stress in molybdenum films deposited at various sputtering power

The decrease in residual stress with increase in sputtering power at constant pressure can
be explained based on the fact that since the molybdenum atoms arriving at the glass substrate
have higher kinetic energies they possess enough surface mobility to be able to relocate

themselves in equilibrium their positions which results in reduced residual stress.
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Figure 28 Variation of residual stress in molybdenum films deposited at various sputtering pressure

Figure 29 shows the bending of glass strip on account of built-in residual stress that
developed during film deposition corresponding to the values depicted in Figure 27. It can be
seen that all the films showed varied degrees of tensile stress. Even at the highest possible power
of 300 W, although lower, tensile stress of about 150 MPa was observed and compressive stress

was not observed in any of the depositions.

Figure 29 Bending of glass strips at various sputtering conditions
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In the given scenario, the only feasible alternative in order to make an attempt to reduce
the residual stress even further was to reduce the working distance between the target and the
glass substrate and explore the film characteristics. The working distance between the target and
the substrate was reduced to 7 cm. Based on the results summarized in Figure 27 experiments
were carried out at reduced working distance of 7 cm at high power (300 W) and low gas
pressures of 0.1, 0.3 and 1.0 mTorr. Surprisingly, the magnitude of the residual stress was so low
that no bending was observed in any of the glass strips. In order to investigate the reason behind
the observation molybdenum deposition was carried out with stationary substrate as discussed in

the next section.

5.1.4 Molybdenum Deposition with Stationary Substrate

In order to demonstrate the fact that the film deposited in a single pass is actually a
composite structure, following experimentation was carried out. At first the working distance
between the target and the glass substrate was reduced to 7 cm. Molybdenum films were
deposited on a 15 cm x 10 cm soda-lime glass substrate by keeping the substrate stationary over
the target plasma in the middle as shown in Figure 30 which gives a schematic of the film
deposition during magnetron sputtering. The numbers 1-8 correspond to the various regions on
the surface of the sample. In this situation since the substrate is stationary different regions on
the surface of the substrate receive flux of incoming species at various rates and angles. Also thin
glass strips were mounted on the sodalime glass substrate at three locations corresponding to
location 4 (in the center of the target), location 5 (on top of the race track), and on location 8

(away from the target plasma). The experimentation was carried out on either side of the target
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as demonstrated in Figures 32, 32 and 33. After the deposition was complete very interesting

results were obtained as seen in Figure 34 and Figure 35 showing photos of bending glass strips.

Cross-sectional View of a Sputtering Target in Planar Magnetron
Sputtering
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Figure 30 A schematic of deposition dynamics during DC magnetron sputtering
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Figure 31 Orientation of glass strip with respect to the target plasma corresponding to the location 4
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Figure 32 Orientation of glass strip with respect to the target plasma corresponding to the location 5
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Figure 33 Orientation of glass strip with respect to the target plasma corresponding to the location 8

Figure 34 Bending of glass strips with stationary glass substrate during sputtering placed on the south side
of molybdenum target
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Figure 35 Bending of glass strips with stationary glass substrate during sputtering placed on the north side
of molybdenum target

The glass strip on top of the race track (#5) that received flux of molybdenum atoms
normal to the substrate showed a significant magnitude of tensile stress. However, the remaining
two strips corresponding to region in the middle of the target (#4) and the region away from the
target (#8) showed significant magnitude of compressive stress. Similar results were observed
when the procedure was repeated on the north side of the target.

In order to explore the morphological features of the film deposited at various regions on
the stationary substrate, SEM microscopy was carried out for location 4 (in the center of the

target), location 5 (on top of the race track), and on location 8 (away from the target plasma).
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Figure 36 SEM micrograph (10000 x) of molybdenum film at location #8 that showed compressive state
of stress

Figure 37 SEM micrograph (10000 x) of molybdenum film at location #5 that showed tensile state of
stress
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Figure 38 SEM micrograph (10000 x) of molybdenum film at location #4 that showed highly compressive
state of stress

Three distinct microstructures can be seen in Figures 36, 37 and 38 determined by the
angle at which the flux of atoms arrives at the given surface and the corresponding energies
associated with them. It is can also be observed that the stress state associated with each
microstructure is also different.

In order to get further details about the microstructural development at various regions on
the surface of the substrate, SEM and XRD analysis was carried out for all the regions #1 though
#8 for films deposited at two extreme conditions, at low power and high pressure conditions (200

W, 5 mTorr) and under high power and low pressure (300 W, 0.1 mTorr).

76



#1

2004 30KX

x
¥
o
)

=

c
2
(=)
3]

30KX “#3

200 nm

200.nm 30KX #5

200 nm 30KX #6

#8

200 pm 30KX

200 nm 30KX #7

Figure 39 SEM micrographs (30000X) at various locations on molybdenum film deposited at 200 W, 5

mTorr with stationary substrate located on top of the target
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Figure 40 Comparison of XRD patterns for molybdenum films at various locations on stationary glass
substrate deposited at 200 W, 5 mTorr

The SEM micrographs in Figure 39 depict the evolution of microstructure at various
locations on stationary glass substrate deposited at 200 W, 5 mTorr. The regions in the middle of
substrate correspond to a fish-like microstructure. Moving toward the ends it becomes equiaxed
circular columns with more open structure. The microstructure in the in-between regions appears
to be mixed type showing fish-like structure in near circular groups.

Figure 40 shows the corresponding XRD patters for the films depicted in Figure 25.
Regions 2 through 7 show peaks for highly crystalline films with typical reflections (110), (211),
(220) of a BCC crystal structure. However, the films at location 1 and location 8 at the edges

show broad peaks corresponding to relatively less crystalline material. The films are also thinner
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and hence did not have adequate thickness to evolve into a more crystalline phase. Since the
atoms that arrive at these regions have lower energies the corresponding microstructure is more
open with comparatively poor crystallinity. Similar analysis was also carried out for films

deposited at high power and low pressure conditions (300 W, 0.1 mTorr).
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Figure 41 Comparison of XRD pattern for molybdenum films at various locations on stationary glass
substrate deposited at 300 W, 0.1 mTorr
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Figure 42 SEM micrographs at various locations on molybdenum film deposited at 300 W, 0.1 mTorr
with stationary substrate located on top of the target
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Figure 41 shows the corresponding XRD patters for the films depicted in Figure 40. In
addition to (110), (211) and (220) reflections of a BCC crystal structure it can be observed that
the films are also manifesting (200) peaks which were absent in films deposited at 200 W, 5
mTorr. Also the (110) peak reflections are sharper than the same reflection in the former
showing comparatively better coalesced grains.

The SEM micrographs in Figure 42 show several microstructures depending upon the
location on stationary glass substrate deposited at 300 W, 0.1 mTorr. The regions in the middle
of substrate share similarities to fish like microstructure seen before for films deposited at 200
W, 5 mTorr with length-wise growth. Moving toward the end regions, the microstructure begins
to take equiaxed circular morphology. However, the films are still more compact in this region
than films deposited at 200 W, 5 mTorr. The microstructure in the in-between regions appears to
be mixed type showing close to fish-like but with the growth in both length and width direction.

From the above results and discussion, it is clear that the flux of atoms arriving on the
glass substrate with different energies and at different angles contribute to different
morphological structure and different stress states in the deposited film. Also, the overall stress
in a film deposited with moving substrate is a sum of these combined stress effects. In order to
estimate the final stress in the film deposited with moving substrate depositions were carried out
at a sputtering power of 300 W and a pressure of 0.1mTorr, 0.3mTorr and 1 mTorr. The reason
for choosing high power low pressure regime has already been mentioned before. In each
situation the glass strip was attached to the substrate to measure the final value of residual stress

after deposition. It was found that in all the above mentioned deposition parameters the
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magnitude of residual stress was too low to measure since no observable bending of glass trips

could be detected.

Table 1 Test results of single layer molybdenum films deposited at various parameters

Deposition Parameters Scotch tap peel test | High temperature Result
Power (W) | Pressure (mTorr) Thermal test (ok/not ok)
300 <0.1 No peeling or loss of | The film stayed Ok

film observed on the | intact

scotch tape

300 0.3 Films did not peel No peeling Ok

300 1 Films did not peel No peeling Ok

The films were subjected to following two tests. The first test known as the scotch tape
peel test was carried out to determine if the deposited film were well-adherent to the glass
substrate. After verifying this test it was essential to determine if the films would maintain
integrity at high temperature. In order to verify this, all the films were taken to a temperature of
near 550°C for 10 minutes in the rapid thermal annealing furnace (RTA) and also in
conventional furnace for 1 hour at 500°C. The temperatures chosen here correspond to the actual
working temperatures employed for processing of CIGS thin film solar cells in RTA furnace and

in conventional furnace respectively. The results are tabulated in Table 1. Based on these results
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it was decided to step further and complete actual device on the single layer molybdenum
deposited at 300 W and 0.1 mTorr.

With this experimental study it became possible to develop single layer molybdenum film
which has;

1. Highest deposition rates among the chosen several deposition parameters

2. Good adhesional strength to the soda lime glass substrate

3. Lowest possible residual stress

4. Lowest resistivity, suitable for a device quality back contact for solar cells

5. Improved stability at high processing temperatures with no signs of peeling or flaking

Estimates were made for reduction in deposition times and material consumption
compared to multilayer structure. Typically, the molybdenum-coated glass substrate available
from commercial suppliers is approximately 1 um thick. With a single pass deposition it became
possible to reduce thickness to about 0.7 um, which corresponds to 30% savings in material
consumption. Also, due to higher deposition rates that were achieved as a result of low pressure
sputtering and high power conditions along with reduced working distance the process could be
completed with a substrate movement rate of 0.63 cm/minute instead of a total time of 0.4
cm/minute for a multilayer structure of similar thickness. This corresponds to reduction in
deposition time by 30%. It can thus be concluded that the development of single layer
molybdenum in this research work is well-suited in a manufacturing set-up where time and
material utilization are very critical. The deposition rates mentioned here do not set up a limit on

what can be achieved in an industrial set-up. With more powerful power supplies and improved

83



cooling arrangements for metallic target it would be possible to increase the deposition rates.

This research intends to provide a guideline in the right direction to achieve that goal.

5.2 Development of CIGS2 Solar Cell on Single layer Molybdenum Back Contact

After successful depositions of single layers of molybdenum back contacts with
minimum residual stress and optimum resistivity, was accomplished, it was necessary to
determine whether they could be used as back contact for chalcopyrite solar cells. It was decided
to fabricate CIGS2 solar cells instead of CIGSe solar cells for two reasons. First, processing in
H,S ambient is a harsher environment than processing in selenium ambient. Second, due to
shortage in the availability of organometallic selenium precursor, it was decided to limit its
consumption.

Figure 43 and Figure 44 show the cross-sectional SEM for single layer and multilayer
molybdenum films. For the sake of comparison, deposition of CuGa and indium metallic
precursors was carried out on multilayer molybdenum film coated sodalime glass substrate
procured from a manufacturer (will be referred as commercial molybdenum in this dissertation)
and on in-house developed single layer molybdenum on sodalime glass. Metallic precursors were
deposited on single layer molybdenum films deposited at the parameters of 300 W sputtering
power and at an argon pressure of <0.1mT and 1.0 mTorr. The molybdenum films and absorbers
deposited on them discussed in this section will be quoted as SLO.1 and SL1.0 corresponding to
single layer molybdenum films deposited at argon pressure of <0.1mT and 1.0 mTorr

respectively.
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Absorbers were prepared in all cases by annealing in gas ambient of dilute 8-10 % H,S at

475 °C with a preannealing step at 125 °C for 25 minutes.

300 nm 30KX..

Figure 43 Cross sectional SEM of SL 0.1 molybdenum on sodalime glass substrate

200 nm 30KX

Figure 44 Cross sectional SEM of multilayer molybdenum on sodalime glass substrate
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Figure 45 shows cross sectional SEM for a representative sample with CIGS2 absorber
on top of the SL 0.1 molybdenum film. It can be seen in the SEM micrograph that the interface
between the glass and molybdenum and between molybdenum and CIGS2 is continuous showing
sign of good adhesion. Figure 46 shower the planar SEM of the same absorber showing compact

grains of CIGS2.




Figure 46 SEM micrograph (10000x) of CIGS2 absorber on SL 0.1 showing large, compact and
continuous grains
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Figure 47 1-V characteristics of CIGS2 solar cell (#4S) on SL 0.1 molybdenum

Table 2 PV parameters for CIGS2 thin film solar cell (#4S) on SL 0.1 molybdenum

Parameter

Voc (V)

Jsc (mA/cm?)

FF (%)

1] (%)

Rs (Q-cm°?)

Rsh (Q-cm”)

Values

0.856

19.72

67.36

11.38

5.19

765

CIGS2 solar cells were successfully fabricated on the SL0.1 molybdenum. Figure 47
provides the NREL certified |-V curve for a device with a device efficiency of 11.38%.

Similarly, absorbers were also prepared from precursors deposited on molybdenum films
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procured from a manufacturer that went under identical processing conditions as mentioned

before.
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Figure 48 I-V characteristics of CIGS2 solar cell (#0420) on commercially available molybdenum

Table 3 PV parameters for CIGS2 thin film solar cell (#0420) on commercially available molybdenum

Parameter | Voc (V) | Jsc (mA/cm?) | FF (%) | 11(%) | Rs (Q-cm®) | Rsh (Q-cm?)

Values 0.7771 20.886 70.36 11.42 4.94 633

Figure 48 provides the I-V plots for the devices completed on commercially available

molybdenum. Table 3 provides the PV characteristics extracted from the 1-V plot showing
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devices with good efficiency comparable to the devices on SL0O.1 molybdenum. It can be noted
that the series resistance is slightly lower compared to the former.
CIGS2 devices were also fabricated on SL1.0 molybdenum. Figure 46 provides the 1-V

plot followed for the completed device and the PV characteristics given in Table 4.
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Figure 49 I-V characteristics of CIGS2 solar cell (#0427) on SL1.0 molybdenum

Table 4 PV parameters for CIGS2 thin film solar cell (#0427) on SL1.0 molybdenum

Parameter | Voc (V) | Jsc (mA/cm?) | FF (%) | 11(%) | Rs (Q-cm®) | Rsh (Q-cm?)

Values 0.80 18.14 72.3 10.56 6.97 750

From the PV characteristics in Table 4, it can be observed that series resistance calculated

for the devices on SL1.0 molybdenum was highest compared to the devices completed on SLO.1
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and commercial molybdenum. The higher series resistance was possibly due to formation of
thicker molybdenum sulfide layer compared to other devices at the processing temperature of
500 °C. From a device fabrication and manufacturing view point single layer molybdenum SLO.1
is the preferred choice on account of better device performance and higher deposition rates

achieved.

5.3 Optimization of Deposition Rates for Metallic Precursor Films

DC magnetron sputtering is used for deposition of metallic precursors from CuGa alloy
and indium target. In case of sputtering, the deposition rate changes with the changes in
sputtering power and pressure and the working distance between the metallic target and the
substrate. However, the deposition rate versus sputtering power and pressure follows a U shaped
curve and therefore, it is essential to optimize the sputtering power and pressure in order to get
the highest possible deposition rates for a given system.

In the previous experiments, the sputtering power employed for the CuGa target was
varied while keeping the sputtering pressure constant at 0.1 mTorr. The sputtering power was
varied from 200 W to 350 W and the thickness calibration was carried out using a Dektak 3
Profilometer.

Realizing the possibility of being able to reduce the working distance (vertical distance of
the substrates above the sputtering target), experiments were carried out to determine the effect
of reducing the working distance on the deposition rates. It was observed that the deposition rate
increased linearly with increase in the sputtering power for each set of working distance. Figure

50 shows the variation of deposition rate at a given working distance with respect to the
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sputtering power and Table 5 shows the total thickness deposited for each sputtering power and

the total time it took for deposition.
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Figure 50 Effect of Sputtering power on deposition rate for CuGa target for two working distances

Table 5 Relationship between sputtering power and deposition rate for CuGa target at two working

distances
Sputtering Total Deposition Time | Deposition Rate (A/S) | Deposition Rate (A/S)
Power (W) over 10cm width (90mm working (70mm working
(Seconds) distance) distance)
200 800 7.75 11.62
275 800 10.75 16
350 800 15.12 22.78
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In a similar way estimation of deposition rates was also carried out for the Indium target.

Figure 51 provides the variation of the deposition rates with sputtering power and working

distance.
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Figure 51 Effect of Sputtering power on deposition rate for indium target for two working distances

Table 6 Relationship between sputtering power and deposition rate for indium target at two working

distances
Sputtering Total Deposition Time | Deposition Rate (A/S) | Deposition Rate (A/S)
Power (W) over 10cm width (90mm working (70mm working
(Seconds) distance) distance)
180 1280 7.25 11.71
200 1000 8.51 13.12
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It can be noted that for the identical sputtering power of 200 W, the deposition rate for
indium target are slightly higher than those for CuGa target. Being a low melting metal with
melting point of 156.6 °C, caution was taken not to increase the power since that could lead to
generation of excessive heat at the target and melt it. On the same ground, being low melting
metal high deposition rates can be easily achieved by sputtering at low pressure and optimizing
the sputtering power to avoid excessive heat generation. With improved target cooling
arrangements it would be possible to increase the deposition rates further for both the CuGa and
Indium targets in order to meet the deposition rates estimated by researchers at NREL for CIGS

progress roadmap in order to make PV manufacturing cost effective.

5.4 Effect of Location of Sodium Precursor on the Development of CIGS solar cells

Sodium plays a very important role in the development of CIGSeS thin film solar cells as
discussed before in the materials review section of this dissertation. In the earlier research work
carried out at FSEC, the effect of various quantities of NaF on the absorber quality and device
performance of CIGSeS thin film solar cells has been studied. Normally, the sodium precursor is
deposited over the molybdenum back contact before the metallic precursor deposition in a two-
stage process. However, not enough work has been carried out to investigate the effect of
location of sodium precursor on the properties of the absorber films prepared by selenization of
metallic precursors. Experiments discussed in this section were carried out to understand the
same and suggest the optimal location of the sodium precursor. The precursors used in this study

were deposited on four layer molybdenum back contact.
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Initially, a 40 A thick layer of NaF was deposited on top of Cu-Poor metallic precursor.
The film was selenized at 500 °C for 60 minutes. Table 7 provides the elemental composition of

the resulting absorber film determined with EPMA analysis.

Table 7 EPMA analysis of film selenized at 500 °C for 60 minutes

Element Cu In Ga Se Cu/(In+Ga)
10kV 20.72 28.75 1.0 49.5 0.67
20kV 21.03 27.54 0.19 51.23 0.75

In order to observe the microstructure of the resulting absorber films, SEM microscopy
was carried out for the films as shown in Figure 52. It can be seen that the grains are highly

faceted, compact and continuous.

Figure 52 SEM micrograph of film selenized at 500 °C for 60 min with 40 A NaF in the front (#0704-2A)
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Figure 53 XRD pattern for CIGSe absorber with 40 A NaF in the front (#0704-2A)
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Figure 54 EBSD map for absorber film (#0704-2A) selenized at 500 °C for 60 minutes
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Figure 55 Grain size distribution obtained from EBSD map for film selenized at 500 °C for 60 min.

Figure 53 provides the XRD pattern for the CIGSe thin film showing (112), (211),
(220/204), (312/116), and other reflections of highly crystalline chalcopyrite CIGSe and also
reflections from molybdenum. The strongest reflection was from (112) plane at 26 = 26.68°. The
d-spacings for (220) and (204), (116) and (312), (008) and (400) of CIGSe are very close. Hence
for each peak both of the reflections have been indicated in the XRD spectra. The lattice
parameters calculated using the XRD data were ap = 5.77 A and ¢y = 11.59 A. The d-spacings of
the planes calculated from XRD data of the film closely match with those of a CulnSe, phase.
The molybdenum reflection was observed at 20 = 40.5°.

EBSD mapping was carried out for absorber films to in order to estimate grain size and
its distribution as shown in Figure 54 and Figure 55. It was found that only 3% of grains had size
greater than 1um. The grain size distribution peaked at around 0.5 pum comprising around 14 %
of grains. It was important to investigate the quality of the absorber film from a device

96



performance view point. Therefore, devices were completed with the as- prepared absorber film.
Figure 56 shows the light and dark I-V curve for the completed device. PV characteristics were

extracted from the plot and the values are summarized in table 8.

Table 8 PV performance characteristics extracted from the 1-V data for sample # 0704-2A

Parameter | Voc (V) | Jsc (mA/cm?) | FF (%) | 11(%) | Rs (Q-cm®) | Rsh (Q-cm?)

Values 0.46 35.25 59.23 9.67 3.2 1050
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Figure 56 Current-Voltage Characteristics for sample # 0704-2A

It can be seen that although 40 A NaF in the front provides a good device, the current
density is still lower for a pure CIS absorber. With an effort to improve the absorber quality even

better, the amount of sodium was increased to 80 A in the front of precursor. The film was also
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selenized at 500 °C for 60 minutes and devices were also completed on this absorber (#1020).

Table 9 summarizes the PV performance characteristics extracted from the I-V data.

Table 9 PV performance characteristics extracted from the 1-V data for sample # 1020

Parameter | Voc (V) | Jsc (mA/cm?) | FF (%) 1] (%) Rs (-cm) | Rsn (€2-cm)

Values 0.46 38 66 11.8 15 1226

Improvement in Js; and fill-factor is clearly evident from the I-V data with increase in the
NaF content from 40 A to 80 A. It is known that addition of sodium improves the surface
morphology and favors homogenization of the films, thereby minimizing and even eliminating
the hillock like growth on the film surface and reducing defect. Sodium also has a high mobility
and has the ability to act as a fluxing agent by imparting higher mobility to the other atomic
species during the growth of the absorber film. Higher mobility of atoms results in improved
grain growth.

CIGSe absorbers were also prepared with 40 A and 80 A NaF at the back for the sake of
comparison with devices prepared with 40 A and 80 A NaF at the front. Figure 57 and Figure 58

provides the 1-V characteristics for the as-prepared devices with 40 A and 80 A NaF at the back.
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Figure 57 Current-Voltage Characteristics for sample # 1024-12 with 40 A NaF at the back
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Figure 58 Current-Voltage Characteristics for sample # 1024 with 80 A NaF at the back
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Figure 59 SEM micrograph of the absorber film selenized for 60 minutes with 80 A NaF at the back
(#1024)

Table 10 Comparison of PV characteristics for samples with 40 A and 80 A NaF at the Back

Parameter | Voc (V) |Jsc (mA/cm?) | FF (%) |11 (%) | Rs(Q-cm?) | Rg (Q-cm?)

40 A Back | 0.38 30.1 54.4 6.29 2.26 455

80 A Back |0.42 38.5 58.7 9.6 1.78 500

Table 10 summarizes the PV performance characteristics extracted from the I-V data for
samples with 40 A and 80 A NaF at the back. Addition of sodium makes a significant impact on
the overall improvement in the device quality of the films as reflected by the improvement in the
Jse, Voc, and fill-factor with an overall increase in the device efficiencies from 6.3 % to 9.6 %.
Comparison of SEM micrographs in Figure 52 and Figure 59 gives a clear indication that the

location of NaF in the front and in the back makes a significant impact in the appearance of
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absorber microstructure in terms of compactness of the grains and their size. Even with 80 A
NaF at the back of the absorber, the grains are much smaller than and not as compact as the
grains in the absorber with 40 A NaF at the front which shows large, compact and faceted grains.

In order improve the performance of the CIGSe devices it was planned to carry out
sulfurization following selenization process. To begin with, precursors with 40 A NaF in the
front were selenized and sulfurized for 40 minutes and 5 minutes respectively. The selenization
time was reduced so that the films are selenium deficient and that the sulfur would substitute for

the selenium vacancies.
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Figure 60 SEM micrograph of the absorber film 40 min and sulfurized for 5min at 500 °C (#0818)

Figure 60 provides the SEM micrographs of the resulting CIGSeS absorber film showing
distinct faceting of the grains that are close and compact in arrangement. Figure 57 provides the

XRD pattern for the film showing the (101), (112), (201), (211), (220/204), (312/116), and other
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reflections of highly crystalline chalcopyrite CIGSeS and also the reflection from molybdenum.
The molybdenum reflection was observed at 20 = 40.52°. The strongest reflection was from
(112) plane at 20 = 26.7°. The lattice parameters calculated using the XRD data were ap = 5.645
A and ¢o = 11.274 A. Table 11 provides the elemental composition of the representative sample
#0818 with and without KCN etching. It can be noted that there is seldom difference in the
compositions of the absorber films with and without KCN etching. This is a good indication of
the fact that there is insignificant amount of residual Cu,.xSex phase present at the absorber

surface.
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Figure 61 XRD pattern for CIGSeS thin film (#0818)
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Table 11 EPMA analysis of absorber films selenized for 40 min and sulfurized for 5min at 500 °C

Element Cu In Ga |Se S Cu/(In+Ga) | S/(S+Se)
10kV (Unetched) 19.71 | 29.29 | 1.04 | 45.02 | 4.94 |0.65 0.1
20KV (Unetched) 20.36 | 27.75 | 0.25 |48.28 |3.36 |0.73 0.07
10kV (Etched) 19.58 | 29.59 | 1.13 |45.78 |3.92 |0.64 0.08
20KV (Etched) 20.61 | 27.75 | 0.24 |48.78 |2.61 |0.73 0.05
L .
¢ dNEL FSEC # 0818 CIGSeS Cell

s~ 45

5 40

2 5

L

g 2

S

a 20

§ 15

S 10

O 5

0 \
01 5 0 01 02 03 04 05 06
Voltage (V)

Figure 62 I-V characteristic of cell # 0818-8 selenized at 500 °C for 40 min and sulfurized for 5Smin
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Table 12 Summary of PV characteristics for cell # 0818-8

Parameter

Voc (V)

Jsc (mA/cm?)

FF (%)

1] (%)

Rs (Q-cm?)

Rsn (Q-cm®)

Values

0.51

38.24

61.39

11.85

3.0

1175

From the information provided by Figure 62 and Table 12, it can be seen that
sulfurization treatment resulted in a significant improvement in the V. of the completed device.
In order to understand the effect of additional NaF in the front under similar processing

conditions that were used for sample # 0818, 80A NaF was deposited in the front of the absorber

and selenized and sulfurized at 500 °C for 40 minutes and 5 minutes respectively.
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Figure 63 XRD pattern for CIGSeS absorber thin film (#0824)
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Figure 63 provides the XRD pattern for the resulting CIGSeS absorber film (#0824) with
all the major reflections. The molybdenum reflection was observed at 26 = 40.46°. The strongest
reflection was from (112) plane at 26 = 26.72 °. The lattice parameters calculated using the XRD
data were ap = 5.636 A and co = 11.260 A. EPMA data in Table 13 provides the elemental

composition of the as-prepared absorber film.

Table 13 Elemental Composition of absorber film (# 0824)

Element Cu In Ga |Se S Cu/(In+Ga) | S/(S+Se)
10kV (Etched) 21.72 | 28.17 | 0.86 |45.29 | 3.95 0.748 0.08
20kV (Etched) 21.99 | 26.83 | 0.26 |48.67 | 2.21 0.812 0.04
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Figure 64 I-V characteristic of cell # 0824-8 selenized at 500 °C for 40 min and sulfurized for 5min with
80A NaF
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Table 14 Summary of PV characteristics for cell # 0824-8

Parameter | Ve (V) | Jsc (MA/cm?) | FF (%) | 1] (%) Rs (Q-cm?) | Rgy (Q-cm?)

Values 0.49 37.51 66.81 12.20 2.3 819.4

Figure 64 provides the NREL certified I-V characteristics for one of the representative
device completed on the absorber sample #0824. Table 14 summarizes the PV parameters
extracted from the I-V characteristics of cell # 0824-8. From the comparison of PV parameters of
cell #0824 and #0818 it can be seen that additional NaF in cell # 0824 resulted in an 8.8 %
increase in the fill factors compared to # 0818. Though there is a slight decrease in the Js. and
Vo values of the former.

One common observation with all the samples that had NaF on the top is that the Vo
values are better than those with NaF at the back. It is known that selenization of films
containing sodium results in the formation of NaSe, compounds that retard the growth of the
CIGS phase and therefore facilitate better incorporation of selenium in the film. Now, when the
sodium is readily available on top of the precursor this process of selenium incorporation through
the formation of NaSex compounds is much faster. Improvement in V,. with addition of NaF has
also been reported elsewhere [128]. It has been found that passivation of defect near the
CdS/CIGS junction accounts for the increase in V. and improved junction properties. It was also
observed that samples with 40 A NaF on top (168 nm) had lower roughness than samples with
80 A NaF on top (189 nm) as seen in the AFM images in Figure 65. The roughness values are
lower than the values observed elsewhere for samples with 40 A on the bottom (210 nm) of the

metallic precursor [59].
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Figure 65 AFM images of sample # 0818 and # 0824
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Figure 66 Comparison of Quantum Efficiency curves for CIGSeS device #0818-8 and #0824-8

Figure 66 shows the comparison of quantum efficiency (QE) curves for cell # 0818-8 and
#0824-8. It can be seen that the QE curve for #0818 is uniformly offset from the QE curve of
#0824 except in the regions 1 and 2 where the difference is large. This slight offset present

between the curves is reflected in the slightly higher Jsc values for #0818 compared to #0824.
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The losses corresponding to region 1 is due to absorption in the CdS layer. The loss in the QE for
most heterojunction partner layers is proportional to the thickness of the CdS layer. This
variation in the thickness is the possible reason for the large offset corresponding to this region.
The QE response is reasonably flat in the wavelength range of 550 — 850 nm. The losses
corresponding to region 2 are mainly due to incomplete collection of photogenerated carriers in
the absorber.

From the above study it can be concluded that better CIGSeS absorbers can also be
prepared with deposition of NaF on top of the metallic precursor films. This is a very useful
finding both from a scientific understanding and also from a manufacturing view point. What is
implied from this study is that irrespective of the sodium location it is possible to obtain devices
with reasonable efficiencies. Moreover, it has been observed that sodium on top of the precursor
provides comparatively better devices than sodium at the back. This finding can be effectively
utilized for a useful application so as to speed up the deposition process for fabrication of CIGS
solar cells, which is one of the goals of this study. Similar to using sodium doped molybdenum
targets for deposition of back contact, it could be possible to dope a controlled amount of sodium
in the metallic precursor targets and thereby eliminate the need for a separate step for the

deposition of NaF.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

In this research, development of device quality, single layer molybdenum back contact
with minimum residual stress and resistivity was successfully realized. Initially, study of
relationship between sputtering parameters with properties of deposited films was carried out at a
working distance of 9 cm. However, significant residual stress was found to remain even at low
pressure and high power sputtering conditions. Later, by reducing the working distance to 7 cm it
was found that the deposited films had low residual stress which was reflected in no observable
bending in the glass strips attached to the glass substrates during deposition. It was found that the
stress state and microstructure varied from location to location on the stationary glass substrate.
Both tensile and compressive stress states were observed in the thin glass strips attached to the
stationary glass substrate. Films were deposited on moving substrates at sputtering power of 300
W and at pressures of <0.1 mTorr, 0.3 mTorr, and 1 mTorr. No observable residual stress was
detected in any of these films. The films were also found to be stable at high temperatures with
no signs of cracking or flaking.

Attempt was made to fabricate CIGS2 solar cells on the developed single layer
molybdenum back contact since processing in H,S ambient is a harsher environment than
processing in selenium ambient. CIGS2 thin film solar cell with device efficiency of 11.38 %
was successfully fabricated on this back contact without any sign of peeling of the absorber
layer. Attempts to increase the deposition rates for CuGa and In targets by changing the working
distance, increasing the power and reducing the sputtering pressure were also successful. With
this study it has become possible to deposit molybdenum back contact and the metallic precursor

all at identical pressure conditions, allowing in-line deposition.
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Optimization of sodium precursor was also carried out in this research work and it was
found that better device could be obtained with sodium fluoride deposited on top of the metallic
precursor. Sulfurization of absorber films resulted in improvement in the open-circuit voltages.
NREL certified device efficiency of 12.2 % was obtained for CIGSeS device with 80 A NaF in
the front. This result shows that one could incorporate sodium fluoride within the metallic target
and thereby eliminate the need for any additional step for sodium deposition thus saving
considerable time in manufacturing line.

It will be very interesting and useful to study the molybdenum-CIGS interface for devices
with 40 A and 80 A NaF in the front and at the back to see the effect of location of NaF on the
formation of molyselenide layer and its thickness. Optimization of sulfurization profile will be
very useful in order to improve the open-circuit voltages for the devices and thus improve
efficiencies. It will also be useful to study the effect of location of NaF on the composition

gradient of the devices and their effect on device characteristics.
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