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ABSTRACT

Chalcopyrites are important contenders among solar cell technologies due to direct band gap
and higher absorption coefficient. Culn;.xGaxS, (CIGS2) thin-film solar cells are of interest for
space power applications because of near optimum bandgap of 1.5 eV for AMO solar radiation
outside the earth’s atmosphere. The record efficiency of 11.99% has been achieved on a 2.7 pm
CIGS?2 thin film prepared by sulfurization at FSEC PV Materials Laboratory. Since CIGS2 films
are typically grown in copper-rich regime, excess cuprous sulfide which helps in the formation
of CIGS2 is etched away. This makes CIGS2 nearly stoichiometric. However, it is difficult to
adjust Cu/(In+Ga) ratio in the desired range 0.7 to 0.9. A solution to this is to grow CIGS2 in
copper-deficient regime. However, it is difficult to produce device quality films without the
support of cuprous sulfide. This work is one of the very few attempts in which device quality
films were formed even in copper-deficient regimes with the addition of sodium. Also, recent
research endeavors in the CIGS2 thin film photovoltaic community are directed towards thinner
films because the availability and cost of indium as well as gallium are limiting factors. The
required amounts of rare and expensive metals can be lowered by using thinner films. The solar
cell performance in the thinner absorbers deteriorates due to the detrimental effects of the larger
fraction of grain boundaries. It is essential to hasten the grain growth through coalescence to
retain high efficiency in devices prepared using thinner films. Large grain size that is desirable
for obtaining high efficiency cells can be achieved by creating conditions of fewer nucleation
sites and large mobilities of the deposited species. Sodium has been found to play a vital role by

enhancing the atomic mobility and improving the coalescence even in thinner films. This work
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presents a study of morphology and device properties of CIGS2 thin films with Copper-deficient
absorbers after minute amounts of sodium are introduced on the Mo-coated substrate in the form
of sodium fluoride layer prior to sputter deposition of copper-gallium alloy and indium.
Photovoltaic conversion efficiency of 9.15% was obtained for copper-deficient absorbers. In a
parallel set of experiments, copper-rich precursors were used to produce absorbers of lower
thickness range values and the parameters were optimized. Photovoltaic conversion efficiency of
10.12% was obtained for an absorber of thickness 1.5 um and an efficiency of 9.62% was

obtained for an absorber of thickness 1.2 um.
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1. INTRODUCTION

1.1 Overview of Photovoltaics

Mankind is always in the quest of renewable sources of energy. Most of the energy that is
generated today is obtained as derivatives of fossil fuels (coal, oil, natural gas). Worldwide
demand for energy is growing continuously, while the utilization of the conventional energy
resources may have reached its peak and its exhaustion may be on the offing. Also, there is
release of greenhouse gases into the atmosphere due to burning of fossil fuels, while
environmental problems are caused by uranium and the storage or disposal of nuclear waste. The
interference of mankind with nature has reached a level that requires urgent re-evaluation of
possible energy supply strategies with a focus on sustainability, unless major changes in climate
and environment are accepted. Solar energy is the Earth’s major renewable energy resource and
abundantly available. Therefore, the exploitation of the energy irradiated by the Sun is the
potential key to a sustainable energy production in future. There is no emission of toxic or
greenhouse gases during the conversion of sunlight into electricity using photovoltaic cells, nor
is there any noise pollution. Photovoltaic systems can be installed in principle wherever the solar
insolation is adequate, in urban or rural, grid-connected or stand-alone configurations, the
electricity produced can be used locally or fed into the grid, and the electricity generation is
decentralized and therefore, less vulnerable. In contrast to these numerous advantages,

Photovoltaics has to face really only three drawbacks [1]:



(1) The sunlight is intermittent and also depends on season, which is related to the lack of

inexpensive and efficient methods to store electrical energy,

(i1) Its cost, although prices for photovoltaic systems are dropping, and a fair cost evaluation

including indirect costs and governmental subsidies is seldom taken into account, and

(ii1) The knowledge about this technology is not widely spread. .

Silicon technology for photovoltaics is the first generation technology, mostly because
silicon is abundantly available and already was in the research phase because of
microelectronics. Silicon is an indirect band-gap material (1.12 eV) and needs approximately 100
um for effective absorption of the solar spectrum. The production process for device grade
silicon from silica is costly and also there is tough competition from the microelectronics
industry. Laboratory level efficiency of 24.4% [2] has been reported for silicon, while the
module level efficiency is 22.7% [3]. The silicon technology has been approaching lower limit in
terms of the production costs. Thin film technology is the second generation technology. Since
their inception in the seventies, thin-film solar cells were aimed to achieve a better power-to-
weight ratio for space applications. Today, the drive towards the development of thin-film solar
cells is mainly due to their potential to reduce manufacturing costs and material utilization. The
earliest thin-film cells were based on Cu,S/CdS [4]. But they suffered from poor stability owing
to the high diffusivity of Copper. Amorphous hydrogenated silicon (a-Si:H) cells entered the
market in the eighties [5]. Today they have able competitors in CdTe and Chalcopyrite-based
cells [6]. One of the problems with thin-film materials other than a-Si:H is that they are not used
elsewhere in the electronics industry. Therefore, little expertise is available [7] . Also, presently

the most efficient (single-junction) thin-film solar cells are made with polycrystalline
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Culn(-xGaxSe, (commonly abbreviated as Cu(In,Ga)Se, or CIGS) or CdTe absorbers. The
highest efficiencies reported for CIGS solar cells to date are 19.2% [7], and 21.5% under
concentrated sunlight (14 suns) [8]. With CdTe, cell efficiencies up to 16.5% were demonstrated
[9]. Among the advantages of CIGS and CdTe cells over single-crystal Si cells is that sunlight is
absorbed much more efficiently in these compounds owing to their direct band gap, such that
absorber thickness of a few microns is sufficient to absorb most of the useful part of the sunlight.
The required layers are so thin that the cells are flexible when grown on a sufficiently thin
substrate. Solar cells are small-area devices. Since the electrical current delivered by a solar cell
depends on the illuminated area, the cell cannot be made arbitrarily large without suffering
severe current loss due to the limited conductivity of the transparent conducting front contact.
Therefore, individual small-area cells must be connected in series, which results in a large-area
device that delivers comparatively high voltages and low currents. The energy required for the
fabrication of thin-film modules is comparatively small. Third generation solar cells include
multiple band gap and quantum dot solar cells [1], as well as organic and dye-sensitized solar

cells.

1.2. Basics of a solar cell

A solar cell is nothing but a p-n junction diode which produces electricity upon incidence
of light. This property of a solar cell makes it one of the most important resources of renewable
energy, which is capable of utilizing the abundantly available sunlight and thereby contribute
towards solving the energy problems. Absorption of a quantum of sunlight having energy hv
greater than the bandgap Eg of the semiconductor results in the excitation of an electron from the

valence band to the conduction band. Here h is the Planck's constant and v is the frequency of



the absorbed light quantum. The excitation of the electron leaves behind a hole in the valence
band. A semiconductor such as silicon can be doped with a donor impurity such as phosphorus to
obtain a n-type semiconductor in which the majority free charge carriers are electrons, while
intrinsic point defects such as vacancies, interstitials and antisites act as dopants in the
chalcopyrite type thin-film solar cells. A p-type semiconductor with holes as majority free
charge carriers can be obtained for example by doping silicon with an acceptor impurity such as
boron. When a p-type semiconductor is joined to an n-type semiconductor, holes from the p-
region tend to diffuse to the n-region and electrons from the n-region tend to diffuse to the p-
region because of the concentration gradients. Recombination of diffusing free carriers with the
oppositely charged majority carriers creates a region depleted of free carriers. The dopant ions in
the depletion regions are no more compensated. This gives rise to a barrier or built-in electric
field which opposes further diffusion of free carriers. Electron-hole pairs generated within a
diffusion length of the p-n junction region are separated by the built-in field at the junction. The
photogenerated electrons from the p-type region diffuse towards the junction and are propelled to
the n-type region by the field. Similarly holes from the n-type region diffuse towards the junction
and are propelled to the p-type region by the field. The holes then flow towards the p-type
contact where they recombine with electrons which have originated in the n-type region and have
done work on an external load. Thus it can be seen that each photon of energy hv > Eg absorbed
in the useful collection volume can provide one electron for flow in the external circuit.

If each photon incident on a solar cell had an energy hv equal to or slightly greater than
the semiconductor bandgap Eg, the energy conversion will be very efficient. However, the solar
spectrum extends from ultraviolet to infrared, virtually all the radiation energy being emitted in

the wavelength range 2x107 to 4x10° m. The photons having energy hv < Eg are not absorbed
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by the semiconductor. Moreover, for the absorbed photons with energy hv > Eg only the fraction
equivalent to up to the bandgap Eg can be converted to electricity, the excess being lost as heat
in the semiconductor. A lower bandgap semiconductor will absorb higher fraction of photons
from the sunlight thus providing higher current but its voltage will be lower. On the other hand,
a higher bandgap semiconductor will provide higher voltage. However, since it will absorb
lower fraction photons from the sunlight, the current obtained from it will be lower. Hence it is
necessary to choose an appropriate bandgap of a semiconductor for a terrestrial or space

application.

1.3 Solar radiation

ATMOSPHERE

AMI AM (sec?)

Figure 1 : Solar spectrum

In space the radiation intensity or the solar constant is 1353 W/m® and is referred to as
AMO. The absorption of the spectrum increases with an increase in the thickness of the
atmospheric layer. Air mass (AM) counts for the absorption in the atmosphere and how it affects

the spectral content and intensity of the solar radiation entering the earth. For the thickness To of



the atmosphere, the path length T through the atmosphere for radiation from the sun incident at
an angle W relative to the normal to the earth’s surface is given by [10],

T =To/cos ¥,

The ratio T/To is known as air mass co-efficient. The solar cells are generally evaluated
for their performance at AM1.5 corresponding to the solar constant of 1 kW/m®. The solar
constant on the earth’s surface is always lower than that in space due to the spectral absorption
by the atmosphere. Air Mass value at different earth location is given by the equation,

AM = (1+ (L/H)?)”

Where, L = Length of the shadow cast by an object of height H at that location.

Solar Insolation AM 1.5

1400

1200 -

=

o

o

o
L
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Figure 2 : Standard AM 1.5 Solar Spectrum



1.4. Semiconductors and band structure

In an atom, the positive charge lies on the nucleus and is compensated by electrons
having negative charge, thus rendering the whole system electrically neutral. The electrons
experience a Coulombic force by the nucleus, hence the electrons posses certain allowed
energies. Electron of a free atom can occupy one of the series of energy levels below E = 0,

given by [11],

Where,
Z — atomic number, mo - mass of free electron, q - charge of electron, g, — permittivity of free
space, h — Planck’s constant and n — positive integer representing energy levels.

According to Pauli’s exclusion principle each energy level can have a maximum two
electrons with opposite spins. Hence at equilibrium not all the electrons fill the lowest energy
level. These energy levels are further subdivided in sub-shells governed by the quantum numbers
(Principal, Azimuthal, Magnetic and Spin).

Equation 1 indicates energy levels for an individual atom in isolation. However when the
atoms are in the vicinity of each other, the energy levels start interacting. When two similar
atoms having 2 electrons are brought together the energy level cannot accommodate 4 electrons
as it violates Pauli’s exclusion principle. As a result of this interaction the energy level splits into
two slightly separated energy levels. If N numbers of atoms interact then the original energy
level is split into N different allowed energy levels to accommodate 2N electrons. When the
atomic spacing equals the crystal lattice spacing, the regions of allowed energy level are

typically separated by a forbidden energy gap in which electrons cannot exist.
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Figure 3 : Bandgap in a semiconductor

Semiconductors are materials with negative temperature coefficient. At T = 0 K in a pure
material, this gap separates one entirely filled band (valence band) from one that is entirely
empty (conduction band). There exists a band gap, Eg. For T > 0 K, a finite number of
electronic states are occupied in the conduction band (“free electrons”) and a finite number of
states are unoccupied in the valence-band (“free holes”). These free electrons and holes can get
into motion since a quasi-continuum of higher or lower states are available to them respectively.
They respond to electric fields and concentration gradients that allow for macroscopic current
flow. The equilibrium concentrations of electrons and holes can be modified by extrinsic
dopants, but also by defect levels (additional states within the band gap) that are intrinsic to the
semiconductor. The occupation of conduction- and valence-band states is governed by Fermi-

Dirac statistics [11]. Equation 2 describes the probability of electron occupation in the



conduction band and, similarly, 1-f(E) describes the probability of finding holes in the valence

band.

B ) = e e, )

f

e KT +1

where k is the Boltzmann constant and T the absolute temperature. Semiconductors are classified
as n-type or p-type depending on whether electrons or holes are the majority carriers. Fermi
energy is also defined as the energy where probability of carrier occupancy is 50%. The product
kT gives thermal energy and its value is 0.026 eV at room temperature. Addition of P to Si shifts
Fermi level near conduction band, while addition of B to Si shifts the Fermi level near valence
band.

The Fermi function represents only the probability of occupancy, hence total states
available for carrier occupancy can be found out by using the density of allowed states. The
density of states is zero in the forbidden gap while it is non zero in the allowed energy bands.
Density of states can be calculated by solving the time-independent Schrodinger equation. The

density of states at energy E near the conduction band edge is given by [12],

m’/2m’ (E —E
I n( ) O Y T e, (3)

gc(E) = Ene

Similarly density of states at energy E near the valence band edge is given by [12],

mp,lzmp(Ev—E)

gv(E) = T

Where



m, is effective mass of electron;
m’; 1s effective mass of hole;

E. is conduction band minima;

Ev is valence band maxima.
The carrier concentration at any energy level can be expressed as the product of

probability of occupancy and the number of available states. Therefore electron concentration in

the conduction band can be expressed as [11]:

GCCE) FUEYAE e, (5)

—38

n, =

m

C

Solving the integral, we get,

N = N T e (6)
Where
27am KT
Ne =2(= % )2 2 e (7)

N, is a constant at fixed temperature, known as effective density of states in the conduction

band
Similarly,
22m’° KT
, = h§ SRRSO UP P RPPRPRPPRPRRS (8)
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Ny is a constant at fixed temperature, known as effective density of states in the valence band.

1.4.1. Homojunction

D D D

e 0° 0 0 " ® ® ©® ® © o & & d @
e e°e°e® e 0 0| @ o o @ o o @ @°
e’ e o 0| @ @ o o a° o a® a°
p-type n-type
Space Charge +
d, - d, X
Electric |

Field e '\ x

Built in | Ve
Voltage |

Figure 4 : Homojunction in a semiconductor

When a p-type semiconductor is joined to a n-type semiconductor, holes from the p-
region tend to diffuse to the n-region and electrons from the n-region tend to diffuse to the p-
region because of the concentration gradients. Recombination of diffusing free carriers with the
oppositely charged majority carriers creates a region depleted of free carriers. The dopant ions in
the depletion regions are no more compensated. This gives rise to a barrier or built-in electric
field which opposes further diffusion of free carriers. Electron-hole pairs generated within a
diffusion length of the p-n junction region are separated by the built-in field at the junction.
Under equilibrium, the magnitude of the field balances the tendency of electrons to drift from the
n-type region into the p-type region to the tendency of electrons to drift in the opposite direction
under the influence of the built-in field. The Fermi level is constant throughout the entire system.
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At equilibrium electrons and holes currents are zero. Under this condition the electric field (E)

generated by diffusion of charge carriers is given by the following relation [11]:

E = e ©)
gn dx

Where

k is the Boltzmann constant;

T is the temperature in Kelvin;

q is the charge of an electron;

n is free electron concentration in equilibrium;
dn/dx is change in electron concentration.

The built-in potential is an integral of the electric field from p-region to n-region and is given as

[11]:

Vg —l%rlnNAlz\ID ........................................................................................ (10)
r]I

Where

Na is acceptor concentration;
Np is donor concentration;

n; is intrinsic carrier concentration.

The width of depletion region is determined by impurity concentration, built-in voltage

and applied voltage. At equilibrium, the depletion width depends only on the built-in voltage.

Total depletion width is given by the relation [11]:
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x=xn+xp:\/285VB(NA+ND) ..................................................................... (11)
qQ(NANp)

Where
Xy 18 depletion width on n-type material;
Xp 1s depletion width on p-type material

& 1s permittivity of the material.

Under non-equilibrium conditions, the Voltage applied Va is taken into account as [11]:

X:Jzesws —Va)(N, +Np)
q(NANp)

The depletion width increases under reverse bias (-Va) while it decreases under forward biased

condition (+Va).
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1.4.2. Heterojunction
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Figure 5 : Semiconductor heterojunction

Where,

The numbers 1, 2, 3 and 4 refer to MoS,, CIGS2, CdS and ZnO respectively.

Egi, Egy, Eg; and Egs — Bandgaps

gXs, gX3 and qX4 — electron affinities

qVw,, qVws — work functions

qVi — Built-in potential at p-n junction

dEc,; — Conduction band offset between CIGS2 and CdS

dEv,;;3 —Valence band offset between CIGS2 and CdS
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dEc;3/4 — Conduction band offset between CdS and ZnO

dEvs,4 —Valence band offset between CdS and ZnO

Heterojunction involves some additional features in the band diagram as compared to a
homojunction. To form a heterojunction, two semiconductors of different bandgaps are grown
together such as p-type CIGS2 and n-type CdS as shown in the Figure 5. In the case of a
heterojunction system, the electron affinities of the individual semiconductors are also different
due to the difference in the work functions. For maintaining the vacuum level, a discontinuity
has to occur in the conduction band as well as valence band at the interface. The discontinuity in
the conduction band at the interface can be written as [11]:
dEcy3 = X5-X3

The discontinuities at the interface affect the near-by space-charge regions. In the quasi-
neutral region, the separation between the conduction band edge and the Fermi level is

determined by doping in that material [11]:

Ec3— Ef = kT 1n[kJ ................................................................................. (13)

D3
Where, Ncs — density of state in conduction band of CdS, Nd3 — donor dopant density.

Ec2 - Ef = Eg2— (Ef — Ev2) = Eg2 — kT h{%} ................................................. (14)
a

Where, Nv,- density of states in valence band of CIGS, Na,- acceptor dopant density
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The total difference in the conduction band edge between the neutral regions in the two
semiconductors is given by [11]:

Ec2 - Ec3=Eg2-kT ln(wj

Nd3Na2

It can be seen that it does not depend on the electron affinities.

The role of the spike as a barrier to the electron flow from n-type to p-type depends on
the built-in potential drop on each side. If concentration of holes in p-type material is lower as
compared to that of electrons in the n-type material, the majority of band bending occurs in the
p-type material side and the top of the spike is lower than the conduction band edge in the neutral
region of the p-type material. The barrier to the flow of electrons from n-type to p-type is the
difference in the conduction band edges in the neutral region of the two materials. However, if
the doping is other way round, then the majority of band bending occurs in the n-type material
and the top of spike can be higher than the conduction band edge in the neutral region of the p-

type material. Here the barrier to electron flow from n to p type is higher.

1.5. Current-voltage characteristics

A solar cell is nothing but a p-n junction diode under no illumination. Under forward
bias, excess electrons flow in the p region while excess holes flow in the n region. The potential
barrier across the junction reduces. Under reverse bias, the situation is exactly opposite and the
potential barrier across the junction increases. There is an exponentially increasing relation
between the minority carrier concentration and the applied voltage. The relationship is valid at

the depletion layer boundaries [11].
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qV, /KT

Where

Np s the injected minority carrier concentration in p region;

Npo 1s the minority carrier concentration at the depletion region boundary under thermal

equilibrium;

pn is the injected minority carrier concentration in n region;

Pno is the injected minority carrier concentration the depletion region boundary under

thermal equilibrium.

The excess minority carrier concentration decreases exponentially away from the

junction. The decay depends on the diffusion constant and the carrier lifetime [11].

Where
D, and D, are the diffusion constants of electron and hole minority carriers;
T, and T, are the lifetime of electron and hole minority carriers;

fi is the injected electron carrier concentration in p-region;
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N, is the injected electron carrier concentration at depletion width edge;

p is the injected hole carrier concentration in n-region;

P, is the injected hole carrier concentration at depletion width edge

The total current is the sum of hole and electron currents [11]:

Where, A is the junction area

It is known that n, =n_ +n, and also p, = p,, + P,

Moo = M0/ N
oo = N0 /N G e
Where

n; 1s the intrinsic carrier concentration

Therefore,

A n:
A, = npo(eqva/kT —l)z _|(eqva/kT _1)

b= pulee 1)t

Hence, the total current can be written as [11],
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From equations 25 and 26,

= 0 (0™ /T 1) 27)

Under illumination, the photo generated current has to be taken into account;

Therefore equation 27 becomes [1]:

Where,

I is photogenerated current.
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Figure 6 : I -V characteristic of solar cell in dark and under illumination drawn in forth quadrant

When a cell is not connected to an external circuit and light is shone upon it, the
generated free charge carriers flow across the built-in electric field and build up charge on the
other side of the cell till it just balances the built-in field. The corresponding built up potential is
called open circuit voltage (V) and it is the maximum voltage a cell can provide. It is given by
the relation [12]:

Voe = %ln[:—" + IJ ~ I(—Tln:—" .................................................................. (29)

0

20



I.-Ip

| IoR
I SZI;)

Figure 7 : Equivalent circuit of a solar cell

Equivalent circuit of a solar cell is shown in Figure 7 where Ir is light generated current,
Ip is diode current, Ip is current through parallel resistance and I= IL-Ip -Ir. Excitation of excess
carriers due to illumination results in flow of photogenerated current. The photogenerated current
is represented by a constant current source Ju in parallel with the junction. Effect of series
resistance, Rs and shunt resistance, Rp on the I-V curve is shown in Figure 8. An increase in the
series resistance does not affect the open circuit voltage, Voc while the short circuit current, Jsc can
be reduced with significant increase in the series resistance. Similarly, a reduction of shunt resistance
does not affect short circuit current density, while significant reduction in the shunt resistance affects

the open circuit voltage considerably.
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Under open circuit voltage and short circuit current conditions, the power is zero. The
maximum power is the product of optimum values of voltage and current. Fill Factor (FF) is
another important factor in efficiency measurement of solar cell. The Fill-Factor is defined as the
ratio of peak power to the product of open circuit voltage and Ji.. FF describes how closely the

current-voltage curve resembles the rectangle Voc.Isc.

VvV, .|

mp'mp
= 30
v (30)

oCc " sC
Where,
Vi and I, are the optimum voltage and optimum current at the maximum power point.

The photovoltaic conversion efficiency of a solar cell is given by the relation [12]:

V, I FF

O 31
n B (31)

n

The photovoltaic conversion efficiency depends on short circuit current density
(Jsc), open circuit voltage (Vo) and fill factor (FF). These factors in turn depend on the material
quality and how effectively the light gets absorbed in the material. The ability of a
semiconductor to absorb sunlight effectively is denoted as absorption co-efficient (o). A direct
bandgap semiconductor such as copper-indium-gallium sulfide requires less thickness to absorb
same amount of light as compared to an indirect bandgap semiconductor such as silicon. Low
wavelength photons are usually absorbed within the built-in electric field while the high
wavelength photons are absorbed away from the built-in electric field. The time during which the
carriers remain active is called their lifetime. If during this lifetime, the carriers diffuse to the

depletion region and thus come under the influence of a built-in electric field, they will be
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propelled over to other regions and produce a current. The average distance a charge carrier
travels towards the built-in field before recombination is termed as diffusion length, which is the
product of diffusion coefficient and life-time of a carrier. Defects such as vacancies and grain
boundary can affect the diffusion coefficient and carrier life-time. The Open circuit voltage
depends on the built-in voltage of the device. The open circuit voltage can be reduced due to
recombination centers which act as shunting paths. For a highly efficient cell, the shunt
resistance should be infinity. Series resistance losses take place due to junction contact
resistances between the layers of the cell. For an efficient cell, series resistance should be near
zero. Current-voltage (I-V) and quantum efficiency (QE) measurements are used for the
measurement of the photovoltaic parameters. Quantum efficiency denotes the effectiveness of a
cell to convert photons of various wavelengths. If a cell shows very good response to low
wavelength photons and poor response to high wavelength photons, it indicates that the charge
carriers generated within the built-in electric field are effectively absorbed while the charge

carriers generated away from the field in the bulk undergo recombination.

1.6. Motivation and definition of scientific problem

The objective of the present work has been decided carefully after considering
holistically all the metrics of the technology development of solar cells with respect to CIGS2.
Apart from achieving higher efficiency, other metrics by which prospects of the technology are
measured are: cost, ease of fabrication, throughput, reliability etc [13]. These parameters are also
endorsed in the ‘Solar America Initiative’ proposal by the US Government. It will be interesting
to study whether an approach can be developed such that while achieving higher efficiencies, a

balance in ease of fabrication and costs involved can be still feasible. The knowledge gained by
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this development will be useful for the photovoltaic community in developing the technology of
large scale manufacture. Culn;_«Ga,S, (CIGS2) thin films having chalcopyrite structure are being
considered for use in high-efficiency photovoltaic cells. CIGS2 thin-film solar cells are of
interest for space power applications because of near optimum bandgap for AMO solar radiation
outside the earth’s atmosphere [14-17]. Copper indium sulfide modules are being manufactured
by Sulfurcell in Germany. At FSEC PV Materials Laboratory, the record efficiency of 11.99%
has been achieved on a 2.7 pm CIGS2 thin film prepared by sulfurization [18]. CIGS2 thin films
grown by sulfurization have been grown with copper-rich compositions, and excess cuprous
sulfide is etched afterwards. In Cu-rich CIGS2, we get near stoichiometric composition after
etching, corresponding to composition range of 10"7-10"/cm®. However, the desirable carrier
concentration range should be typically around 10'®-10"’ /em?® [19]. This range can be achieved if
we start with a copper-deficient composition. Also the etching step can be removed, thus making
the fabrication a lot easier and less toxic. The question is if copper-deficient thin film CIGS2
solar cells can be fabricated in a higher efficiency range? Cuprous sulfide acts as a flux in Cu-
rich CIGS2 films and helps the formation of alpha phase. It is difficult to produce device quality
films in copper-deficient compositions because cuprous sulfide is unavailable. The CIGS2 phase
may decompose into two or more phases due to narrowing of the phase diagram. Possible
solution is to find some mechanism during the copper-deficient CIGS2 growth process which
may make the CIGS2 phase formation stable.

There are several reports showing the effect of sodium addition on Culn;. GaxSe,
absorbers [20-27]. Rudamann et al have studied CIGSe solar cells with sodium incorporated into
the absorber layer showing high efficiency [20, 21]. The most common observations defining

role of sodium in CIGSe as per literature are:
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e Sodium acts as a fluxing agent, widens the alpha phase in the phase diagram and
macro-defect formation is reduced by the presence of sodium

e Sodium enhances the grain structure and morphology of the absorber

e Sodium increases the p-type conductivity of the absorber

Most of the observations have been found to occur simultaneously after addition of

sodium.
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Figure 9 : Alpha phase widening due to sodium addition in CIGSeS

Figure 9 shows the role of sodium and gallium in widening the alpha phase and thus
contributing towards stable phase formation. It may be noted that sodium acts generally on the
copper-deficient side and gallium towards copper-rich side of the boundaries of the alpha phase.

According to the study by Braunger et al, sodium polyselenide (Na,Sey) forms as a first

reaction step in the CIGSe formation in the presence of sodium due to its lowest free energy [25].
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Na,Sey segregates along the grain boundaries of CIGSe and acts as a source for selenium.Na,Sey
influences the reaction rate of formation of CIGSe and provides opportunity for grains to grow
larger.

According to models in literature [26], increase in p-type conductivity can be due to
elimination of the compensating antisite donor defect Vy, Inc, as well as it can be due to direct
creation of acceptors such as antisite defect Nap,. An increase in open circuit voltage is a
consequence of higher effective acceptor concentration. However, if Na concentration increases
to a level that most of the InCu defects have already been eliminated, it will start to remove the
acceptor Vcu, thereby, reducing the hole density. Therefore, excessive amount of sodium is
detrimental to the performance of solar cells after optimum level is reached.

Nakada et al [27] have shown that the net carrier concentration increased even for
copper-deficient compositions below 0.7. This implies that high efficiency solar cells can be
produced without precisely controlling the film composition, which may lead to a low-cost
manufacturing.

It will be interesting to check if sodium can play a role in copper-deficient CIGS2 and if
any model explained for CIGSe can explain the behavior of sodium in copper-deficient sulfides.
CulnS; films have already shown better device properties and increased p-type conductivity [28,
29]. It will be interesting to verify if sodium can play a role in Copper-deficient CIGS2
absorbers also. It has been found in the earlier studies (Luck et al) that sodium doesn't enhance or
deteriorate the photovoltaic properties in copper-rich CulnS, because Cu,S is already available.
[30]. Yamamoto et al report an increase in net hole concentration in copper deficient CulnS; due

to addition of sodium as a consequence of a decrease in the concentration of donors (Vs, Inc, and
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In; sites.)[29]. None of the earlier contributions report formation of device quality films with
acceptable efficiencies for CulnS, or CIGS2.

Large grain size that is desirable for obtaining high efficiency cells can be achieved by
creating conditions of fewer nucleation sites and large mobilities of the deposited species. There
are limits to employing very high temperature processing for increasing the mobility because of
the softening temperature of the sodalime glass and excessive reaction of sulfur carrying
precursors with the molybdenum back contact. Sodium may play a vital role by enhancing the
atomic mobility and improving the coalescence even in thinner films; sodium incorporated In
copper-rich CIGS2 precursors, increased mobility and consequently absorber phase formation is
obtained due to liquid-like behavior of pseudo-binary Cu, S phase region. Hence sodium may
not play a vital role in copper-rich precursors. Also for the same purpose, copper-rich precursors
for this purpose are prepared with excess copper. After sulfurization, the absorber film is etched
to remove the excess copper-phase segregated at the surface. This would lead to the
stoichiometric Cu/(In+Ga) of unity but not to the desired Cu-poor composition for attaining
optimum doping level. This also makes the film rough. Copper-deficient absorber can produce a
comparatively smooth film and better morphology. The efficiencies are limited in Copper-
deficient sulfides due to extremely low hole concentration as compared to copper-rich sulfides. It
is intended to study the morphology and device properties of CIGS2 thin films with Copper-
deficient absorbers after minute amounts of sodium are introduced on the Mo-coated substrate in
the form of sodium fluoride layer prior to sputter deposition of copper-gallium alloy and, indium.
The beneficial effects of sodium incorporation might improve film morphology, reduce defects

and increase carrier concentration. Since the absorbers are prepared in Cu-deficient conditions,
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the thickness of the absorber will automatically reduce thus satisfying the purpose of lower
material consumption.

Currently the thickness of the absorber for the highest efficiency cell by sulfurization is
2.7 pm. Recent research endeavors in the CIGS2 thin film photovoltaic community are directed
towards thinner films because the availability and cost of indium as well as gallium are limiting
factors [31]. The required amounts of expensive metals can be lowered by using thinner films.
Since it will take less time to deposit precursors for producing reduced thickness of absorbers, it
will also increase the throughput. Initially, small sized grains are formed during the film growth
[32]. With continuing growth to larger thicknesses, more favorably oriented grains grow faster at
the expense of others and coalesce to form compactly packed large-grain morphology. Hence
certain minimum thickness of a thin film is essential for the grains to coalesce and grow. The
solar cell performance in smaller grained chalcopyrite absorber deteriorates due to detrimental
effects of the larger fraction of grain boundaries [33]. It is essential to hasten the grain growth
through coalescence to obtain high- efficiency device properties even in thinner films. It will also
be interesting to explore the changes in morphology when cu-rich absorbers are made thinner

and also the mechanisms by which better performance can be achieved in these absorbers.
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2. MATERIALS REVIEW

2.1 CIGS?2 thin film solar cells

CIGS2 has a near ideal direct bandgap to absorb the most of the visible solar spectrum,
also it has high absorption coefficient. Highest efficiency is 12.3% by co-evaporation and
11.99% by sulfurization [18], while module level efficiencies are in the range of 8-9%. Being a
wide band gap material, CIGS2 has following advantages [34]:

e Near optimum bandgap
e Better temperature coefficient, thus perform well under real-world operating conditions
e Better suitable for space applications since the degradation of open-circuit voltage due to
radiation is less critical in devices with high open-circuit voltages
e Can be used in tandem solar cells with other materials to embrace combinations of
bandgaps
A wide variety of methods are available for manufacturing CIGS2 thin films. Some of the
methods are spray-pyrolysis [35], electrochemical deposition [36, 37], physical vapor deposition
(PVD) techniques, sulfurization of sputtered metallic precursors (Cu-In-Ga) in H,S ambient [38-
47] and evaporation/co-evaporation [48-54]. Device quality CIGS2 absorbers have been grown
mostly with the cu-rich composition. Each method has its advantages and disadvantages [55].
An important advantage of sputter deposition is that even the highest melting point materials are
easily sputtered. Sputter deposited films have a composition close to that of the source material.
Sputtered films typically have a better adhesion on the substrate than evaporated films.

Sputtering process is scalable. The defect structure of these films is very complex due to a
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number of elements involved in its formation. The phase diagrams have been studied by

Godecke et al. [56].

2.2 Optical properties

CIGS2 is a material ideal for solar cells due to its direct band gap and high absorption
coefficient. Due to its direct band gap CIGS2 absorbs light much more efficiently, and requires
small amount of material. On the contrary, silicon is an indirect band gap material and requires
more material for light absorption. The optical absorption coefficient is a function of energy of
incident photons.

L(hv,x) = T(hv,X) € M™% e 2.1
The typical absorption coefficient, a(hv) of CulnS, is ~ 10° / cm for a photon energy of hv = Eg
+ 0.2 eV, where Eg is the bandgap energy of the respective material [6]. The wavelength
dependence of the absorption coefficient (Figure 10) implies that all high-energy photons will be
absorbed in CIGS2 very close to the surface, while photons with energies only slightly larger

than the band gap of the absorber will penetrate more deeply into the CIGS2.
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Figure 10 : Dependence of the absorption coefficient on the photon energy for selected

semiconductors [6].

2.3 Crystal Structure

The lattice structure of Copper-Indium-disulfide (CulnS,) is tetragonal and the lattice
parameters a and ¢ are 5.523 and 11.141 A, respectively. Sulfur is tetrahedrally coordinated to
two indium atoms and two copper atoms. Also each copper atom and indium atom is
tetrahedrally coordinated to four Sulfur atoms. Although CulnS; has a tetragonal structure, it is
very similar to a stack of two face centered cubic structures, where ¢ ~ 2a [57]. (111) is the close
packed plane for face centered cubic structures. CulnS; also grows in the close packed plane,
which in this case is the (112) plane analogous to (111) plane of a FCC structure. Figure 10

shows a schematic tetragonal CulnS, structure. CulnS; has a direct band gap (1.55eV); hence it
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has very good potential for solar energy conversion. The consequences are lower minority carrier
diffusion length and higher absorption coefficient.

CuGa$; has a structure similar to that of CulnS,; and has a band gap of 2.42 eV. Gallium
is in the same group of indium in the periodic table. Thus, by substituting gallium for indium in
some places in the lattice, the band gap of Culn; «GayS, (CIGS2) can be varied from 1.55 eV <
Eg < 2.42 eV [58]. Addition of gallium can be considered as alloying between the ternary
compounds CulnS, and CuGaS,. Material properties can be optimized due to gallium
incorporation and its addition also changes other properties and characteristics such as defect
chemistry, defect levels within the gap, electron and hole affinities, carrier concentration,

resistivity, crystal structure and lattice constants.

Figure 11 : Schematic diagram of the crystal structure of CulnS,
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The overall electrical properties of CIGS2 films depend upon stoichiometry and
compositional uniformity, which are in turn are related to the film growth parameters. It becomes
essential to grow large grain films with the appropriate composition ratio of Cu/(In+Ga) below
1. A wide variety of techniques have been explored to grow CIGS2 thin films for photovoltaic
applications. Most of the improvement in cell performance has been achieved by skillful
empirical optimization based on intuition, at times aided by phenomenological models of cell
design, and absorber preparation. The bandgap of Culn;GasSe, (CIGS) and Culn;GaxS;
(CIGS2) can be increased respectively over the ranges 1.0-1.73 eV and 1.5-2.4 eV by
incorporation of gallium. Schock and coworkers [59] have found that the open-circuit voltage of
chalcopyrites for thin film PV cells does not increase proportionately with increase in the
bandgap. The open-circuit voltage increases in a superlinear fashion up to gallium content, x of

0.3 while it is sublinear at higher Ga content, leading to considerable deterioration.

2.4 Phase diagram

Figure 12 shows an equivalent ternary phase diagram comprising Cu-In-S compounds
that have been identified along the tie line of Cu,S - In,S; [60]. A simple pseudobinary phase
diagram can be deduced from this ternary diagram along the tie line between Cu,S-In,S; (central
line in Figure 12). The bold points along this line indicate photovoltaic quality material. CulnS,
can be formed by combining these two compounds:

X (CuzS) + (1X) I13S3, 0K [6] e 2.2
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Figure 12 : Ternary component diagram of Cu-In-S [60].

Figure 13 shows the pseudobinary phase diagram. Four different phases have been found
relevant in this range: o — phase (CulnS;), B — phase (CulnsSs), the 6 — phase (high temperature
sphalerite phase) and Cu,«S phase. The phases adjacent to a — phase have similar structure. The
B — phase is a defect chalcopyrite phase built by ordered arrays of defect pairs (copper vacancies
and In-Cu antisites ). This defect pair is electrically neutral and forms only at the surface. This
phase is not a photovoltaic quality material [6].

The range in which o — phase exists in pure Cu,S-In,S; at room temperature extends from
a copper content of 24% to 24.5% on a quasi-binary tie line [60]. This range is quite small and
does not include the stoichiometric composition of 25% copper. The copper content is typically

22 and 24 at% for efficient films. At the growth temperature of 450 °C — 550 °C this region ends
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up in a single phase CulnS, region. However at room temperature it ends up in the two phase a +
B region [60]. Hence CulnS, may separate in two phases after deposition. Addition of gallium
considerably widens the single phase CulnS; region at room temperature [60]. Also if CulnS, is
grown in copper excess regime, the excess copper forms Cu,«S quasi-liquid phase at the grain
boundaries and on the surface of CulnS, thin film. The Cu,S is a phase acts as a flux during the
growth of CulnS, thin films. The formation of this copper excess phase slows the growth of

CulnS,, and helps in incorporating sulfur into CulnS; lattice.
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Figure 13 : Pseudo binary phase diagram of Cu,S-In,S; [60].

2.4 Heterojunction partner — Cadmium sulfate (CdS)

CdS is predominantly used as a heterojunction partner and it has been successfully
deposited using various techniques to obtain device quality solar cells [61]. The bandgap of CdS
is approximately 2.45 eV and it forms an n-type on p-type CIGS2 . It is also called as a window
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ween 60 to 70°C. As a result, thiourea decomposes releasing S,. ions. The complete reaction

1S

Cd(NH3)4>" + SC(NH,), + 20H- = CdS + CHyN, + 4NH; + 2HyO.oonvvoeeeenn, 2.3

Some of the advantages of CdS layer are:
1. CdS provides a conformal coating on the rough absorber surface.

2. The layer protects from any damages that may occur during further depositions.

2.5 Transparent conducting oxide window bilaver— intrinsic ZnQO and Zinc oxide doped
with aluminum (ZnO:Al)

Intrinsic ZnO (1:ZnO) is a resistive layer. A very thin layer of 1:ZnO prevents (ZnO:Al) to
come in the direct contact with CIGS2 absorber or Mo back contact and avoids any shunting
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paths. The critical parameter is the thickness of 1:ZnO . A smaller value than critical thickness
may lead to leakage currents, while a more than critical thickness leads to an increase in the
series resistance, thereby reducing the current density. The i-ZnO layer thickness affects the
Open circuit voltage [64]. ZnO is an easily available material with low-cost. It has a bandgap of
3.3 eV, which results in transparency to most of the visible spectrum of light. Group III elements
can be used as dopants to ZnO and higher conductivity values can be obtained [65]. i:ZnO is
generally deposited using RF sputtering , while both RF or DC sputtering techniques can be

implemented to deposit ZnO:Al.
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3. EXPERIMENTAL TECHNIQUE

The main objective in this research is to prepare thinner, device quality CIGS2 thin films
and efficient CIGS2/CdS thin film solar cells and correlate their material and device properties.
CIGS2 thin films are prepared by sulfurization of metallic precursors. Initially a stack of
elemental layers of copper, gallium, and indium metallic precursors are deposited on
molybdenum coated glass substrates using DC magnetron sputtering. Subsequently it is
sulfurized at elevated temperatures in the presence of H,S gas diluted in nitrogen (4-8% H,S).
Materials characterization is carried out for CIGS2 thin films for optimizing process parameters.
CIGS2/CdS thin film solar cells are completed by the deposition of n-type CdS layer by
chemical bath deposition (CBD) followed by transparent conducting bilayer window of intrinsic
Zn0O (i-ZnO) and doped ZnO:Al by RF magnetron sputtering and Cr/Ag front contact fingers

through metal masks by thermal evaporation.

3.1 Substrate preparation

6 inch x 4 inch size molybdenum coated glass substrates are washed in running tap water.
Cotton swabs are used to clean the surface with soap solution. This is followed by a thorough
rinsing with tap water and finally washing with deionized (DI) water. The substrate is finally
blow-dried using compressed nitrogen gas. Now the substrate is ready for mounting into the DC
magnetron sputtering chamber. It is maintained overnight in high vacuum of ~3 x 10 Torr prior

to the deposition of metallic precursors.
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3.2. NaF deposition

Sodium has been deposited in earlier studies on CIGSe using precursors Na,Se, Na,O,
NaF and Na,S [66]. Sodium Fluoride (NaF) is non-hygroscopic, stable in air. NaF doesn’t have
bad odor like Na2Se and is cheaper. Hence NaF was chosen as a precursor for sodium
incorporation This is the very first effort in which effect of sodium on CIGS2 thin films has
been studied and an effort has been made to fabricate device quality thin films. NaF was
deposited by thermal evaporation from a Joule-heated Mo-boat on glass substrates.
Subsequently CIGS2 thin films were prepared and cells were completed. Amount of sodium
fluoride was systematically increased and trends in device properties were compared with
materials properties in order to determine the optimum amount of Na required to fabricate device
quality CIGS2 thin films. Four different thicknesses of sodium fluoride (NaF) were chosen: no

NaF, 40 A of NaF, 80 A of NaF and 120 A of NaF respectively.

3.3 Deposition of Copper gallium and indium metallic precursors

Deposition of copper, gallium and indium metallic precursors is carried out by
DC magnetron sputtering. The sputtering system is shown in Figure 14. Two large-area
sputtering units have been designed, fabricated and installed earlier at the FSEC PV Materials
laboratory. The internal dimensions of vacuum chambers of the two systems are 38.5” x 18.5” x
6” and 26.5” x 18.5” x 6”. High vacuum is obtained in the chambers with cryopumps having
pumping speeds of 1500 liters/second and 800 liters/second. The deposition parameters for
metallic precursors are optimized to obtain an absorber thickness of ~1.8 um for copper-deficient
route and in the range of 1.2-1.5 um for copper rich route. A precursor film of copper-gallium is

sputtered from a copper-gallium alloy target having 22 atomic weight percent of gallium. Indium
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metallic precursors were sputtered from indium target. Copper-gallium alloy film is deposited at
the power of 350 W and argon pressure of 1.5x10 Torr while indium is deposited at the power
of 230 W and argon pressure of 7x10* Torr. Linear substrate moving mechanism is used to

move the substrates at the requisite speed to achieve desired thickness.

Figure 14 : DC and RF magnetron sputtering units

3.4. Sulfurization

A Lindberg furnace used for sulfurization is shown in Figure 15. The furnace (3"
diameter tube, 3 zone, 24" heated length) is a model 55347 with the control console model
58434-P fitted with a quartz tube and gas flow set-up for sulfurization in Nitrogen/H,S mixture.
4-8% dilute H2S is used for a sulfurization temperature between 450-500 °C .The ramp rates
used for the sulfurization process is 50 °C/minute. The excess copper forms a quasi-liquid Cu,«S
phase. This phase helps in the kinetics of formation of CIGS2 phase and enhances the
incorporation of sulfur into the CIGS2 structure by eliminating the sulfur vacancies that act as

donor impurity. This phenomenon also promotes the coalescence of grains and thus helps in the
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formation of highly crystalline CIGS2. Finally the Cu,S phase mostly segregated on top of a
stoichiometric CIGS2 layer was removed by etching in 10% KCN for 3 minutes. The sheet
resistance of CIGS2 indicates whether the films are Cu-rich or Cu-poor. Generally the sheet
resistance values below 100 €/square indicate Cu-rich CIGS2 films and values above 10
kQ/square indicate Cu-poor CIGS2 films. Two end pieces of 1 inch x 1 inch are cut from the
CIGS2 thin film sample and are used for materials characterization while the central 4 inch x 1
inch piece is used for the completion of the cells. Out of the two end pieces, a few pieces are

analyzed without etching and a few are etched before studying their material properties.

Figure 15 : Sulfurization furnace

3.5. CdS deposition

After the CIGS2 layer is completed, next step is the deposition of heterojunction partner

layer, CdS. The copper-rich phase is etched in dilute KCN before CdS deposition.
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Heterojunction partner layer of CdS is deposited using chemical bath deposition (CBD)
technique. Earlier a chemical bath deposition setup has been designed and built for 4 inch x 4
inch size substrates . The chemical bath consists of required amount of distilled deionized water,
0.015M CdSOy4, ammonium hydroxide (NH4OH), and 1.5M (NH;),CS. The substrates are kept
inside a beaker containing chemical bath. Then, the beaker containing the substrates and the
chemical bath is placed inside another larger beaker containing hot water. The temperature of
water in the outside bath is controlled carefully to achieve the desired temperature of the CdS
deposition in the chemical bath. The ramp rate to achieve maximum temperature depends on the
volume of solution in the chemical bath. Figure 16 shows the experimental setup for chemical

bath deposition.

Figure 16 : Set-up for the Chemical Bath Deposition.
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3.6. Front contact bilayer deposition

After CdS heterojunction partner is deposited, the sample is again mounted vacuum in the
RF magnetron sputtering chamber and is kept overnight in vacuum shown in Figure 14. A
bilayer of 1-ZnO/ZnO:Al is deposited using RF magnetron sputtering. Linear substrate moving
mechanism is used to move the substrates at the requisite speed to achieve desired thickness. The
parameters for both the layers have been optimized in the work done earlier and these parameters
were used as a starting point for the current work. A thin layer i-ZnO layer is deposited at RF
power of 200 W and argon pressure of 1.5 x 10~ Torr and it is followed by a layer of ZnO:Al at
425 W and argon pressure of 1.0 x 10~ Torr. The RF power for the ZnO:Al was varied between
300 — 425 W to achieve the required conductivity corresponding to the sheet resistance of the

ZnO:Al films of 75-100 Q/o .

3.7. Contact Fingers deposition

CIGS?2 thin film solar cells are completed by Cr/Ag contact fingers deposition by thermal

evaporation through shadow masks. The thermal evaporation setup is as shown in Figure 17.
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Figure 17 : Thermal evaporation setup.

3.8. Antireflection coating

MgF, anti-reflection coating is deposited on selected higher efficiency cells. The MgF,
coating is calibrated and a thickness of ~1000 A is deposited by thermal evaporation. The final
cell structure is as follows:

Glass/Mo/graded CIGS2/CdS/1:Zn0O/Zn0O:Al/Cr/Ag/MgF,. Final cross-sectional view is as

shown in Figure 18.
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Cr (50 nm/Ag 1250 nm)
[ [ [

Zn0O:Al (350- 500 nm)

CdS (50 nm)

Soda lime Glass (2 mm)

Figure 18 : Cross-sectional view of CIGS2 thin film solar cell

3.9. Materials Characterization

Absorber films are first examined visually for their appearance, color, unusual features
and any tendency to peel. Optical microscope is used for this purpose. Thickness and roughness
of the sample are measured using a DekTak profilometer. Surface morphology of the CIGS2 thin
film is studied using scanning electron microscopy (SEM). X-ray diffraction (XRD) is used to
identify the crystalline phases and to measure lattice parameters. Chemical composition is
analyzed by employing electron probe microanalysis (EPMA) and EDAX.. Variation of

elemental composition with depth is studied using Auger electron spectroscopy (AES) in
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conjunction with ion etching. More detailed microstructural study is done using a transmission

electron microscope (TEM). Thickness is measured using a profilometer.

3.10. Current-Voltage characterization

A reliable and robust current — voltage (I-V) measurement setup has been developed at
FSEC PV Materials Lab. The setup consists of an aircooled illumination set-up which also
accommodates the solar cells, which are illuminated with AM 1.5 illumination. High-accuracy
power supply and multimeters have been attached to the set-up. A LabVIEW program has been
developed to measure and plot the I-V characteristics I-V measurements are carried out both in
the dark and with light. Dark I-V analysis is carried out to obtain values of the fundamental
parameters of the solar cell as a p-n junction diode, such as: reverse saturation current density
(JO) and diode factor A. Analysis of light I-V characteristics of CIGS2/CdS thin film solar cells
is carried out to obtain the relevant photovoltaic parameters: open circuit voltage Voc, short
circuit current density Jsc, series resistance Rs, shunt resistance Rp and fill factor (FF) and
efficiency. Higher efficiency cells are sent to NREL for official -V measurements of
CIGS2/CdS thin film solar cells under AM1.5 conditions. Current-voltage characteristics are
measured at NREL using Spectrolab X-25 solar simulator. The spectrum and intensity of the
solar simulator are set using a spectroradiometer, primary reference cells and spectral mismatch

correction factors to give the performance under the Global Reference Spectrum (IEC 60904).

3.11. Electrical characterization

Electrical analysis is carried out using current-voltage set-up as explained earlier as well
as quantum efficiency, capacitance-voltage measurement techniques and light beam induced

current (LBIC) analysis. Quantum efficiency measures the effectiveness of a cell in converting
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light of various energies into electricity. C-V technique measures the response of change in
capacitance against applied voltage and can be used to find out doping density in the sample.
LBIC again measures carrier collection efficiency. The technique induces the creation of electron
and hole pairs in the semiconductor sample through the use of a light source and can be
effectively used to find out defects in a particular region of the cell. C-V and LBIC analyses

have been carried out at the Colorado State University.
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4. RESULTS AND DISCUSSIONS

4.A. Cu-deficient CIGS2 absorbers

4.A.1 Introduction

It is intended to vary the amount of sodium systematically. Four different thicknesses of
sodium fluoride (NaF) were chosen: no NaF, 40 A of NaF, 80 A of NaF and 120 A of NaF
respectively. NaF was deposited by thermal evaporation on molybdenum coated glass samples.

Subsequently CIGS2 thin films were prepared as explained in the experimental section.

4.A.2. Materials Characterization

Large density of hillocks was observed in the sample without NaF at 500X as shown in
an optical micrograph in Figure 19

These hillocks were uniformly spread all over the sample. These features were retained to
some extent in the sample with 40 A NaF (Figure 20) the shape was different than those seen in
Figure 19 and here the features looked like protrusions out of a uniform film. The sample with 80

A NaF and with 120 A NaF contained no predominant features (Figure 21 and 22).
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Figure 20 : Optical micrographs of a sample with 40 A NaF
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Figure 22 : Optical micrographs of a sample with 120 A NaF

Scanning electron microscope showed features similar to those observed by optical
microscopy. The sample without NaF contained predominant hillock shaped features on the

background of a uniform grain structure (Figure 23) and some of these features were still
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retained in the sample with 40 A NaF as seen in Figure 24; whereas the samples with 80 A and
120 A NaF contained no predominant features and uniform grain structure was observed as
shown in Figure 25 and 26. Some grain growth was also observed in the sample with 120 A NaF
as seen in Figure 25. The SEM images are taken at 4500X. X-Ray Energy Dispersive
Spectroscopy (XEDS) spectra show that there is segregation of indium-rich phase as seen in
Figure 27. Sodium enhances mobility of depositing species in the film and makes film uniform

with no indium rich features as seen in Figure 28.
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Figure 23 : SEM images of a sample without NaF
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Figure 24 : SEM images of a sample with 40 A NaF

Figure 25 : SEM images of a sample with 80 A NaF
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Figure 26 : SEM images of a sample with 120 A NaF
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Figure 27 : XEDS spectra of indium rich hillocks region

54




clledax32'genesis'genspc.spc 30-Mar-2007 11:41:41
LSecs: 40
1.1 — Mo
0.9
£ 0.7 o
5 in
S [B]
=
Z Jo.s 4
=
0.2 J Cu Cu
Ga
0-0 - w‘-l T L T T T T
3.75 8.00 12.25 16.50 20.75 25.00 29.25 33.50 31.75
Energy/keV

Figure 28 : XEDS spectra of film

It is clear that sodium enhances the morphology by defect reduction and increase in grain
size. This is consistent with the possible models suggested by Grenata et al [26] for improvement
in solar cell performance by sodium addition. In this paper, it is suggested that there are four
possibilities about the mechanism by which Na works and one possibility is sodium acts as a
fluxing agent and aids in defect reduction. Thus sodium results in increased mobility of
depositing species and helps in effective coalescence while reducing hillock-like defects.

XRD pattern of etched CIGS2 thin film in Figure 29 shows (101), (112), (103), (200),
(220), (312), (400), and (316) reflections of highly crystalline chalcopyrite CIGS2 and also
reflections from molybdenum. The strongest reflection was from (112) plane at 20 = 27.4°. The
calculated lattice parameters were a = 5.52 A and ¢ = 11.04 A for the highest sodium containing

absorber. Molybdenum reflection was observed at 20 = 40.6°. The measured maximum peak
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intensity ratio of 1112/1(220/204), for these films, was 2.7 for film without any NaF. This shows
a preferred {112} orientation. The maximum peak intensity ratio increases to 2.9 for 40 A, 3.2
for 80 A and 3.7 for 120 A. Strong (112) orientation with addition of NaF is consistent with

results presented elsewhere in the literature [25].
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Figure 29 : XRD patterns of CIGS2 thin films for A] without NaF, B] 40 A NaF, C] 80 A NaF
and with D] 120 A NaF.

4.A.3. Photovoltaic characteristics
Photovoltaic characteristics of CIGS2 thin film solar cells were studied using current-
voltage (I-V) characteristics. The sample without any NaF has predominant hillock shaped
features as seen in the micrographs earlier. These may result in possible shunting paths, thus

reducing the shunt resistance. Figure 30 and Figure 31 show I-V and Q-E characteristics of the
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sample without NaF respectively. It can be seen that the efficiency is very low (4.86%) and from
the Q-E curve, it can be seen that there are considerable losses both in the long as well as short
wavelength region. There is some improvement in the performance for the sample with 40 A
NaF as seen in Figure 32. The efficiency is 6.69% and from the Q-E curve (Figure 33), it can be

seen that there are still predominant losses.
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Figure 30 : I-V characteristics for sample without NaF
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Figure 31 : Q-E characteristics for sample without NaF
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Figure 32 : I-V characteristics for sample with 40 A NaF
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Figure 33 : Q-E characteristics for sample with 40 A NaF

As seen in Figure 34, the efficiency for the sample with 80 A NaF is 8.55% and from the
Q-E curve in Figure 35, it can be seen that the losses are minimized. Trends in the performance
for all three samples were plotted in Figure 36. Open circuit Voltage and current density shows
asymptotic behavior. However, FF shows increasing trend; hence one higher level of thickness
(120 A) was experimented. As seen in Figure 37, the sample with 120 A NaF has the efficiency
of 9.15%. Figure 38 shows the Q-E curve for the sample which the best among all four samples
showing minimum losses both in long as well as short wavelength region. The trends in
performance for all four samples were plotted again as seen in Figure 39. Here Open circuit
Voltage ,current density as well as Fill-factor start showing asymptotic behavior. Comparative

quantum efficiency behavior can be seen from Figure 40.
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Figure 34 : I-V characteristics for sample with 80 A NaF
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Figure 35 : Q-E characteristics for sample with 80 A NaF
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Figure 36 : Trends in performance after addition of 80 A NaF
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Figure 37 : I-V characteristics for sample with 120 A NaF
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Figure 38 : Q-E characteristics for sample with 120 A NaF
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Figure 39 : Trends in performance after addition of 120 A NaF
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Figure 40 : Comparative Q-E curves

The efficiency data is summarized in Table I for samples of all four types.

Table I : Photovoltaic characteristics showing effect of addition of sodium

Sample J. mA/cm” | VoemV | FF% | Efficiency | R, R,

% (Q-cm) | ((22-cm)
No NaF 12.67 773 49.63 | 4.86 1031 |320.25
40 A’ 17.32 792 48.71 | 6.69 1542 |375.56
80 A’ 17.95 789 60.30 | 8.55 5.26 600.62
120 A’ 19.27 778 60.94 | 9.15 5.12 625.54
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Systematic addition of NaF is found to enhance the efficiencies for 80 A and 120 A. The
change in the photovoltaic parameters for the 40 A NaF sample is not significant because some
defects are still present.

Figure 37 shows current-voltage characteristics of the highest efficiency cell. It is also
seen from the table that there is considerable improvement in series and shunt resistance due to
addition of sodium. It is clear that the consistent better performance after addition of sodium is
due to reduction in the macro-defects. It was found that the Ra value of roughness measured
using DekTakTM profilometer of the films (300-400 A) is lower than that of copper-rich
absorbers (700-800 A). Smoothening of the films leads to lower series resistance values. Series
resistance, Rs can affect current density and shunt resistance can affect open circuit voltage.
Since CIGS2 films were grown in Cu-deficient regime, automatically the thickness of the films
produced was smaller than those of typical films grown in Cu-rich regimes. The thickness of the

films was found to be approximately 1.8 pm.

4.B. Cu-rich thinner CI1GS2 absorbers

4.B.1. Introduction

Since CIGS2 films showed an efficiency of 9.15% even for Cu-deficient regimes for
thinner films approximately 1.8 pm thickness, it was planned to reduce the thickness of CIGS2
absorbers further to 1.2 — 1.5 um and using a copper-rich regime for which highest efficiency
was already obtained at larger absorber thickness (40). In a series of experiments, CIGS2 solar
cell parameters were optimized for an absorber thickness of 1.2 — 1.5 um. To start with, the

deposition and sulfurization parameters from the highest efficiency (11.99%) cell were used and
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were modified appropriately as the thickness of the precursors was proportionately reduced to

get an absorber thickness between 1.2 and 1.5 um.

4.B.2. Optimization of precursor thickness

The precursor film of copper gallium was sputtered from an alloy target containing 22
at% gallium. The sputtering parameters were 350 W power and 1.5x10~ Torr Argon pressure.
The parameters for indium were 230 W power and 0.7x107 Torr Argon pressure. The parameters
from the highest efficiency cell were used as a starting point and the precursor deposition
parameters were reduced proportionately to get absorbers in the thickness range of 1.2 to 1.5 pum.
However, the initial series of experimentation yielded the cell efficiencies in the range 4-5%;
The series resistance values were higher (15 ohm-cm) and the current density values were lower
(12.6 mA/cm?). Since the series resistance values were higher, undoped ZnO optimization was

chosen as the next step in the optimization

4.B.3. Optimization of undoped-ZnO thickness

Since CIGS2 films become rough after KCN etching, direct deposition of ZnO:Al on CdS
may introduce shunting paths, hence a very thin layer of undoped ZnO is usually introduced.
Undoped ZnO is a resistive layer and has an optimum value. Thickness below the optimum value
leads to shunting paths and loss in open circuit voltage and more than optimum thickness leads to
an increased series resistance and lower current density. It was observed that the roughness
values of the thinner absorbers were better as compared to their thicker counterparts. The
roughness values lowered to 300-400 A from 700-800 A. Hence the thickness of undoped ZnO

used for original highest efficiency cell may not be needed for thinner absorbers. These
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absorbers were optimized for undoped ZnO thickness value and almost half of the original

optimum thickness was found to give higher efficiencies.

4. B.4. Introduction of post-sulfurization dwell

Two different sets of sulfurization processes were carried out to study the effect of post-
sulfurization dwell on the properties of 1.5 um CIGS2 samples. First set was sulfurized using
usual parameters of a dwell at 475°C for 30-60 min. Second set was sulfurized with a dwell of 30
minutes at 475°C and a post-sulfurization dwell at 500°C for 30 minutes was carried out without

any H;S.

4. B.5. Materials Characterization

SEM micrographs of a 1.5 pm CIGS2 samples are shown in Figures 41 and 42. The
SEM images are taken at 5500 X. Figure 41 shows sample without end dwell and Figure 42
shows sample with post-sulfurization dwell at 500°C for 30 minutes without H,S. The grain size
as measured by the line intercept method was 1.0 pm for the sample with no end dwell and 1.4
um for the sample with end dwell. Figure 42 shows well-faceted, compact grains for the sample
with 1.5 pm thick absorber. It can be seen that post-sulfurization dwell has improved the grain
size. It was seen that samples with this end dwell treatment exhibit better photo-conversion
efficiencies Hence the same process was used for carrying out experiments on a 1.2 pm absorber.

Figure 43 shows sample with 1.2 um thick absorber.
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Figure 42 : 1.5 pm absorber sample with end dwell at 500°C for 30 minutes.
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Figure 43 : 1.2 um absorber sample with end dwell at 500°C for 30 minutes.

XRD pattern of an etched CIGS2 thin film shows (101), (112), (103), (200), (220), (312)
and (316) reflections of highly crystalline chalcopyrite CIGS2 and also reflections from
molybdenum (Figure 44) for a sample with absorber thickness 1.5 pm sulfurized with an end
dwell. The strongest reflection was from (112) plane at 20 = 28.04°. The calculated lattice
parameters were a = 5.49 A and ¢ = 11.12 A. Molybdenum reflection was observed at 20 =
40.66°. XRD peaks exhibit reduction in peak intensity with reduction in absorber thickness while

as expected Mo peak becomes stronger for a 1.2 um absorber.
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Figure 44 : XRD spectra for 1.5 um and 1.2 um absorbers (with end dwell)

Figure 45 and Figure 46 show AES depth profiles for CIGS2 samples with 1.5 um
and 1.2 um absorber thicknesses. 1.5 pm sample does not show any gallium gradient towards the
backcontact. Copper and sulfur intensities are constant in the CIGS2 thickness. As has been
observed earlier, for sample with thickness 1.2 pm, gallium is increasing towards back contact
while indium is decreasing. This happens as the reaction of gallium with sulfur is slower than
that of indium with sulfur. Hence, gallium is not incorporated in the top layer and accumulates at
the bottom of the solar cell near the back contact forming a gallium rich chalcopyrite layer. This

is also due to the tendency of smaller atoms viz. Ga to migrate towards the region of stress.
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Figure 46 : AES depth profile for a 1.2 um absorber sample (with end dwell)
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Figures 47, 48 and 49 show TEM images for a CIGS2 solar cell with 1.2 um absorber
thickness. TEM images show no porosity at the CIGS2/Mo interface and there is some porosity
in the bulk. This porosity may be already present in absorber or may also have been introduced

during the TEM sample preparation.

Overview of the solar
cell.

Overview of the solar cell
with the objective aperture.

Figure 47 : TEM overview of the 1.2 pm absorber sample solar cell
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Figure 48 : TEM cross-section of the sample
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Figure 49 : TEM image showing position of the line scan in the cross-section
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Figure 50 shows a line scan profile of peak height of elements versus depth. The oxygen
peak (red) seen beneath the back contact is due to the sodalime substrate. At the depth of ~2 pm
on the X-axis, two very intense molybdenum peaks (orange and purple) are seen from the Mo
back contact. Between X-axis depth positions of 0.7 um to 2 um, elemental peaks from CIGS2
absorber layer are seen. Sulfur peak (orange) shows the maximum intensity followed by copper
peak (yellow). Copper and sulfur signals are constant in the absorber bulk. This is followed by
indium (orange) peak decreasing towards back contact and gallium (azure) peak increasing
towards back contact. The cadmium (red) peak in the absorber region may be due to the inward
diffusion of Cadmium in CIGS2. Zinc (green) and Oxygen (red) peaks are seen from the surface
to a depth of 0.7 um from the transparent and conducting ZnO/ZnO: Al bilayer. Gallium signal
is also seen in the ZnO region. This is due to the trace amount of gallium introduced during the

focused ion beam (FIB) sample preparation.
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Figure 50 : Line profile of the components of the solar cell against the position on the line

73



4. B.6. Electrical characterization
The sample sulfurized with no end dwell was studied thoroughly for various types of
electrical characterization. Figure 51 shows the I-V characteristics measured at the National
Renewable Energy Center (NREL) under AM1.5 conditions. Photovoltaic characteristics of the
were as follows: short circuit current density, Jsc of 17.52 mA/cm?, open circuit voltage, Voc of

751.8 mV, fill factor, FF of 66.34% and photovoltaic conversion efficiency, n of 8.74%.
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Voltage (V)

Figure 51 : I-V characteristics of the 1657 cell

Plot of dJ/dV with voltage was plotted from the J-V characteristics as shown in Figure

52. The dark curve gives a shunt resistance of 4206 Q-cm®. This is even better as compared to
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that of the champion cell (2500 Q-cm’® ) [67]. The improvement in shunt resistance again
indicates good heterojunction partner layer and an optimized layer of i-ZnO, due to which, there
are small number of shunting paths [68]. Figure 53 shows a plot of the diode factor, A and
reverse saturation current, Jo versus Ln [J (dark)] for the cell. As compared to the champion cell,
the diode factor increased from 1.69 to 2.18 and reverse saturation current density increased from
1.04x10™"° mA/cm® to 1.78x10™® mA/cm?® [67]. There is an increase in diode factor and reverse
saturation current density when the absorber thickness is decreased. Deterioration in these
photovoltaic parameters indicates an increase in the space charge region (SCR) recombination
due to the presence of more non-radiative recombination centers. Detailed investigations of the
recombination mechanisms have established that space charge region recombination is the
dominant limiting factor [69]. Grain boundaries act as non-radiative recombination centers.

Hence deterioration in the values of A and Jo can be attributed to a decrease in the grain size

when the absorber thickness is decreased.
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Figure 52 : Plot of dJ/dV v/s V
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Figure 54 shows dependence of the open circuit voltage on temperature. Intercept of the
linear extrapolation with the Voc (T) axis again suggests an absorber band gap value of

approximately 1.4 eV.
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Figure 54 : Bandgap determination
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Figure 55 shows C* dependence on voltage.
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Figure 55 : 1/C* versus V

Figure 56 shows carrier density dependence on position relative to the junction.
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Figure 56 : Carrier density dependence on position relative to the junction.
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Figure 57 shows Fermi level relative to the valence band as function of distance from the
p-n junction obtained from capacitance-voltage measurements at room temperature. Fermi level

is approximately 0.14 eV above the valence band in the bulk.

0.20

0.15 4 * e

0.10

E- (eV)

0.05 +

0.00 T T T T T
0.12 0.14 0.16 0.18 0.20 0.22 0.24

Position (um)
Figure 57 : Fermi level relative to the valence band as a function of distance from the p-n
junction.

Results from light beam induced current (LBIC) measurements performed with 638-nm
laser at three different resolutions are shown in Figures 58, 59 and 60. LBIC map is
accompanied with a histogram which gives a slightly more quantitative estimate of device
uniformity. One of the devices was scanned at different voltages with low resolution and one

feature on that device was also scanned with a medium resolution at four different voltages.
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Figure 59 : LBIC at different operating biases.
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Figure 60 : High resolution of the square portion from Figure 59.

Figure 61 shows cross sections of the features. The shape of the cross section does not
change with voltage, which suggests that it is not a local shunt. The fact that all points on the

curve shift down by almost the same amount suggests that it might be an optical defect.
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Figure 61 : Cross-sections of the features shown in Figure 60.

4. B.7. Photovoltaic Characterization of the highest efficiency cells

Photovoltaic performance of CIGS2 thin film solar cells were studied using current-
voltage (I-V) characteristics. The maximum efficiency measured for a sample of a 1.5 um
absorber prepared using original parameters and no post-sulfurization dwell was 8.74% as
explained earlier. This was due to predominate grain boundaries acting as recombination centers
as elucidated in section 4.3.2. Using a post-sulfurization dwell, the efficiency was increased to
10.12% with other photovoltaic characteristics as follows: short circuit current density, Jsc of
19.46 mA/cm?, open circuit voltage, Voc of 765.9 mV and fill factor, FF of 67.85%. Figure 62
shows the I-V characteristics of CIGS2 solar cell of 1.5 um absorber (with post-sulfurization
dwell) measured at the National Renewable Energy Center (NREL) under AM1.5 conditions.
Figure 63 shows QE characteristics. Figure 64 and Figure 65 exhibit I-V and QE characteristics
for a 1.2 um absorber (with post-sulfurization dwell) respectively. Photovoltaic characteristics of
the CIGS2 thin film solar cells (1.2 um absorber) were as follows: short circuit current density,
Jsc of 18.94 mA/cm?, open circuit voltage, Voc of 775.9 mV, fill factor, FF of 65.40% and

photovoltaic conversion efficiency,  of 9.62%. The band-gap value of CIGS2 absorber as
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calculated from the QE analysis is 1.495 eV. From the QE analysis it can be seen that the CdS
heterojunction partner layer is well optimized as losses in <520 nm (corresponding to CdS
bandgap of 2.42 eV) wavelength are comparatively low. Also it can be seen from the QE
analysis that absorber quality can be improved near the molybdenum back-contact to improve
the collection efficiency in the long wavelength region. The curves are steep in the long

wavelength region, showing the uniformity of composition.
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Figure 62 : I-V characteristics of CIGS2 solar cell of 1.5 um absorber (with end dwell)
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Figure 63 : Q-E characteristics of CIGS2 solar cell of 1.5 pm absorber (with end dwell)
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Figure 64 : I-V characteristics of CIGS2 solar cell of 1.2 um absorber (with end dwell)
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Figure 65 : Q-E characteristics of CIGS2 solar cell of 1.2 pum absorber (with end dwell)

The trends in photovoltaic performance at various experimental stages are plotted in
Figure 66. After initial stage of experiments, there was higher Rs (15 Q-cm) and lower Jsc (12.6
mA/cm?), resulting in lower efficiency (4.97%). After optimization of undoped ZnO, Rs is
reduced (6.5Q-cm) , so Jsc (17.5 mA/ecm?), and efficiency (8.74%) increase. Finally, post-

sulfurization annealing treatment leading to better grain size. Jsc (19.46 mA/cm?), and efficiency

(10.12%) increase further.
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Figure 66 : Trends in photovoltaic performance towards optimization of 1.5 pm Cu-rich CIGS2

films
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5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

5.1 Conclusions

This work is one of the very few attempts in which device quality films were prepared
even in copper-deficient regimes with the addition of sodium. Efficiencies ~ 10% have been
reported for the first time with copper-deficient CIGS2 thin films. It was found that growing
films in copper-deficient regimes produces large macroscopic defects. Sodium has played an
important role in Cu-deficient absorbers in enhancing the mobilities of the species. Sodium
addition has led to macroscopic defect reduction due to fluxing action. Fabrication of CIGS2
films has become easier and also less toxic due to removal of etching step by KCN.

Fabrication of copper-deficient CIGS2 thin films not only provides better control over
composition range and consequently making their fabrication easier , but there is also a
tremendous potential to perform a study on CIGS2 similar to the study by Nakada et al on
CIGSe, and find out whether similar compositional flexibility can be achieved in CIGS2 thin
films also. This will certainly add to the momentum generated in the present contribution due to
compositional control by further widening of the compositional range and better flexibility in
terms of composition. The wider process window will lead to a low-cost manufacturing.

Role of sodium in Cu-poor CIGS2 absorbers is manifested through the reduction in the
defect density and a strong preferred (112) orientation. Substrates other than sodalime glass can
also be effectively used due to this method. This has tremendous potential in terms of solar cells

used on lighter substrates, where wide band gap solar cells like CIGS2 are used.
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Due to fluxing action of sodium, higher mobilities of species can be obtained without the
need of using very high sulfurization temperatures, thus avoiding excessive reaction of sulfur
with molybdenum

Absorber thickness for Cu-rich CIGS2 films has been reduced in the range 1.2 to 1.5
microns and consistent efficiencies have been obtained (>10%). The highest efficiency for a 1.5
micron thick absorber cell is 10.12% and the highest efficiency for a 1.2 micron thick absorber
cell is 9.68%. It can be deduced that low-cost thin film CIGS2 solar cells can be fabricated
without losing significantly on the efficiency end. This will have a larger impact when these
processes are scaled up to an industry level. Thinner absorber films results in lower consumption
of indium and gallium, thus reducing the material requirements. Thinner absorbers also reduce
the processing time and thus improving the throughput. CIGS2 solar cells were optimized by
optimizing 1:ZnO and by employing a post-sulfurization dwell for lower thickness values of
absorber.

Following chart compares reduction in respective parameters when the absorber thickness

is reduced from earlier highest efficient CIGS2 cell to CIGS2 cells in the present contribution:

Table II : Trade-off showing efficiency and material consumption/sputtering time

Reduction in material Reduction in time for Reduction in efficiency for
consumption sputtering of precursors | the highest efficiency cell
~56% ~60% ~15%

Materials characterization was carried out using SEM, EDAX, AES, XRD and TEM.

Electrical characterization was carried out using I-V, C-V, QE and LBIC methods.
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5.2. Recommendations for future work

Exact quantification of the carrier concentrations in both copper-rich and copper-deficient
absorbers will be an interesting idea for future work. Such a study will elucidate how the carrier
concentration has changed with the addition of sodium. One of the limitations of the CIGS2
films has been that these films do not form a buried homojunction as those of CIGS films. This
has been because typically the CIGS2 films have been grown in copper-rich regimes. Now since
CIGS2 films have exhibited encouraging results even in copper-deficient regimes, it will be
interesting to study as a part of future work whether a buried homojunction can be formed in
CIGS2 films. Also the process parameters can be further fine-tuned for thinner copper-rich

absorbers and a lower thickness value such as 0.9 um can be tried for getting better efficiencies.
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