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1 INTRODUCTION

Presently, the world’s energy consumption is 10 terawatts (TW) per year, and
by 2050, it is projected to be about 30 TW. The world will need about 20 TW
of “clean” energy to stabilize CO, concentration in the atmosphere by the mid
of this century. The simplest scenario to stabilize the CO, concentration is one
in which photovoltaics (PV) and other renewable energy sources are used for
electricity generation (10 TW), hydrogen is used for transportation (10 TW),
and fossil fuel is only used for residential and industrial heating (10 TW) [1,2].
Thus, PV will play a significant role in meeting the future demands of global
supply [2,3].

Photovoltaics market is now dominated by crystalline silicon solar cells.
Continuously increasing demand for PV modules and the need for low-cost PV
options have stretched this type of cells to the limit and exposed some inherent
disadvantages of the c-Si technology such as costly processing of materials and
device fabrication steps. This, in turn, restricts the potential of Si wafer
technology and it appears difficult to achieve sustainable PV module
production costs below $1/W with typical lifetime of 20-30 years, which is
considered essential for cost-competitive generation of solar electricity [2].
Recently, commercial interest has started to shift towards thin-film solar cells
[4]. Saving of materials, manufacturing time and weight of modules are driving
an interest in the thin-film solar cells. Culn,Ga;_,Se, (CIGS) is one of the most
promising semiconductors for the absorber-layer of the thin-film solar cells
[5,6]. These cells show record efficiencies of up to 20.3 % [7] in laboratory
conditions and up to 15.7 % of module efficiency in mass production [8].
Further manufacturing process optimization and cost reduction is needed for
wider application of these devices. A lot of effort is made to develop new cost-
effective manufacturing technologies in order to increase the cell efficiency.
Wider use of laser-based tools may be the key to optimize and reduce
manufacturing cost of the PV devices and moving the cell efficiency to higher

levels.
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Laser processing offers a ‘non-contact’ means of scribing, drilling, and melting
of specific materials used within production steps of the crystalline-silicon (c-
Si) and thin-film solar cell manufacturing [9]. To maintain the PV efficiency of
the large thin-film module, it should be divided into smaller cells connected in
series in order to increase the generated voltage and maintain the single cell
efficiency over a large area. Interconnection between separated cells can be
made by a sequence of deposition and structuring steps, including three laser
scribing processes. The P1 process is intended for patterning of the Mo back-
contact. In the P2 process, the CIGS absorber is scribed by a mechanical or
laser tool, and the scribe allows the connection of a front-contact of the
neighboring cell with the Mo back-contact of the patterned cell. Isolation of
individual cells after the deposition of the conductive and transparent ZnO
window layer is defined as the P3 process [10].

For CdTe and a-Si/u-Si thin-film solar cells on the glass substrate, the laser
scribing can be arranged through the substrate by the so-called “lift-off”
process to minimize the thermal effects [11]. Use of flexible substrates and
metallic back-contacts for the CIGS solar cell manufacturing eliminates
possibility to scribe through the substrate side. Only the front-side scribing
could be applied with the direct laser ablation process, although no reliable
industrial processes have been developed yet. The main limiting factors for
laser processing of the multilayer Cu(In,Ga)Se, structures are deposition of
molybdenum on walls of channels scribed in the films, and phase transition of
semi-conducting CulnSe, to the metallic phase close to the ablation area due to
the thermal effects [12]. Both effects shunt the device and reduce its
photoelectrical conversion efficiency. Various laser sources were tested for
selective ablation of thin-films [12-15]. Nanosecond laser pulses were found to
be not favorable for the damage-free front-side scribing of the thin-film CIGS
solar cells. According to the results of theoretical modeling, processing without
damage is possible with ultra-short-pulse lasers [14,16], which stimulated our

research.
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In this thesis the experimental and modeling results on the P3 laser scribing of
CIGS solar cells are presented. The original results are presented in four
chapters of the thesis. In chapter 6, scribing experiments with the picosecond
laser different wavelengths together with modeling of the laser energy coupling
and heat transfer in the thin-film layers of the GIGS solar cells are presented
and discussed. In chapter 7, the scribing results at picosecond and femtosecond
pulse durations are presented. The process optimization toward industrial
implementation is presented in chapter 8. In chapter 9, the results on the solar
cell characterization using various techniques after the laser scribing are

presented.
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1.1 The aim of the research

The aim of the research was to investigate the possibilities of using the
ultrashort pulsed lasers in the thin-film scribing processes. For this purpose two
tasks were considered:

1. To model and investigate processes of the ultrashort-pulsed laser ablation
and the residual thermal effects in the multilayer CIGS thin-film solar cell
structures.

2. To develop the laser scribing processes for the flexible thin-film CIGS
solar cells on the polymer substrate and propose concepts for the process

industrialization.

1.2 The practical value and novelty of thesis

Numerous research groups are working to find the thin-film laser scribing
processes suitable for industrial implementation. However, in case of flexible
solar cells, no reliable industrial laser scribing processes have been developed
yet. Use of ultrashort-pulsed lasers enables us to achieve scribing processes
with a low thermal damage to the flexible solar cell structure.

The novelty of this study was in the use of a wide range of wavelengths from
the laser for the scribing experiments. The layer ablation has been carried out
using 1575 nm, 1064 nm, 532 nm, 355 nm and 266 nm wavelengths. The novel
model of laser irradiation energy coupling in thin layers has been developed for
the complex structure of the thin-film solar cells and it was confirmed by
experimental results on selective film removal. The new front side laser
scribing regime was proposed for the P3 type process using the “lift-off”
mechanism. Finally, use of the ultrashort-pulsed lasers enabled us to develop

the industrial-grade thin layer scribing processes which can be implemented.

13



1.3 Statements to be defended

1.  Selection of the proper laser wavelength is important to keep the energy
coupling in a well defined volume at the interlayer interface and this can
trigger a selective removal of layers even in the front-side irradiation
geometry.

2.  The 1064 nm wavelength is optimal for the P3 type scribing with
picosecond lasers of the thin-film CIGS solar cells due to matching with
optical properties of the films and its absorption facilitates the thermo-
mechanical removal process of the CIGS layer.

3. Picosecond laser pulses provide a higher layer removal efficiency
although the remaining thermal impact on the thin layers is larger
compared to the femtosecond regime.

4. Use of the flat-top shaped laser beam affords reduction of the
intermediate area on the trench edges, where melting of the CIGS layer
takes place.

5. Parallel processing with several beams obtained by splitting the initial
output from the laser provides means for reliable scribing of the films and

IS a way to increase the overall process speed.
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1.5 Contributions

1.5.1 Author’s contribution

All experimental part of the thesis was performed by the author by consulting

with the scientific supervisor. My contribution included:

1.

Development and assembly of experimental setups including the systems
with 1575 nm, 1064 nm, 532 nm, 355 nm and 266 nm laser wavelengths.
Experiment planning and realization.

Sample characterization after laser scribing experiments with listed
techniques: optical microscopy, scanning electron microscopy with X-ray
energy dispersion spectrometer, Raman spectroscopy, solar cell
efficiency measurements.

Experimental data analysis, writing scientific publications and

presentation of the results at conferences.

1.5.2 Coauthors’ contribution

The solar cell electrical characterization with LIT (Lock-in thermography) and

LBIC (Laser-beam-induced current measurements) techniques was performed

by the staff of the solar cell vendor Solarion AG.

First SEM (Scanning electron microscopy) together with EDS (X-ray energy

dispersion spectroscopy) analysis was performed by Dr. A. Selskis from the

Institute of Chemistry of the Center for Physical Sciences and Technology in

Vilnius.

Modeling work was done by S. Grubinskas under supervision of Dr. M.

Gedvilas and author of the thesis.
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2 LITERATURE REVIEW

2.1 Market review

2.1.1 Manufacturing capacity and cost

Over the past decade photovoltaics continued to be one of the fastest growing
industries with growth rates well beyond 40 % per year. This growth is driven
not only by the progress in materials and processing technology, but also by
the market support programs in an increasing number of countries around the
world [8,17]. In 2010, the PV production reached 23.5 GW representing a
doubling of production compared to 2009. The world-wide new investments
into the renewable energy and energy efficiency sectors increased to a new
record of € 187 billion, by 30% from 2009. The most rapid growth in the
annual production over the last five years was observed in Asia, where China
and Taiwan together now account for almost 60% of the world-wide

production (see Fig. 1) and will continue to grow in the future (see Fig. 2) [8].
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Fig. 1 World PV cell/module production from 2000 to 2010 [8].
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Fig. 2 World-wide PV production capacity in 2010 and forecast until 2015 [8].

The wafer-based silicon solar cells are still the main technology and had
around 85% market shares in 2010 [8], although thin-film based PV cells

emerge to the market due potential in lowering production cost (see Fig. 3).
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Fig. 3 Actual and planned PV production capacities of different solar cell
technologies [8,17].
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The largest thin-film market share belongs to the a-Si based PV technologies,
although CdTe and CIGS based thin-film photovoltaics emerge to the market.
For the CIGS technology, it shows the highest efficiencies reached in the thin-
film segment (see section 2.1.2), although further development of this
technology depends on the adaptation to the cost-effective large-scale
manufacturing processes.

The cost of PV cells tends to decrease while manufacturing capacity increases
as well as new modern manufacturing processes are developed to increase the
efficiency of the PV devices. The goal of PV industry is to achieve sustainable
manufacturing cost less than 1$/W,. Price reduction of photo-electricity will
promote higher application possibilities worldwide and further development.
For the CdTe thin-film solar modules, manufacturing costs of the First Solar
company have already dropped down to 0.76 $/W, and their goal is to reduce
to 0.55$/W, by 2014 [18]. The same trends could be observed for other PV
technologies such as CIGS, TF-Si (thin-film), mc-Si, and others (see Fig. 4).
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Fig. 4 Trends in manufacturing cost for the different PV technologies [19].
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Fig. 5 Projected convergence of the cost of electricity produced by PV and the

conventional grid prices [20].

Fig. 5 shows the forecasted price per kWh evolution until 2025. A further
decrease in manufacturing costs of the PV devices and the efficiency increase
will lead to cheaper solar electricity which will be able to compete with

conventional grid prices.

2.1.2 Solar cell efficiency

The highest confirmed module and cell efficiencies are shown in Table 1 and
Table 2. Usually PV modules show lower conversion efficiencies compared to
those of single cells due to energy losses in the series interconnect wirings and
absorption in the lamination layer which is used to protect the cells from the
environmental influence. All modules presented in Table 1 are commercially
available on the market. Table 2 presents the record efficiencies of the
commercial cells and R&D products. The CIGS solar cells show the highest
module and R&D cell performance (15.7 % and 20.3 %) in the thin-film
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segment (see Table 2) and the performance of their closest competitor CdTe

reaches only 12.8 %. The overall record efficiencies of the solar cells belong to

the multi-junction devices (GalnP/GaAs/GalnNAs) with efficiencies up to

43.5 % [21] which normally are used with solar concentrators.

Table 1 Confirmed module efficiencies measured under the global AM1.5 spectrum
(1000 W/m?) at a cell temperature of 25°C (2011) [21].

Classification Eff., (%) Description
Si (crystalline) 22.9+0.6 UNSW/Gochermann
Si (large crystalline) 21.4+0.6  SunPower
Si (multi-crystalline) 17.8+0.4  Q-cells (60 serial cells)
Si (thin-film polycrystalline) 8.2+0.2  Pacific Solar (1-2pm on glass)
CIGS 15.7£0.5 Miasole
CIGSS (Cd free) 13.5£0.7 Showa Shell
CdTe 12.8+0.4  PrimeStar monolithic
a-Si/a-SiGe/a-SiGe 10.4+£0.5 USSC

Table 2 Confirmed commercial and R&D cell and sub-module efficiencies measured
under the global AM1.5 spectrum (1000 W/m?) at 25°C (2011) [21].

Classification Eff, (%)  Description
Silicon
Si (crystalline) 25.0£0.5 UNSWPERL
Si (multi-crystalline) 20.4+0.5 FhG-ISE
Si (thin-film transfer) 19.1 £0.4 ISFH (43 pum thick)
Si (thin-film submodule) 10.5£0.3 CSG Solar (1-2 um on glass;
20 cells)
I1-V cells
GaAs (thin-film) 28.1 £0.8 Alta Devices
GaAs (multi-crystalline) 18.4+0.8 RTI, Ge substrate
InP (crystalline) 22.1 £0.7 Spire, epitaxial
Thin film chalcogenide
CIGS (cell) 20.3+£0.6 ZSW Stuttgart, CIGS on glass
CIGS (submodule) 16.7+ 0.4 U. Uppsala, 4 serial cells
CdTe (cell) 16.7£0.5 NREL, mesa on glass
Amorphous, nano-crystalline Si
Si (amorphous) 10.1 £0.3  Qerlikon Solar Lab, Neuchatel
Si (nano-crystalline) 10.1 £0.2 Kaneka (2 pm on glass)
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Photochemica

Dye-sensitized 10.9£0.3  Sharp
Dye-sensitized (sub-module) 9.9+0.4  Sony, eight parallel cells
Organic
Organic polymer 8.3+0.3  Konarka
Organic (sub-module) 3.5+0.3  Solarmer
Multi-junction devices
GalnP/GaAs/Ge 32.0£1.5 Spectrolab (monolithic)
GaAs/CIS (thin-film) 25.8+1.3  Kopin/Boeing (four terminal)
a-Si/nc-Si/nc-Si (thin film) 12.4+0.7  United Solar
a-Si/nc-Si (thin-film cell) 11.9+ 0.8 Qerlikon Solar Lab, Neuchatel
a-Si/nc-Si (thin-film sub- 11.7+0.4 Kaneka (thin-film)
module)
Concentrator multi-junction devices
GalnP/GaAs/GalnNAs 43.5+2.6  Solar Junction, triple cell
GalnP/GalnAs/Ge 41.6+2.5 Spectrolab, lattice-matched
GalnP/GaAs; 38.5+1.9 DuPont et al., split spectrum
GalnAsP/GalnAs
Organic (two-cell tandem) 8.3+0.3 Heliatek

2.1.3 Solar energy in 2011

Despite large investments to the PV industry and cost reduction in the solar
cell module production, the solar electricity cannot compete with conventional
grid electricity prices yet. A lot of effort is made to increase the share of
renewable energy in the overall electricity production worldwide in order to
reduce CO, emission. Government support is widely used to promote
photovoltaics development and installations. The support is arranged by
investment subsidy or the feed-in tariffs (see Table 3). The support
mechanisms differ depending on the country. In northern Europe countries, the
support is greater due to the lower sun irradiance and lower electricity

production by the modules of the same power compared to the southern

countries.
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Table 3 Support mechanisms for photovoltaics in a few Europe countries in 2011
[8,22].

€/kWh comments
Denmark  Price for green electricity (bonus) (0.08 €/kWh) for 10 years, then 10
more years (0.04€/kWh)
Estonia 0.054 bonus
Finland investment subsidy up to 40% and tax/production subsidy
France 0.46-0.12 Depending on size
Germany  0.287-0.216 Depending on size
Greece 0.419-0.373 Depending on size
Italy 0.387-0.261 Depending on size and time of the
year
Latvia 0.101 For ten years
Lithuania 0.472 (1.63 Lt/kWh) Less than 100kW
0.452 (1.56 Lt/kWh) From 100kW to 1MW
0.347 (1.51 Lt/kWh) From 1MW
Poland No specific PV program
Spain 0.289-0.204 Depending on size

Sweden 60% of the eligible costs

The average PV electricity production in different European and African
countries is shown in Fig. 6. For example, the average electricity production
per year for the 1 kWp PV system is about 880 kWh in Lithuania, although in
Spain it could reach about 1400 kWh per year [23]. Taking into account
different feed-in tariffs in these countries the annual income from 1 kWp
system should be the same and equals to about 400 €/Year. The average price
for the 1 kWp house hold grid tie solar electric systems in 2011 were about
1500-3000 €/Wp (2000-4000 $/Wp) including solar panels, inverter and other
electrical components [24-27]. Taking this into account, the pay-back time for
the solar power system of 10-12 years could be fulfilled even in the northern
European countries such as Lithuania if the feed-in tariffs stay constant during

this period.
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Fig. 6 Average electricity production and global irradiance for the different European
and African countries. The nominal power of the optimized PV system: 1 kW
(crystalline silicon) [23].
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2.2 Solar spectrum

The quantity of light absorbed by a semiconductor depends not only on its
band-gap energy, but also on the spectrum of the incoming light (i.e. the
energy distribution of the incident light as a function of wavelength). Fig. 7
shows the spectrum of light emitted by the sun (which can be considered as a
black body at 5778 K), as well as the spectrum of sunlight received on the
Earth’s surface, both outside the atmosphere and at the ground level. The
difference between the last two is due to the path through the earth’s
atmosphere, which attenuates the solar spectrum (Rayleigh scattering,
scattering by aerosols, absorption by the constituent gases of the atmosphere:

UV absorption by ozone, infrared absorption by water vapor, etc.) [28].
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Fig. 7 Spectral distribution of the solar emission on the Earth’s surface (AM 1.5) and
outside the atmosphere (AM 0); The standardized spectra are given according to
standards IEC 60904-3 (for AM 1.5) and ASTM E-490 (for AM 0) [28].

This attenuation effect is characterized by the “Air Mass” coefficient
AM=1/cos(a), where a is the angle between the solar ray and a vertical line

(see Fig. 8). Thus, AM O corresponds to the solar spectrum outside the
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atmosphere and AM 1 to solar spectrum on the earth’s surface when the sun is

directly (vertically) overhead [28].

AM=1/cos o
vAg¢
<@>
AMI Ay
AMO : outside the <1O:>
atmosphere AM1557

atmosphere

Fig. 8 Diagram illustrating the definition of AM 0, AM 1.5 and AM 3. A is the angle
of incidence of the sunlight, defined as the angle between a vertical line and the
incident sunrays [28].

AM 1.5 (i.e a=48.2°) is considered to be the “standard” value for testing and
specifications in terrestrial applications of the solar cells, as it corresponds to a
“reasonable average value” of the air mass through which the incoming
sunlight passes. Note that not only the spectrum is defined by this coefficient,
but also the intensity of incoming sunlight. However, the intensity is generally
normalized to 1000 W/m? in order to calibrate the efficiency of photovoltaic

systems [28].
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2.3 Thin-film CIGS solar cells

Current trends suggest that solar energy will play an important role in the
future energy production [3]. Silicon has been and remains the traditional solar
cell material of choice. Although silicon is a highly abundant material, it
requires an energy intensive process to purify and crystallize. Furthermore,
installations of silicon cells require heavy constructions, which reduce
residential applications [6,10].

Recently, commercial interest has started to shift towards the thin-film cells
[4]. Savings in material consumption, manufacturing time and weight of
devices are driving an interest in the thin-film cells. Cu(In,Ga)Se, (CIGS) is
one of the most promising semiconductors for the absorber layer of thin-film
solar cells [5,6]. The conversion efficiency of such cells on glass substrates has
already overcame 20% on glass [7] and 18% on flexible substrates [29].
Chalcopyrite-based solar modules are uniquely combining advantages of the
thin-film technology with the efficiency and stability of conventional
crystalline silicon cells [6]. The copper indium gallium selenide (CIGS) solar
cells have the highest efficiency among thin-film technologies.

Even today the chalcopyrite-based solar modules can compete with the Si
wafer-based modules on the market. The thin-film CIGS solar cells application
area extends from the building integrated photovoltaic (BIPV) to industrial
applications. The unique design of flexible modules and light weight makes
possible integration on complex surfaces, car roofs, portable devices and other
areas.

CIGS solar cells also attract considerable interest in space applications due to
their two main advantages. It offers specific power up to 919W/kg, the highest
for any solar cell [30]. The CIGS cells are also superior to GaAs cells in
radiation hardness [31]. Moreover, the flexibility of these cells allows novel

storage and deployment options [30].
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2.3.1 Basic CIGS solar cell structure

The most common device structure for the CIGS solar cells is shown in Fig. 9.
Glass of a few milimeters thick is commonly used as a substrate, however,
many companies are also looking for lighter, thinner and more flexible
substrates such as polyimide or metal foils [32]. The 0.5 um-thick
molybdenum layer is used as a back-contact with the 1-2 um thickness p—type
CIGS absorber layer on its top. The 10-50 nm n-type CdS buffer layer is used
to form the p-n junction. Less than 1 um-thick TCO (ZnO:Al or ITO) layer is

used as a front-contact.

<ltum_ ZnO . Cds
10nm
1-2 ym
~0.5um Mo
Substrate

Fig. 9 Structure of thin-film CIGS solar cell [6].

The most promising flexible substrates are metal and polyimide (PI) films. The
stability under mechanical stress of CIGS solar cells on Pl has been tested,
proving a high degree of flexibility, although the maximum applicable
temperature for P1 is significantly lower, typically below 500°C, than for metal
foils and glass substrates, which can withstand temperatures up to 600°C or
even higher [29]. For this reason, the flexible PV devices demonstrated lower
conversion efficiencies due to higher defect concentration in the CIGS layer in

low temperature deposition processes.
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Molybdenum (Mo) emerged as the dominant choice for the back-contact due to
its relative stability at the processing temperature, resistance to alloying with
Cu and In, and its low contact resistance to CIGS [6].

The most successful technique for deposition of CIGS absorber layers for the
highest-efficiency cells is the simultaneous co-evaporation [33] of the
constituent elements from multiple sources in single processes where Se is
offered in excess during the whole deposition process [6]. CIGS semiconductor
Is considered to have a direct band-gap as the maximum of the valance band
corresponds to the minimum of the conduction band. State-of-the-art
Culn,Gay.,Se, (CIGS) devices generally have an average band-gap energy of
around 1.2eV, corresponding to a relative gallium content of
x=[Ga]/([Ga]+[In])= 0.3-0.4 [29], although variation of the band gap energy is
possible by varying Ga and In content in the absorber layer.

The CdS layer for the high-efficiency CIGS cells is generally grown by a
chemical bath deposition (CBD), which is a low-cost, large-area process [6].
The role of the CdS buffer layer is twofold: it affects both the electrical
properties of the junction and protects the junction against chemical reactions
and mechanical damage. From the electric point of view, the CdS layer
optimizes the band alignment of the device [34,35] and builds a sufficiently
wide depletion layer that minimizes tunneling and establishes a higher contact
potential that allows a higher value of the open-circuit voltage [6,35].

For the front-contact, the CIGS solar cells employ either tin-doped In,O;
(In,O3:Sn, ITO) [36] or, more frequently, RF-sputtered Al-doped ZnO. A
combination of an intrinsic and doped ZnO layer is commonly used because

this double layer yields consistently higher solar cell efficiencies [6].

2.3.2 Principle of solar cell operation

When light illuminates a solar cell, photons are absorbed by the semiconductor
material and pairs of free electrons are created. However, in order to be

absorbed, the photon must have energy higher or at least equal to the band-gap
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energy Ey of the semiconductor. The band-gap energy is the difference in
energy levels between the lowest energy level of the conduction band (E.) and

the highest energy level of the valence band (E,) [28].

Thermalization
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Fig. 10 Absorption of photons when Epn>Eq [28].

Zn0  CdS CIGS MoSe, Mo

24 eV

SCR QNR

Fig. 11 Schematic band diagram of a CIGS solar cell under zero-bias voltage
condition [29].

For the PV device to generate the current, the photon generated electron-hole
pairs have to be separated [28]. Fig. 11 shows a schematic band diagram of a
CIGS solar cell under the zero-bias voltage condition. The p-n junction is
formed between the p-type CIGS absorber layer and the n-type CdS and ZnO
layers, which causes bending of the valence and conduction bands. The CIGS
layer divides into a majority charge carrier depleted space charge region (SCR)
and a quasi-neutral region (QNR). The incoming light with energy higher than
the CIGS band-gap is mostly absorbed within the first micrometer of the
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absorber layer, where it creates electron-hole pairs that are spatially separated
by the internal electric field of the p-n junction [29].

2.3.3 Electrical properties of CIGS solar cells

2.3.3.1 J(V) characteristics

A solar cell is basically a diode. The simplest equivalent circuit for an “ideal”

solar cell is shown below.

/LA ?

~

Photo-generated Ideal pn-diode (assumed identical
current density source under dark / illuminated conditions)

Fig. 12 Simplest equivalent circuit for an “ideal” solar cell; an external load
resistance R, has also been drawn [28].

When no light is applied (dark conditions), the relation between the current
density Jgark flowing through the device and the voltage V applied to its

boundaries is given by the following equation:

‘]dark = ‘]0 {exp(%j _l:| | (1)

where: q=1.6022x10"° C is the elementary charge, k=1.3870x10%J/K is the
Boltzmann constant, T [K] is the absolute temperature, J, is the reverse
saturation current density of the diode (see Eq. (2)), n is the “ideality factor” of
the diode.

The value of n lies basically within the range between 1 and 2. For crystalline

silicon, n=1 when the diffusion current is dominating, whereas n=2 when the
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generation/recombination current dominates [28]. For the CIGS based solar
cells, the n value is from 1.35 to 1.62 [37].

Martin Green [38] has proposed a simple empirical relation that can be used
reasonably to estimate the minimal value of the reverse saturation current

density:

-E
J. =l.5><108€Xp[ kTgJ in{mé}, 2)

cm

Current density J

- >

J(V)

Voltage V
—>

Fig. 13 Typical dark J(V) characteristic for a solar cell device. Jo is the reverse
saturation current density [28].

As soon as light hits the solar cell, the photo-generated current density Jg, will

be superimposed on the dark current density Jqark. Equation (1) then becomes:

V
ph_‘]dark :Jph_‘]0|:exp(r‘?ﬁj_l:|1 (3)

There is no negative sign in the front of Jya because the photon-generated

Jium =9

illum

current and the diode forward current flow in opposite directions. The photon-
generated current is composed of holes flowing to the p-side and electrons
flowing to the n-side, whereas in the forward operation of a (dark) diode, the
flow of carriers is just the opposite. Equation (3) implicitly assumes that the
photo-generated current and the dark current of the diode can simply be

additively superimposed, without any additional terms [28].
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According to the superposition principle, the curve for illuminated conditions
is exactly the same as that for dark conditions, but it is simply shifted down by
the value J,, (see Fig. 14). The point “MPP” is the “maximum Power point”,
i.e. the operating at which the solar cell gives maximum power to the attached
load [28].

active
quadrant

Fig. 14 J(V) characteristics of an “ideal” solar cell (pn-diode) under dark and
illuminated conditions.

In reality, other circuit elements have to be added to the basic solar cell
equivalent circuit. These are the series resistance Rs and the parallel resistance
Rp (see Fig. 15). The series resistance Rs represents thereby ohmic resistance in
the connection wires up to the solar cell and also other ohmic resistances
within the solar cell, between the external connection point and the actual
active device. The parallel resistance Rp is employed not only to designate
actual ohmic shunts, but also, and mainly, to symbolize the recombination

losses within the solar cell [28].

Fig. 15 Universally used equivalent circuit for a solar cell [28].
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2.3.3.2 Basic solar cell parameters Jg, Vo, FF, i

The short-circuit current is the current through the solar cell when the voltage
across the solar cell is zero (i.e., when the solar cell is short-circuited). In the
short-circuit condition when no voltage is applied (V=0), equation (3) gives in

the case of an ideal illuminated diode (see Fig. 14):
Jo=J,, (4)

In real solar cell R, represents both the carrier recombination and ohmic shunts
which will decrease J,, and the real Jg; value will be lower.

The open-circuit voltage, V., is the maximum voltage available from a solar
cell, and this occurs at the zero current. The open-circuit voltage corresponds
to the amount of forward bias on the solar cell due to the bias of the solar cell
junction with the light-generated current. The open-circuit voltage V.. can be

found by setting Jiyum=0 in (3). This gives an equation [28]:
J J E
voczﬂ(_pul}zk_ﬂn(_m}_g, 5
q Jo q Joo q

Joo = Jo*" =1.5x10°[mA/cm?]. (6)

where:

The V,. value depends on the current density generated by photons
(illumination level), temperature and the band-gap of the semiconductor
material. In the real solar cells, Ry should be taken into account as well,
because it reduces the overall generated voltage.

The short-circuit current and the open-circuit voltage are the maximum current
and voltage available from a solar cell, respectively. However, at both of these
operating points, the power from the solar cell is equal to zero. The "fill
factor”, more commonly known by its abbreviation "FF", is a parameter which,
in conjunction with V. and Iy, determines the maximum power available from
a solar cell. The FF is defined as the ratio of the maximum power from the

solar cell to the product of V. and I.
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Fig. 16 Fourth quadrant of the solar cell J(V) characteristics. MMP represents

maximum power point [28].

The overall energy conversion efficiency # of the solar cell is equal to the ratio

between the electrical output power P, (at the maximum power point) and the

illumination power Pijjym.

where:

R =me‘]m; I:?Ilum:s>(¢'

out 1

s is the active area of a solar cell [m?], @ in the sun irradiation [W/m?].
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2.4 Interconnects in large-area thin-film solar cells

The a-Si thin-film based solar industry today mainly produces the Gen 5 panels
with dimensions of 1100x1300 mm. The upcoming Gen 8.5 will move to
2200x2600 mm panels [11]. For the CIGS solar panels the dimensions might
differ depending on the manufacturer, although the nominal module area is
about 1-1.5 m?. The sunlight falls on the earth’s surface with an intensity of
about 1 kW/m?, so that 1 m? solar cell operating at 10 % efficiency is capable
of producing 100 W of electrical energy. The electrical current from each PV
cell scales with its area, but generated voltage is independent of the cell area.
The CIGS single cells generate voltage between 0.6 and 1.2 V depending on
the band gap of the ternary semiconductor and the adjusted layer producing p-n
junction [39]. As an example, a CIGS cell with the efficiency of 10 % and the
area of 1 m? producing 100 W of power and operating at 0.6 \V voltage would
create the current of about 160 A. Such high current will result heat release at
the contacts and the current-carrying bus lines increasing energy losses and
reducing the solar cell efficiency.

To maintain the module efficiency, the large scale device should be divided
into smaller cells connected in series in order to increase the generated voltage
and maintain the single cell efficiency over a large area. The same 1 m? of thin-
film solar module with 100 integrated cells would produce only 1.6 A current
at 60 V but yields the same power as the large cell.

To form a monolithically integrated series interconnects between separated
cells, the isolation lines have to be scribed at different stages of solar cell
production (see Fig. 17). These narrow strip-shaped cells should span the entire
width of the panel (1-2 m) with the period of 5-10 mm to limit the current [11].
The interconnect area should be in the range of 100-500 um with single scribe
widths of 50 um [11,40].
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Fig. 17 Thin-film solar panel fabricated as a large monolithic sheet which is patterned
into a large number of individual strip-shaped solar cells, electrically connected in
series [11].

2.4.1 Interconnect architectures

In case of interconnect formation, there are standard layer scribing processes
performed at different stages of the solar cell production line. The P1 process
starts with patterning of the Mo back contact, which defines the number of
cells and their width along a panel. The P2 process is used to locally remove
the CIGS absorber by a mechanical or laser tool, and that allows the
connection of the ZnO front-contact of the neighboring cell with the Mo back-
contact of the patterned cell. Separation of individual cells after the deposition
of the conductive and transparent ZnO window layer is defined as P3 process
[10]. The P4 process is defined as a border deletion and is used to scribe
completely through the solar cell structure to reach underneath substrate

mainly in perpendicular to other scribes direction.

Zn0O Zn0O
/CdS 4Cd8 4 cds
e 54<C'C° o < C'CS o @< CICS
<« Mo <« Mo <« Mo <« Mo
P1 P2 P3 P4

Fig. 18 The P1, P2, P3 and P4 process illustration.
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There are three main interconnect architectures used for serial interconnections
(see Fig. 19). These architectures are realized by different patterning processes
of the thin layers. In case (a) the interconnect is formed by scribing P1, P2 and
P3 patterns at the different stages of the cell production line. In case (b) the P2
scribing process is changed to the micro-weld formation. The interconnect in
case (c) is formed by P3 and P4 patterning and ink-jet printing of isolating and

conductive adhesives.

Inter-
connect
Cell i Zone : Cell
Active Area ! ' Active Area

— ZnO:Al
— CIGS

V7 | 77
2 2 7 7 J G2z

i e

! ! ! — Polyimide 2 S — Mo
~ | L-P2 Conductive Zone e Glass
interconnect
(@) Interconnect formed by standard (b) Interconnect formed by P2
P1, P2, P3 scribing. microvelding.

ESI

TCO
Cds
CIGS
Mo
PI

P3 P3 P4
(c) Interconect formed by P3, P4 scribing.

Fig. 19 Different interconnect architectures.

2.4.2 Laser treatment of thin-film solar cells

Laser processing offers a ‘non-contact’ means of scribing, drilling, and melting
specific materials used within production line steps for crystalline-silicon (c-
Si) and thin-film manufacturing. Non-contact techniques enable the key road-
map drivers in cell and panel manufacturing today to increase yield levels by
reducing the bulk micro-crack formation, and to combine this with high
throughput. Compared to other technologies (plasma/chemical etching, screen
printing, and mechanical cutting), laser processing offers specific advantages
such as ‘green‘ equipment types, low cost-of-ownership, and increased

micromachining quality [9]. Lasers as industrial tools were used in
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manufacturing for a few decades and proved to be a reliable technique for mass
production applications.

As c-Si based solar cells have been dominating on the solar cell market and
most of laser applications have been developed for this particular type of cells,
although in some thin-film applications lasers play an important role in
manufacturing processes. In Table 4 laser applications in modern thin-film

solar cell industry are listed.

Table 4 Laser applications within thin-film solar industry [9].

Production status

Widespread  Partially R&D or
production adopted  pilot-line

Thin-film  Scribing (P1, P2, P3) 4
Border deletion (P4) v
Glass cutting v

Crystallization

Pulsed laser deposition
Sintering

Isolation of shunted regions

ANER NI NI

Laser scribing is the most developed technique for the thin-film solar cells
manufacturing which is widely used by many solar cell companies. Border
deletion (isolation) is another process which is partially adopted today although
it will play an important role in the future laser applications. Such processes as
glass cutting, material crystallization, pulsed laser deposition and sintering are

under development to make the effective low-cost PV devices in the future.

2.4.2.1 Laser scribing and interconnects formation

Lasers are the technology of choice for these processes, delivering the desired
combination of high throughput and narrow, clean scribes [11]. Accuracy in
the ablation depth, layer selectivity and a high scribing speed are required for
the efficient and low-cost production of solar cells of this type. The laser

scribing rate has to be in the range of 2 m/s. Lasers are the preferred
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technology type for selective removing thin films of materials [41] making this
technique dominant in the thin-film solar cell manufacturing.

Although the interconnect formation consists of three scribing processes P1, P2
and P3, depending on the solar cell technology (CIGS, CdTe or a-Si) and the
design, these scribing processes could have different approach.

In the standard P1 process, the laser scribing is used for all types of solar cells
in mass production today for separation of the electro-conductive film into
contact pads. The P2 and P3 formation with lasers is used only where the back-
side scribing could be applied (a-Si or CdTe solar cells on glass substrates). No
laser scribing process has been developed yet for the P2 and P3 stage scribing
in the CIGS thin-film solar cell structure. The scribing is done with mechanical
tools today, although there is a lot of effort to adapt laser scribing technology

for these processes in mass production.

2.4.2.2 Serial interconnect formation by wavelength selective back-side
P1, P2 and P3 scribing

In case of the a-Si thin-film solar cells based on glass substrates, the laser
scribing can be arranged through the glass side by the so-called material lift-off
process. Instead of melting, vaporizing or atomizing all the target material, the
laser beam vaporizes a small amount of material at the film-substrate interface,
removing the overlaying layers entirely by the micro-explosive effect [11].
This minimizes thermal effects, increases the layer selectivity and the process
efficiency because the required laser power for the material removal is lower
compared to the direct laser ablation. Careful selection of the laser wavelength
automatically provides material selectivity, eliminating the cost and
complexity of implementing the active depth control [11,42] and makes

possible the use of the nanosecond range laser pulses.

46



1064nm

P1 Glass v

TCO 532nm

Glass

" ol e—

a-Si 532nm

P

Glass

P3 '
dI,—II

TCO

Fig. 20 Series interconnect formation in the thin-films solar cells on the glass
substrate. P1: back-contact formation, P2: back-contact exposure to strip a-Si layer,
P3: top-contact formation.

The series interconnect formation starts with the P1 type laser scribe after TCO
back-contact is deposited on the glass substrate. The purpose of P1 is to
completely cut through the TCO, thereby defining one edge of each individual
cell. P1 needs a laser wavelength that is transparent for a glass but is strongly
absorbed by the TCO. The use of UV and visible wavelengths is not favorable
due to absorption of a glass substrate (UV) or high transmittance of the TCO
for the visible radiation. The near-infrared (1064 nm) fundamental harmonics
of solid-state laser is almost perfect for this application. Several watts of the
laser power can be transmitted through the glass substrate with no damage.
However, this wavelength is strongly absorbed by the TCO layer. Since this
TCO layer is very thin (a few hundred nanometers), it can be completely
ablated in a single pass at a low-power level [11].

P2 (and P3) scribing involves removal of much more material than in P1,
including the silicon layers with the larger thickness. By conventional ablation,
removal of more material requires that the laser power is increased by a

corresponding amount. A novel “micro-explosive” lift-off process allows this
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to be accomplished at high speed, without the use of high laser power which
could damage the glass or TCO (see Fig. 21).

Transparent

Thin film(s) substrate Absorption at interface

Step 1 \ |

\ v

Step 2 |
Strain Melting, vaporization,
delamination
Step 3
NIy
Fracture o = == T T Ejection, disintegration,
vaporization

Fig. 21 Illustration of “micro-explosive” lift-off process [43].

In this case, P2 uses a frequency-doubled solid-state laser with 532 nm output.
The green beam passes through the glass and the TCO. In particular, the weak
absorption of TCO at 532 nm allows it to transmit the laser power of 1 W
levels without sustaining any damage. Since silicon absorbs this green laser
light very strongly, most of the laser pulse energy is therefore deposited at the
TCO-silicon interface. This cleanly and completely blows off the overlying
silicon layer at much lower power levels than is needed for either photo-
thermal or photo-chemical ablation processes. P3 uses exactly the same
process; the thin film of metal is carried away with the underlying silicon.
Because this is a binary-threshold process, producing clean edges dictates the
use of a masked beam rather than a focused beam. In practice, a circular mask
is used to aperture the central portion of the Gaussian laser beam so that the
intensity exceeds the process threshold across the entire apertured beam (see
Fig. 22) [11].
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Fig. 22 Microscopic view of the interconnection region with optimized laser
parameters in the a-Si thin-film solar cell structure: P1 - glass/ZnO/SnO; processed
with 1064 nm wavelength; P2 - glass/ZnO/SnO,/a-Si processed with 532 nm
wavelength and P3 - glass/ZnO /SnO,/Zn0O/Ag processed with 532 nm wavelength
[44].

P2 P3

2.4.2.3 Serial interconnect formation by a front-side P1, P2 and P3

scribing

Use of flexible substrate or metal back-contact eliminates possibility to scribe
the thin-film solar cells through the substrate side. Only a front-side scribing
could be applied by direct laser ablation process and no wavelength selective
process could be used. The laser pulse length and accuracy in the ablation
depth play important roles as material has to be removed with no damage to the
underneath layers. Various laser sources were tested in selective ablation of
thin-films [12-15]. Nanosecond laser pulses were not found to be favorable for
the damage-free front-side scribing of the thin-film CIGS solar cells [12]. The
main limiting factor for laser processing of the multilayer Cu(In,Ga)Se,
structures is deposition of molybdenum on walls of the channels scribed in the
films, and the phase transition of semi-conducting Cu(In,Ga)Se, to the metallic
state close to the ablation area due to formation of the thermally-induced
highly conductive Cu,Se segregations [12,45,46]. The local increase of copper

concentration in overheated areas is responsible for Cu,Se phase formation.
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The shunt resistance of laser-affected areas is proportional to the resistivity of
the corresponding CIGS absorber material and exponentially decreases when
the amount of Cu in the film is increased [46]. In order to avoid thermal

shunting of laser-affected regions, the use of shorter pulse lengths is required.
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Fig. 23 Series interconnect formation in the thin-films CIGS solar cells on the glass
substrate. P1: back-contact formation, P2: back-contact exposure to strip CIGS layer,
P3: top-contact formation.

According to the results of theoretical modeling, processing without damage is
possible with ultra-short-pulse lasers [14,16], although no industrial process
has been developed yet and P2 and P3 steps are processed mechanically.

In case of the CIGS solar cells, molybdenum is nearly always used for the
back-contact layer [47], and independently of the substrate type (glass or
flexible polymer) the interconnects should be formed only by the front-side
scribing process.

In a typical CIGS process, a laser is used to segment the first conductive layer
(P1), typically molybdenum (Mo), into adjacent electrically-isolated strips (or
bands). Next, the CIGS absorber, CdS, and intrinsic ZnO (iZO) layers are
deposited and in the P2 step scribed down to the first conductive layer (Mo)

with a slight offset from the underlying P1 scribe. Finally, another transparent
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conductive layer is added and scribed again (P3) with an offset from the
previous P2 scribe. The area between the P1 and the P3 scribe becomes
electrically inactive for the purpose of generating electricity, and minimizing
of this so called “dead zone” is a primary motivation to consider a laser tool
over a mechanical scribe tool. It should be noted that, while it is only necessary
to scribe the top conductive layer to make the P3 scribe. In practice the P3
scribe is made down to the bottom conductor layer (Mo) making it nearly
identical to the P2 scribe [40].

2.4.2.4 Serial interconnect formation by front-side P2 micro welding

When CIGS thin-film solar cells are manufactured on the flexible substrate, the
use of mechanical P2 and P3 scribing is difficult or impossible due to the
nature of the substrate material [48]. Film stability and surface flatness play an
important role.

In contrast to the extremely smooth and hard surface of glass substrates, solar
cells on the polyimide films or metal foils are difficult to structure by a
mechanical tool without damaging the soft polymer surface or the sensitive

dielectric insulation layer [10].

Inter-
connect

Cell , Zone : Cell
Active Area 1 . 2 \ Active Area
ZnO:Al
__ Zn0O:/
7 f~’{///(///‘4////;’/zf/4j | p3 ) — i
T _ Mo
'PLa ™ Glass

b R

TN

Lﬂ Z /////.'/.'/..‘/’/_:////_'///;/4{

by

\
L-P2 Conductive Zone

Fig. 24 (a) Module interconnect structure showing the isolating P1 scribe, the
interconnect P2 scribe and the isolating P3 scribe. (b) Laser-formed P2 replaces the
direct ZnO—Mo contact [48].
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Fig. 25 SEM image showing the experimental P2 scribe between the P1 scribe and a
mechanically patterned P3 isolation scribe. The necessity for extensive safety margins
for mechanical patterning is illustrated by considerable chipping of the CIGS/ZNO
layers along the P3 scribe edges. Contrasting lines have been added on the right for
clarity [49].

As an alternative method for the P2 step direct laser scribing process could be
the P2 micro weld formation technique (see Fig. 24). Instead of removing the
CIGS entirely, analogous to mechanical patterning, some research groups used
a laser to transform CIGS locally to create a conductive zone that replaces the
direct contact between ZnO:Al and Mo [48,49]. Although the process is used
where mechanical patterning is not an alternative, direct benefit such as

reduced interconnect resistivity have been reported [50].

2.4.2.5 Serial interconnect formation by front side P3 and P4 scribing

Serial interconnects can also be formed by using P3 and P4 step laser scribing
together with ink-jet printing of isolating and conductive adhesives. In this case
laser processes are applied after deposition of all the thin-film layers. In CIGS
solar cells at P3 step, the laser has to expose the Mo back-contact by removing
all the upper material. For P4 process, all the solar cell layers have to be
removed leaving the underneath substrate undamaged. Two P3 scribes and one

P4 scribe are required for interconnection. The first P3 and last P4 patterns are
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filled with an isolating adhesive to isolate separate cells. Then the middle P3
scribe is filled with a conductive adhesive in order to connect back and front

contacts of separate cells.

ra P3 P4

Fig. 26 Interconnection area of the CIGS solar cell. The electrical connection and
insulation are realized by means of conductive and isolating adhesive, which are
applied after the patterning steps P3 and P4 [51].

2.4.2.6 Pulse duration effects

When long nanosecond laser pulses are used, the ablation mechanism is
associated with thermal heating, melting and evaporation of the material. Heat
diffusion plays an important role as larger melted area is formed. The material
can be removed not only in vapor form, but also as melted clusters. As less
energy is used for evaporation, the material can be removed more efficiently.
In case of ultra-short laser pulses, the ablation mechanism can be still thermal,
although the heat diffusion is much lower, and the ablation is associated only
by evaporation of the material. This gives a smaller heat effected zone and
higher ablation quality.

For the back-side scribing processes, the material lift-off process dominates
making possible thermal damage-free ablation of thin film layers. However,
some defected areas can still be formed leading to the shunt formation and
decrease in the solar cell efficiency. The pulse duration is critical in case of the
front-side P3 scribing of CIGS solar cells. Nanosecond-laser machining causes
damage of the PV devices. Shunts can be produced between the top-contact

and Mo layer that transforms the solar cell in to an ohmic resistance [12,16].

53



The reason for this is the projection of the molybdenum onto the side walls of
the scribe and modification of the CIGS layer to the conductive state. For this
reason, the front-side P3 step scribing of CIGS can be performed only with

ultra-short laser pulses [14,52].

2.4.2.7 Border deletion (P4)

Border deletion is a common process in manufacturing of the thin-film solar
cells. Usually, depositions of the absorber layer, back and front contacts are
separate processes and the deposited area for each layer could vary depending
on the process.

In case of CIGS solar cells, some non-uniformity of the absorber layer
thickness and layer composition can also be detected at the edges of the
deposition area. Combination of all these irregularities led to the defected area
formation with a low efficiency or even to the shunt formation which reduces
the overall efficiency of the solar cell device. For this reason, the defected
edges should be removed or isolated from the rest of uniform layer stack by
removing all the material from the substrate (see Fig. 18). The edge deletion is
also used to prepare the module for electrical interconnect and encapsulation.
There are several processes developed for the edge deletion including wet
chemical etching, sand blasting, plasma etching and laser scribing. Lasers offer
flexible, damage-free non-contact method for the thin film removal and it is

being integrated in mass production lines.

2.4.2.8 Laser crystallization for thin-film solar cells

Polycrystalline silicon thin layers fabricated at low temperature on cheap
substrates such as glass are of great interest for large area electronic devices
such as thin-film transistors or thin-film solar cells. Polycrystalline silicon thin-
film solar cells represent a low-cost alternative to wafer-based solar cells while

still having the potential for high efficiency. In order to benefit from the cost
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advantage of Si thin-film solar cells, low-cost substrate materials such a glass
are required. One limitation of glass substrates is that these substrates cannot
be heated above 650°C (already a high temperature for the boron-silicate glass)
during the thin-film processing. Among several methods proposed for the
preparation of polycrystalline Si layers, laser crystallization offers the
advantage to produce large grains of several 100 um size while heating the
glass substrate only for a very short duration (<ms at the glass surface). These
laser-crystallized layers can be used as seed layers for subsequent epitaxial
growth of less defected thicker Si layers (1.5-2 um) for sufficient light

absorption in the indirect semiconductor silicon [53,54].

2.4.2.9 Pulsed laser deposition of thin layers for thin-film solar cells

Pulsed laser deposition (PLD) is a thin-film deposition technique where a high-
power pulsed laser beam is focused inside a vacuum chamber to strike a target
of the material that is to be deposited. This material is vaporized from the
target and is deposited as a thin film on a substrate. This process can occur in
the ultra high vacuum or in the presence of a background gas, such as oxygen
which is commonly used when depositing oxides to fully oxygenate the

deposited films.
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Fig. 27 Schematic of a PLD setup [55].

High quality of the absorbing thin-film layer has been regarded as one of the

key success factors for high-efficiency solar cells. Electrical properties such as
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carrier concentration and mobility are also important for realization of high-
efficiency devices. Hence, investigation and enhancement of these properties
have drawn significant interest in recent years [56]. The CIGS thin-films with
higher carrier concentration may be achievable through a suitable choice of
process parameters of the corresponding deposition technique. Several
deposition and post-treatment techniques, such as thermal co-evaporation,
sputtering, electro-deposition, and selenization of metallic precursors, have
been studied to satisfy the requirements of the absorbing layer [56-58]. As one
of the alternative techniques, the pulsed laser deposition (PLD) has been
recognized as an effective method in preparing homogeneous multi-component
films primarily because it proceeds congruently [59,60]. However the process
scalability is very complex and this technique can be applied only for the

small-area high-efficiency solar cells and is not suitable for mass production.

2.4.2.10 Isolation of shunted regions

Efficiency loss due to regions with low shunt resistance is one of the major
challenges currently facing PV manufacturers. Shunted cells significantly
reduce average efficiencies, resulting in modules with poor PV performance
and reduce the total yield. Although defected areas are highly localized, the
lateral conductive path formed by the emitter and by metal contacts generally
causes much larger areas of the solar cell to be affected [61]. Usually this
technique is used for Si wafer based solar cells, but it could also be applied for
thin films. Today there are several tools (lock-in thermography, laser beam
induced current detection, electroluminescence or photoluminescence
measurements) used to detect shunted regions on the solar cell surface. The
already developed P3 step laser scribing technique could be applied to isolate

the shunt areas.
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2.4.3 Mechanical scribing of thin-film solar cells

In mechanical patterning of thin-film layers needles are used for the layer
removal. This is a direct contact method which induces mechanical stress and
damage to the material. The substrate roughness plays important role when
mechanical scribing is applied as this method is sensitive to the height
variations of the scribed surface. Therefore this method could only be applied
if thin films are deposited on a hard and smooth substrate [10] and is not
suitable for thin films on soft flexible substrates. Other disadvantages are the
wide scribe width which leads to the larger dead area formation of the formed
interconnect, edge microcracking leading to losses in the module efficiency
and constant tool wear. Tool wear gets important when going to mass
production where modules have to be manufactured 24 hours per day, 7 days
per week and constant replacement and recalibration of needles become time

consuming and not efficient.

Fig. 28 Optical microscope images showing the interconnect zone to compare
standard mechanical patterning (a) with the laser P2 (b). The laser made P2 scribe is
approximately 60 um wide while the mechanical P2 is almost three times wider [48].

2.4.4 Photolithographic method of interconnect formation in thin-film

solar cells

Photolithography is a process used in microfabrication to selectively remove

parts of a thin film or the bulk of a substrate. It uses light to transfer a
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geometric pattern from a photo mask to a light-sensitive chemical photoresist
on the substrate. A series of chemical treatments then engrave the exposed
pattern into the material underneath the photo-resist.

Photolithographic methods in principle allow chemical and selective patterning
of all layers. The UV-lamp in combination with photomask could be applied to
form required patterns in thin-film solar cells. This approach works for P1 and
on small areas but is unsuitable for large areas (>30 x 30 cm?). The exact
adjustment of the photomasks for P2 and P3 (with regard to P1), however, is
both time-consuming and unsatisfying. Another approach is to use the UV-
laser source. The focused blue laser beam could be used for scribing
(illumination) of the photo-resist only, but not for the direct film removal [10],
then chemical treatment could be used to form a required pattern. Applying
these methods gives fine scribe quality, although the application of
photolithography in mass production of solar cells is very complex and time-

consuming.

P3 (photolithography)

P2 (laser)

P1 (laser)

Fig. 29 Patterning scribes P1, P2 and P3 on a polyimide substrate [10].
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2.5 Laser scribing experiments in literature

The first US patent for laser scribing for solar module integration was granted
to J.J. Hanak in 1981. Since then, a number of refinements of this method have
been patented, mostly emphasizing a-Si:H and SnO,, with at least one of these
emphasizing the use of excimer lasers [12].

Thirst attempts of Nd:YAG nanosecond laser scribing of thin-film CIGS solar
cells were made by A.D. Compaan et al. [12]. In this paper the author
investigates the ablation properties of CdTe, CIGS, ZnO, SnO,, Mo, Al and Au
thin-films with nanosecond lasers, although no electrical characterization of
solar cells after laser scribing was performed. Later J. Hermann investigated
nanosecond and femtosecond laser scribing processes of CIS thin-film PV
devices [14,16]. In those papers authors have concluded that processing with
nanosecond lasers leads to degradation of the solar cell electrical properties.

The picture below shows J(V) characteristics of solar cells after laser

processing.
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Fig. 30 Solar cells current density as a function of the applied voltage measured
before and after machining with femtosecond Ti:Sapphire (a) and ArF UV
nanosecond laser pulses (b) [14,16].

Measurements of the photo-electrical properties of the solar cells demonstrate
that nanosecond laser-machining causes damage. In that case, a shunt is

produced between the ZnO and Mo layers and it transform the solar cell in to

59



an ohmic resistance. SEM and EDX analyses identified two major causes of
the degradation: (i) residues of Mo were projected onto the walls of the
ablation channel (see Fig. 31), and (ii) the metallization of the CIS

semiconductor occurred close to the channel border [14,16].

Intensity (a.u.)

0 50 100
Position (um)

Fig. 31 (a) SEM image showing an ablation channel of a solar cell obtained with Nd
:'YAG nanosecond laser pulses of 2.1J/cm? fluence and a scanning velocity of
15 um/s .(b) EDS analysis showing the intensities of Zn K,, Si K,, S K, and Mo L,
lines as a function of the position orthogonal to the ablation channel [14,16].

Other investigations of standard P1, P2, P3 laser scribing of solar cells with
picosecond and femtosecond lasers were performed by a number of authors
[40,51,62-67]. Some of the results are shown below.
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Fig. 32 SEM micrographs of CulnSe,—Mo/Ti-layers on polyimide after selective P3
structuring. On the bottom of the grooves the molybdenum back-contact is visible: (a)
femtosecond laser (F = 0.63 J/cm?, v = 0.4 mm/s) and (b) picosecond laser (F = 0.72
Jlcm?,v = 20 mm/s) [64].
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Fig. 33 Electron micrograph of a P3 scribe made at 532 nm with the 30 ps pulse
length [66].

In all cases the authors concluded the ability of the ultrashort pulsed lasers for
damage-free processing thin-film CIGS solar cells. Several groups [40,66,67]
were able to produce mini PV modules with laser scribed series interconnects
and compare them with mechanical scribed modules. The laser scribed mini-
modules showed similar efficiencies compared with those manufactured
mechanically (see Fig. 34). Other groups were investigating alternative
interconnection design and scribing methods. P2 micro-weld formation was
investigated by a group from Sweden [48,49]. More details can be found in

section 2.4.2.4. The use of an alternative method for laser and mechanical
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patterning was investigated by group from Germany and Switzerland [10,68].

More details can be found in section 2.4.4.

CIGS/CdS/iZzO/AZO is CIGS/CdS/iZO/AZO is
y- removed at the P3 Step removed at the P3 Stepto /.
to define the V- contact.  define the V+ contact.
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o |
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Edges Deleted to remove process defects s
(a)
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Fig. 34 (a) Electrical / Mechanical structure of mini-module cell interconnects.
Appearance of actual mini-modules after the laser processing, including edge deletion
and defect deletion. (b) Laser scribed and mechanically scribed mini-module
efficiency as a function of load resistance [40].

62



3 THEORY OF LIGHT INTERACTION WITH MULTILAYER
THIN-FILM STRUCTURE

3.1 Absorption of laser radiation

The reflection at the surfaces is described by the coefficient of reflection or
reflectivity. This is usually given by the symbol R; and is defined as the ratio of
the reflected power to the power incident on the surface. The coefficient of
transmission or transmittance T, is defined likewise as the ratio of the
transmitted power to the incident power. If there is no scattering, then by
conservation of energy [69]:

A +R, +T, =1, (10)

where A, is the absorptivity. The absorption and refraction of a medium can be
described by a single quantity called the complex refractive index. This is
usually given by the symbol mand is defined through the equation:

m=n+ik (11)

ext ?
The real part of the complex refractive index, namely n, is the same as the
normal refractive index. The imaginary part of n, namely ke, is called the
extinction coefficient. The reflectivity depends on both n and ke and is given

by [70]:

n-1" (n-1)"+k?
R, =|2 | L =y (12)
N+l (n+1)" +k,

It gives the coefficient of reflection between the medium and the air (or
vacuum) at a normal incidence. The absorption of light by an optical medium
Is quantified by its absorption coefficient a. This is defined as the fraction of
the power absorbed in a unit length of the medium. Extinction coefficient Key; is
directly related to the absorption coefficient of the medium [70]:

4K,
o =
A

, (13)
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where 4 is the wavelength of light in vacuum. According to the Beer—Lambert—
Bouguer law the intensity of the electromagnetic wave inside the material
decays exponentially. If the beam is propagating in z direction, and the
intensity (optical power per unit area) at position z is I, then the decay of the
intensity inside the material can be expressed as [70]:

| =(1-R,) e, (14)
where 1y is the intensity of the incident beam. The transmittance of an

absorbing medium at a distance z is given by:
T, =(1-R, )eﬂ, (15)
and the absorptivity from Egs. (10) and (15) is:
A =(1-R, )(1—e-“2), (16)

The penetration depth [71,72]:

0, =—, (17)
(04

Is the parameter that describes the decay of electromagnetic waves inside the

material. It refers to the depth at which the intensity or power of the field

decays to e' (about 37%). The skin depth, 5,=26,, twice as large as

penetration depth refers to the length from the surface at which the magnitude
of the electric (or magnetic) field has decayed to e™ of its surface value [73].
The skin depth is also known as a length at which the power of the wave has

decreased to e or about 13% of its surface value.

3.2 Heat transfer equation

The laser power absorbed by the material finally is converted to heat. The
time-dependent temperature distribution at the target depth T(t, z) is governed
by the heat flow equation in one-dimensional form, appropriate to many
experimental situations [43,74,75]:

oT 0T ad o
E:adiﬁ yﬁ-(l— Rl)pTle , (18)
p
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where p is the density, C,, is the specific heat, T is the temperature, t is the time,
z is the longitudinal coordinate, R, is the reflectivity, « is the absorption
coefficient, | is the laser intensity, agis IS the thermal diffusivity:

it :pLCp’ (19)
where « is the thermal conductivity. Heat diffuses away from an irradiated

region of the material to a characteristic length described as [76,77]:

Diaz = »\fadiff Ths (20)

where 7, is the laser pulse duration.

3.3 Two-temperature model

The two-temperature model (TTM) [78-82] is needed when the laser pulse
duration is less than the phonon-electron interaction time which for metals is of
the order of 1 ps [83,84]. When a fs-laser pulse incidents onto the surface of a
metal sample, it is generally believed that a certain amount of pulse energy will
initially deposit into the sample over the skin depth across the entire beam spot.
During the fs-laser pulse and metal interactions, the absorbed energy is coupled
to electrons and leads to an elevated electron temperature. Subsequently, hot
electrons are losing energy through two competing processes, coupling to the
cold lattice and diffuse to a lower-temperature region. This electron lattice
process can be described by TTM. For the electrons heat transfer equation:

o, _ 0y 7,

Ce
ot oz oz

-9(T.-T))+a. (21)

where C, =AT, is the electron heat capacity, T, is the electron temperature,
K. =KT. /T, is the electron thermal conductivity, g is the coupling coefficient
between electrons and lattice, q is the absorbed power per unit volume from
external source [85]. For lattice heat transfer equation:

(C+L,8(T-T,)+ ga(T,—Tv))%zg(Te—T,), (22)
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C, is the lattice specific heat, L, and L, are latent heat of melting and
vaporization of the lattice, § is the Dirac delta function, T, is the lattice

temperature.

3.4 Matrix method

For a metallic medium the dielectric function and the index of refraction are
complex valued functions. This is also the case for semiconductors and
insulators in certain frequency ranges near and at absorption bands. The
complex refractive index:

(23)

ﬁm,k = nm,k + Ikext m,k

where Kk is the layer number and m is the material number (see Fig. 35).

E, a E.
(1.1 ¢ T

LayerN - Ve, lE7,,

(N+1,1)

Substrate Y E.

Fig. 35 Discretization of the optical model.
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Fresnel's equations are still valid but the angles in the equations are now
complex valued and do not have the obvious geometrical interpretation. The
reflectivity at normal incidence for interface between different medium can be
found from Eg. (12) [70]:

2

ﬁm,k—l _ﬁm,k

nm,k—l + r]m,k

= (nm,k—l N )2 B (kext mic1 ™ Kedmi )2 (24)

2 2!
(nm,k—l + r-]m,k ) + (kext mk-1 " kext m,k)

The investigated work-piece is made up of a multilayer thin film deposited on

R, =

A

the polymer substrate. The thickness of the layers is comparable to the
wavelength of laser radiation, and the thickness of the substrate exceeds the
wavelength of the laser radiation by several orders. The surface is considered
as being thermally semi-infinite. The investigated solid is irradiated with a
pulsed laser source with a single rectangular pulse. For the elapsed times
investigated herein, the thermal penetration depth inside the solid is very small
as compared to the spot diameter. Thus the thermal field in the vicinity of the
center of the spot can be very well approximated as one-dimensional. The
optical and thermal properties of the investigated materials are considered to be
temperature independent. For the investigated time intervals the radiative and
convective heat losses from the thin film surface toward the ambient as well as
non-equilibrium and non-Fourier thermal effects can be neglected. The energy
flow along z direction:

n —w

S= -
2uc’

(25)

where n is the real part of the air refractive index, p is the air magnetic

permeability, ¢’ is the speed of light and E! is the amplitude of linearly

polarized electric field. The relation between the transmitted and refracted

electric field, E, , and E; ,, at the k-th interface is:

m,k?

Enict En
() o
m,k-1 m,k

where My Is the transmission matrix of the k-th layer of the m-th material

defined as
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m fn,k—l Fm,k—l exp(i5m,k) exp(_ié‘m,k)

where:

Oy =— 1, d (28)

mk*

In the previous expressions the { ,, and T,, , are the Fresnel‘s coefficients

defined as:
_ 2N, 4
= mkd 29
tm’k_l ﬁm,k—l + ﬁm,k ( )
n -n
rm’k71 — _m,k—l _m,k ’ (30)
nm,k—l + nm,k
The multilayer transmission matrix M is:
N Ngy
M :HHvak' (31)
m=1 k=1

It is possible to evaluate E! and E! by means of relation:

e (E
[EJ‘M( 0 J 2

The determination of E;, and E;, can be obtained by inverting Eq. (26). The

m,k

power density in the k-th layer is given by the Pointing vector:

1 N ) Lo

Sm,k = ﬂRe[(nm,k) (Er:mk + Em,k)(Er:Lk - Em,k) } (33)
And the absorbed power per unit volume is:
dsS

= f(t)—2%, 34

a="f(t)—4 (34)

where the pulse function is defined as

t/t, for 0<t<t,
f(t)_{ 0 fort>t (35)

The nonlinear TTM thermal problem was numerically solved by the finite

difference method by using Comsol Multiphysics software.
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3.5 Material parameters

Table 5 Material parameters. Physical properties: C, — specific heat, x — thermal
conductivity, p — density, a, — absorption coefficient, 1 - wavelength, n - real part of
the refractive index, kex - extinction coefficient or imaginary part of the refractive
index, Tr, -melting point, L, - heat of fusion, T, — the vaporization point, L, - heat of

vaporization, E - Young's modulus, v - Poisson ratio, ar - the thermal expansion

coefficient.
ITO | ZnO:AI | Zn:O | CdS | CIGS | Mo | PI
C,, 0.358 025 | 1.15
e | 6] 049 | 049[87] | 05 |03[16] | o
, 138 | 052
Wim | 871861 | 23 23[87] 20| 370161 | oo | oa
; 48E6 | 5.8E6 | 10E6 | 1.4E6
pgim’ | 7.2E6[86] | 56E6 |56E6[ET]| o e | el | feo]
o6, M | 2.8ES 8E5 8E5 1E6 16 | 1E6 | 1E6
[91]
ogss, om- | 1.8E4 6E5 6E5 1E6 1E6 | 1E6 | 1E4
[91]
%52, M | E391] | 4E5 100 100 1E5 | 1E6 | 1E2
Q1064 5.4E3
o o] 100 10 10 100 | 1E6 | 100
Mes | 2.35[92] | 1.50 1.50 150 | 150 | 150 | 1.9
koss | 0.18[92] | 1.69 1.69 212 | 212 | 212 | 381
s | 2.20[92] | 1.50 15 15 15 | 15 | 3.06
Kass 5'8[2302 1.70 1.70 028 | 283 | 283 | 321
s | 1.94[92] | 2.03 2.03 2.64 15 | 15 | 3.79
Ksz2 4'5[3202 169 | 000* | 000 | 042 | 423 | 361
1.76 [92]
st | gsonm] | 250 1.94 2.32 15 15| 2.44
0.083
Kuosa [92] | 0.0008 | 0.000085 | 0.000085 |0.00085| 85 | 4,22
@850nm]
N1is572 1.3 1.3 2.3 2.9 1.6 2.4
ks 0.000085 | 0.000085 | 0.000085 | 0.00085 | 7.7 | 4.2
Tm, C 1910 1975 - 1910 | 2623
Lo 05 05 i 05 | 0.39
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MJ/kg
T,°C 3000 2360 1000 | 3000 | 4912
LVa
Mg 2 3 1 2 6.25
E. GPa 116 129 52 329
v 0.35 0.349 041 0.32
Fail 0.022 0.04 0.025 0.1
strain
o 48E'
ar [U°C] | 9.25E-6 105E-5 | 4166 | 9E6 |

Because of the lack of material parameters the electron coupling coefficient
was kept the same for all the materials. Electron—phonon coupling constant
g=2.1x10"* W-m >K ™ [85,93].
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4 EXPERIMENTAL SETUPS AND PROCEDURES

4.1 Experimental scribing setup

Thin-film scribing experiments were realized by using basic experimental
setups shown below. Experiment set-up (a) (see Fig. 36) for the laser
processing experiments included a laser, attenuator made of Pockels cell and
the polarizer, harmonics module, the beam expander, a few folding mirrors, an
objective mounted on the Z stage, and the sample mounted on the XY stages.
In the experimental set-up (b), the laser beam was positioned by the
galvanometer scanner and focused with F-Theta lens leaving a sample fixed.
The Pockels cell and polarizer were used for the laser beam power control.
Laser wavelengths were changed from infrared (IR) to ultraviolet (UV) region

by applying harmonics modules.

Attenuator Attenuator
H1 | PP1 PC1 H1 | PP1 PC1
M1
M1
o= —— = = Laser Gon =i - mm Laser

Galvanometer

Beam expander Beam expander scanner
M3
e e
M2 M2
Z
Objective F-theta lens
S |
% ample
/ X
/ Sample
(@) (b)

Fig. 36 Scheme of experimental setups: (a) the setup with XYZ linear stages; (b) the
setup with a galvanometer scanner. PP1-polarizer, PC1-Pockels cell, H1-harmonics
module.
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In some experiments, the setups also included the beam shaper for conversion
of the Gaussian beam to the flat-top beam. The element was placed in the beam
path after the beam expander close to the scanner head. Two different lasers
were used in experiments: the picosecond laser PL10100 from Ekspla Ltd. and
the femtosecond laser CPA 2001 from Clark-MXR. The output parameters of

lasers and used wavelengths are shown in Table 6 and Table 7.

Table 6 Parameters of lasers used in the thin-film scribing experiments.

PL10100 CPA 2001
Active media Nd:YVO, Ti:AlL,O3
Fundamental wavelength 1064 nm 775 nm
Pulse duration 10 ps 300 fs
Repetition rate 100 kHz 1 kHz
Average power 10 W 1W

Table 7 List of laser wavelengths used in the scribing experiments.

Experimental set-up (a) Experimental set-up (b)
XYZ stage Galvanometer scanner
PL10100 PL10100
1572 nm 1064 nm
1064 nm 532 nm
355 nm 355 nm
266 nm
CPA 2001
755 nm

4.2 The setup for parallel scribing

In extension of the laser scribing setup (see Fig. 36 b), a diffractive optical
element was used for the laser beam splitting to realize the parallel beam
scribing (see Fig. 37). The lenses L1 and L2 arranged in the 4F scheme were

used to control the beam separation in a focal plane.
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Fig. 37 Scheme of the setup for parallel beam scribing.

4.3 Flat-top beam scribing setup

The laser beam shaping is a process of redistributing the irradiance and phase.
If a circular input Gaussian beam is focused by a lens, the intensity distribution
in a focal plane of the lens remains circular Gaussian (Fig. 38). When a
specially designed diffractive optical element for a flat-top reshaping (FBS, for
instance) is introduced in front of the lens, the intensity distribution in the focal
plane can be transformed in to a square-shaped beam (in lateral directions)
with a flat-top intensity profile.

The diffractive optical element used in this research was the phase plate that
converted the input Gaussian beam distribution into the top-hat beam after the
objective lens. In the vicinity of the focal plane the beam formed the spatial
distribution with a flat-top and a square cross-section (Fig. 39). The FBS beam
shaper represents kind of a phase plate with a continuous and smooth phase

relief profile which was fabricated by lithographic methods.
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Fig. 38 Transformation of the beam profile by focusing with a lens without and with
the FBS-type diffractive optical element in an optical path. Position of FBS along a
beam path relative to the lens is not critical.

a) Intensity [a.u.)
X [pm]
20 10 [ 10 20
b) Intensity [a.u.]

20 -10 0 10 20

Fig. 39 Simulation of intensity distribution in a focal plane for a diffraction-limited
Gaussian beam (a) and a beam transformed in to a square top-hat with the FBS shaper
(b) with A =532 nm and NA = 0.011.

Efficiency of the beam reshaping from the circular Gaussian beam to the main
top-hat profile was 95% in an area limited by 1/e* (13.5%) level. The flat-area

uniformity of the top-hat profile was + 2.5%. The minimum possible (top-hat)
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spot size was about 1.5-2 times that of the diffraction-limited Gaussian spot.
Theoretically, steepness of the edges is diffraction-limited, but practically the
limitations arose from quality of the objective and the initial beam (M?). Depth
of the top-hat focus was close to that for a Gaussian beam. Size of the top-hat
profile at 13% level (1/e%) can be adjusted by the focal lens and follows a
numerical aperture of the focusing objective according to equation [94]:

4kAF A
2WTop—Hat = 75 ~ m’

where k is the empirical shaping parameter k~1.5; D is the diameter of the

(36)

input beam on a lens; F is the focal length of the objective. Numerical aperture
of the objective affected only the size but not a shape of the top-hat profile.
Specifications of the FBS beam shaper of TOPAG Lasertechnik GmbH are
presented in Table 8. The shaper can be customized to transform an elliptical

Input beam.

Table 8 Specifications of the FBS top-hat beam shaper.

Material Fused silica

Active area diameter 2.0,2.5...10.0 mm

Wavelength 1064 nm, 532 nm, 355 nm or 266 nm
(other on request)

Transmission 99% (with AR/AR coating)

Shaping efficiency > 95 % (in top-hat spot)

Uniformity +/- 2.5% (of top-hat plateaus)

Minimal lateral size of top-hat spot 5x of Gaussian spot

square

Installation In optics holder with x/y adjustment

A profile of the well-prepared (spatial filtering to achieve M?<1.1) laser beam
with the diameter of 5.5 mm shaped with the FBS element is shown in Fig. 40.
The main part of laser energy is concentrated in the main top-hat peak and only
weak wavelets detached from the main peak can be recognized. A typical

scribing setup with the top-hat beam is shown in Fig. 41.
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Fig. 40 Measured profile of the FBS shaped beam (a) and its cross-section (b): the

input Gaussian beam diameter (1/e?) 5.5 mm, wavelength 1064 nm, focusing lens
F =1000 mm.

Attenuator
H1 PP1 PC1
M1
Laser
Galvanometer
scanner
Beam expander
o —
M2

FBS

F-theta lens

Sample

Fig. 41 Typical setup for laser ablation experiments using FBS

76



4.4 Experimental procedure for estimation of the layer exposure
threshold

A simple method of the material ablation threshold determination [95] was
used to estimate the upper layers removal threshold to expose the underneath
one. We determined this measurement as a layer exposure threshold. The
method includes measuring diameters of the exposed layer area ablated with

different laser pulse energies (see Fig. 42).

7Zn0O
[ A A _§Cd8

:sf\:/:fs

Pl

4.42 uJ@10 pulse 1.42 WJ@10 pulse 0.61 uJ@10 pulse

Fig. 42 lllustration of layer exposure threshold measurements.

The diameter of the exposed area is related to laser and material parameters as

follows:
2 2 Fo
D =2w, In| = |, (37)
Fn
where:
2E
F = g (38)
W,

W, is the beam radius, F, is the laser fluence, Fy, is the exposure threshold, E,
is the laser pulse energy.

Radius of the focused laser beam on the surface can be estimated from the
linear fit of D2~In(Ep) function, where fitted slope is equal to 2w,>. Then the
exposure threshold fluence can be determined from the linear fit of D*~In(Fo)

function, where D?=0.
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Fig. 43 The squared diameter D? of the exposed layer area as a function of the laser
fluence applied in ZnO:Al/ZnO/CdS/CIGS/Mo/PI structure. The solid line

corresponds to the linear fit of experimental data.

As many pulses are attacking the same area on the surface, accumulation of
different type defects might reduce the threshold energy density required to
evaporate the material in the interaction region. In this case, the ablation
threshold depends on the number of laser pulses N, which are applied into the
same area. The first 1000 laser pulses has effect on the ablation threshold in
polymers and other materials [55]. No alteration was observed for the larger
number of pulses. According to the accumulation model of Jee et al. [96], the

ablation threshold and the number of laser pulses are related by an equation:
Fa(N) =R, (N, (39)
where 0 < £ <1 is the accumulation coefficient, which describes incubation of

defects after laser irradiation.
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4.5 Electrical characterization of solar cells

4.5.1 Efficiency measurement setup

The most fundamental technique for solar cell characterization is measurement
of the cell efficiency. Standardized testing allows comparison of the devices
manufactured by different companies and laboratories by different
technologies. The International Organization for Standardization (1SO) is
responsible for standardization of the characterization of extraterrestrial solar
cells. These norms correspond to the standards IEC 60904-1 to IEC 60904-10.
Basic scheme of the solar cells efficiency measurements is shown in Fig. 44.
More detailed information on the I(V) measurements can be found in
section 2.3.3.2.

Cooling fan

Current-voltage
source

ONO)
®

®
é o N /Solar cell

e

Fig. 44 Scheme of solar cell efficiency measurements.

In the study all solar cell efficiency measurements were performed at the
standard testing conditions at Solarion AG. The standard conditions for cell
testing were:

1. Air mass 1.5 spectrum (AML1.5) for terrestrial cells;

2. Intensity of irradiation 1000 W/m?;

3. Cell temperature 25 °C;

4. Four-point probe measurement in order to remove the effect of

probe/cell contact resistance.
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4.5.2 Lock-in thermography (LIT)

Lock-in thermography has been proven as a valuable technique for non-
uniformity diagnostics in crystalline and multi-crystalline solar cells [97,98].
Thermography, evaluating the local solar cell surface temperature due to the
application of a forward bias in the dark, enables the detection of shunt
currents via their local heating effect. However, a sensitivity limit well below
1 mK is necessary to investigate the behavior of weak shunts at the normal

operating point of 0.5 V forward bias or below [98].

I [—"

IR
camera

-2

Temperature map of solar cell

Lock-in -
amplifier —
®

¢ V> .
*— olar cell
)\ <

Fig. 45 Scheme of the lock-in thermography measurements.

In the lock-in thermography technique, the heat action is applied periodically,
and only the local periodic temperature modulation is evaluated [99]. Due to
this modulation technique only the heat-induced signals are detected, but the
stationary and slowly varying image information (topography contrasts,
inhomogeneous emissivity, temperature drift, etc.) is omitted. Averaging over
many periods makes it possible to enhance the signal-to-noise ratio by several
orders of magnitude. Finally, the spatial resolution of the lock-in thermography
is governed by the frequency-dependent thermal diffusion length of the thermal
waves. Thus, depending on the lock-in frequency, the spatial resolution can be

drastically increased relative to the stationary thermography [98].
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4.5.3 Laser-beam-induced current (LBIC) measurements

The laser-beam-induced current (LBIC) technique is a simple procedure for the
superficial characterization of photosensitive devices, both those used as
photovoltaic energy generators (solid state solar cells, photo-electro-chemical
cells, etc) and those used to detect and measure radiation (photodiodes,
photoresistors, etc). The technique uses monochromatic laser radiation with
wavelength of ~650 nm to irradiate a small section of the surface of a solar
cell, measuring the electric current generated. By moving the solar cell sample
with a XY linear stage, the superficial mapping of the generated photo-
response enabled us to obtain information about the relationship between the
quantum yield and its possible structural defects [100]. The basic scheme of

LBIC measurement technique is shown below (see Fig. 46).

Diode laser

Current map

Fig. 46 Scheme of LBIC measurements set-up.

4.6 Visual and chemical analysis

Visual characterization of the solar cell samples was performed with the
Olympus BX51 optical microscope. More detailed analysis of samples was
performed with the scanning electron microscope JEOL JSM-6490LV
equipped with the energy dispersive X-ray spectrometer EDS.
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To stimulate the emission of characteristic X-rays from a specimen, a high-
energy beam of charged particles such as electrons is focused into the sample
being studied. At rest, an atom within the sample contains ground state (or
unexcited) electrons at discrete energy levels or electron shells bound to the
nucleus. The incident beam may excite an electron in an inner shell, ejecting it
from the shell while creating an electron hole where the electron was. An
electron from an outer, higher-energy shell then fills the hole, and the
difference in energy between the higher-energy shell and the lower energy
shell may be released in the form of an X-rays. The number and energy of the
X-ray photons emitted from a specimen can be measured with an energy-
dispersive spectrometer. As the energy of the X-rays photons is characteristic
of the difference in energy between the two shells, and of the atomic structure
of the element from which they were emitted, this allows the elemental

composition of the specimen to be measured.

4.7 Structural characterization by Raman micro-spectroscopy

Raman spectroscopy is a spectroscopic technique used to study vibrational,
rotational, and other low-frequency modes in a system [101]. It is based on
inelastic scattering, or Raman scattering, of monochromatic light, usually from
a laser in the visible, near infrared, or near ultraviolet range. The laser light
interacts with molecular vibrations, phonons or other excitations in the system,
resulting in the energy of the laser photons being shifted up or down. The shift
in energy gives information about the vibrational modes in the system.

CIGS is a thermally sensitive material and laser scribing can lead to structural
changes on the melted edges of the scribe causing defect formation. Raman
measurements of laser affected areas were performed with 632.8 nm excitation
(He-Ne laser) by using the confocal Raman spectrometer/microscope LabRam
HR800 (Horiba Jobin Yvon). The excitation laser power at the sample was
restricted to 1 mW and the laser beam was focused to ~ 2 um diameter spot on

the surface to obtain high spatial resolution of the investigated surface.
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5 THIN-FILM SOLAR CELL SAMPLES

Three types of flexible multilayer structures of the CIGS solar cells were

investigated:
(a) with a thick top-contact made of ITO (1 um);
(b) with a thick top-contact made of ZnO:Al (350 nm);
(c) without a top-contact.

The absorber layer of Culn,Ga(;.,Se, was 2 um thick in all cases. A thin buffer
layer of ZnO and CdS was between the top-contact and the absorber. The back-
contact was made of molybdenum (1 um) deposited on polyimide (PI) film
with the thickness of 25 um. The samples were prepared by Solarion AG,
Germany. The exact composition of CIGS was a commercial secret of Solarion
AG and was not disclosed. The sample (d) was a substrate covered with a
molybdenum layer.

10-50nm CdS+Zn0O

i 2 ZnO:Al
1um ITO '
0.5um ::L
25pum
Pl Pl Pl Pl
(a) (b) (©) (d)

Fig. 47 The solar cell samples used in the scribing and ablation experiments.
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6 PICOSECOND LASER PROCESSING OF THIN-FILM CIGS
SOLAR CELLS

Material related to this chapter was published in [A1]-[A8] and [C1]-[C25].

6.1 P21 process: scribing of molybdenum to form the back-contact

P1 process is defined as patterning of isolation lines in solar cell back-contact.
It defines the number of cells and the cell area/width. Two types of
experiments will be presented in this chapter: (i) ablation of the solar cell back-
contact with the burst of laser pulses to define a working window of the laser

ablation parameters; (ii) scribing experiments for the process optimization.

6.1.1 Ablation of Mo/PI structure

Series of samples were prepared by ablating craters and trenches in the thin-
film Mo/PI structure with the picosecond laser fundamental harmonics. In case
of 1064 nm wavelength, craters were made with a single laser pulse or a burst
of pulses, consisting of 10, 100 or 1000. Experiments were repeated at least 10
times, and the laser pulse energy was changed between series of experiments.
When the energy density (fluence) exceeded a certain value depending on
material properties, the material was evaporated and removed. Experiments

were performed on the molybdenum film and the polyimide substrate.

Table 9 Single pulse and multi-pulse (10, 100, 1000) ablation thresholds of
molybdenum film and polyimide. Laser: PL10100, 10 ps, 1064 nm. Numbers 1, 10,
100, 1000 are for the number of laser pulses to ablate a crater.

Ablation threshold Fy, (J/cm?)

1 10 100 1000
Molybdenum - 5.89 0.9 0.14
Polyimide 1.59 - 0.44 0.13
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The diameter of craters etched with laser pulses was measured and used to
estimate the minimal laser fluence that corresponds to the start of material
evaporation. We used a standard method to estimate the threshold discussed in
section 4.4. The results of evaluations are shown in Table 9. We did not
succeed in initiating ablation of the molybdenum film with a single laser pulse
in the range of used pulse energies. When the film of molybdenum was
irradiated by a burst of laser pulses, every pulse modified the surface and the
film increasing its absorptivity. Therefore, the ablation threshold fell down
with an increase in the number of pulses applied to irradiation. The variation
can be expressed by an accumulation parameter [96] with a typical value for
bulk metals of § =0.9-0.7.

1000 e
100

(F

N*F_(N)

0.1 U | T LR | T L T L T T
1 10 100 1000

Fig. 48 Relation between the number of laser pulses N used to ablate a crater and the
multi-pulse ablation threshold of molybdenum film and the polyimide substrate.

Evaluation of the accumulation parameter was performed for the molybdenum
film and polyimide. Results are shown in Fig. 48. Our value for the
molybdenum film is quite low (¢ =0.19), probably because of limited heat
dissipation in the thin film. Polyimide experienced less variation in its
absorption properties. Its ablation threshold also fell down with a number of

laser pulses applied, but the effect was less prominent. Ablation properties of
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both materials became closer in the multi-pulse regime, making selective
removal more complicated. Therefore, we limited an overlap of laser pulses in

the scribing regime when trenches were produced in the films.

6.1.2 Scribing of Mo/PI structure

As the ablation thresholds of molybdenum and polyimide were close to each
other at high beam overlap, we limited the experiments to a high translation
speed when only a few laser pulses affected the same area of the film.
Moreover, a high processing speed is preferable for the application. Using the
infrared 1064 nm laser radiation, the molybdenum film was removed from the

substrate. The metal was not evaporated but formed ridges from melt on rims

of the processed trench (Fig. 49a, Fig. 50).
- _

(b)

Fig. 49 Pictures of trenches ablated with the laser: (a) Optical microscope picture
(laser: A = 1064 nm, 2.4 W, 50 kHz, translation speed 600 mm/s); (b) SEM picture
(laser: A =355 nm, 2.35 W, 100 kHz; translation speed 600 mm/s).

The substrate was damaged when the translation speed was below 600 mm/s at
the 50 kHz pulse repetition rate. At a translation speed higher than 700 mm/s,
the beam overlap was too small to completely remove the metal along the
trench. As the Gaussian spatial profile of the laser beam was used in
experiments, central part of the laser spot tended to penetrate into polyimide.

Flattening of the profile should help to remove the layer smoothly and prevent
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damage of Mo in the center of scribed trench. Similar experiments were
performed using laser radiation converted to ultraviolet (UV) at the 355 nm
wavelength. Removal of the metal film by evaporation from the polymer
substrate with a low melting temperature tended to damage the substrate by the
high intensive center of the laser spot. The main difference of the processing
quality using the UV radiation was clean edges of trenches without appreciable

melt formation (Fig. 49b).

pm{div
3.0

10, pro/di

Fig. 50 AFM picture P1 scribe (laser: A = 1064 nm, 2.4 W, 50 kHz, translation speed
600 mm/s).

6.1.3 Conclusions

1. Ablation properties of both molybdenum and polyimide materials became
closer in the multi-pulse regime, making selective removal of the Mo film
more complicated. Therefore, the process should be optimized for the low
pulse-overlap regime.

2. Narrow processing windows of laser fluence and pulse overlap were
estimated for both 1064 nm and 355 nm wavelengths of laser radiation to

scribe the molybdenum back-contact on the substrate.
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6.2 P2, P3 processes: exposure of the molybdenum back-contact

P2, P3 processes are defined as the processing of complete solar cell structure
to open the Mo back-contact. Three different types of solar cell materials were
laser-processed to open the Mo back-contact. Two types of experiments are
presented in this chapter: (i) ablation of the solar cell samples with a burst of
laser pulses to define a working window of the laser ablation parameters; (ii)

scribing experiments for the process optimization.

6.2.1 Ablation of the absorber and front-contact layers to expose the

molybdenum back-contact

The light absorbing layer of Culn,Ga;-«Se, deposited on the back-contact
should be structured forming parallel trenches in it. We used a complete
structure of layers in our experiments to estimate the processing regimes. The
aim at this research was to remove all the top layers, including CIGS and to
expose the molybdenum back-contact. The first experiments included ablation
of craters with 2 and 10 laser pulses with different pulse energies at 1064 nm

wavelength.

Sample #2, 3.5 uJ In Se

Fig. 51 SEM pictures and EDS maps of the craters ablated with 10 laser pulses with
the energy of 5 uJ and 3.5 uJ. (Laser: 2=1064 nm, ITO/ZnO/CdS/CIGS/Mo/Pl).
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Ten pulses corresponded to the value of the laser beam overlap when the
quality of trenches was the best without a significant damage to the polyimide
substrate. The samples were investigated with SEM using the X-ray electron
dispersion spectrometer because visual contrast did not allow discrimination of
differences in chemical composition of layers. Fig. 51 presents comparison of
the SEM pictures with the EDS maps of spatial distribution of particular
chemical elements in a close surrounding of the laser-made craters.

By ablating with the pulse energy of 3.5 uJ, concentration of indium decreased
and a signal from Se atoms appeared at the center of the crater. The top layer
of conducting ITO was evaporated and the CIGS layer was exposed. Use of a
higher pulse energy (5 wJ) exposed the CIGS layer in a larger area but in the
central part of the crater, where the laser intensity was higher, the whole
material was evaporated and molybdenum back-contact was exposed. At the
pulse energy of 20 wJ, carbon atoms from the polymer were found in EDS
spectra.

To investigate laser wavelength effects, two types of experiments were realized
with ablation using 2 and 10 pulses per spot with 1064 nm and 532 nm
wavelengths at different laser fluences. Typical SEM images of multi-pulse

ablation and exposure of the Mo back-contact with different wavelengths are

Fig. 52 SEM images of Mo layer exposure in ZnO:Al/ZnO/CdS/CIGS/Mo/Pi
structure by laser pulses: (a) 44 uJ, 2 pulses@1064 nm; (b) 2w,
10 pulses@1064 nm, (c) 2 uJ, 10 pulses@532 nm.

The threshold values for the laser fluence required to remove the top-contact

and absorber layers to expose the molybdenum film as well as the beam waist
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on the processed surfaces were evaluated by the method proposed by Liu [95]
for Gaussian beams and are shown in Table 10. The highest thresholds to
expose the molybdenum layer for both wavelengths were found for the
structure of 1TO/ZnO/CdS/CIGS/Mo/PI with the thickest top-contact of 1 um.
For the structure of ZnO:AIl(350 nm)/ZnO/CdS/CIGS/Mo/Pl, the Mo exposure
threshold values were lower due to the thinner top-contact. The lowest
threshold was found for the structure without a top-contact of
ZnO/CdS/CIGS/Mo/Pl.

Table 10 The threshold fluencies for exposure of the molybdenum back-contact and
beam waist estimated from the crater ablation in three types of CIGS solar cells using
picosecond laser radiation at 1064 nm and 532 nm wavelengths.

2 pulses 10 pulses

Mo exposure Beam Mo exposure Beam

threshold, waist, threshold, waist,
1064 nm Jlem? um Jlem? um
ITO/ZnO/CdS/CIGS/
Mo/PI ) ) L3 03
ZnO/CdS/CIGS/ Mo/PI - - 0.84 7.8
ZnO:Al/ZnO/CdS/CIGS/
Mo/PI ) ) 094 05
532 nm
ITO/ZnO/CdS/CIGS/
Mo/P 19.4 8.9 1.3 7.1
ZnO/CdS/CIGS/ Mo/PI 4.7 7.4 0.8 5.9
ZnO:Al/ZnO/CdS/CIGS/ 16.7 77 1.05 6.1
Mo/PI
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Fig. 53 Relationship between the exposed area of the Mo layer and the accumulated
irradiation dose for 2 (solid dots) and 10 (open dots) pulses at: (a) 1064 nm
wavelength, (b) 532 nm wavelength.

The relationship between the exposed area of the Mo layer and the
accumulated irradiation dose for 2 and 10 pulses for both wavelengths is
shown in Fig. 53. The irradiation doses required for opening the Mo back-
contact at 1064 nm and 532 nm wavelengths were found to be similar for the

same structures of CIGS solar cells, although the ablation quality was different.
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A larger melted area of the CIGS layer was spotted at the edges of the crater
when ablating with low energy laser pulses at 532 nm wavelength, although
melted CIGS was observed at both 1064 nm and 532 nm wavelengths. At both
wavelengths, a few high energy laser pulses peeled the top-contact leaving
extensive melt of the CIGS. While ablating CIGS material with a burst of low
energy pulses, the melted area was significantly reduced. A higher overlap of
laser pulses slows down the scribing process. Therefore, for the real scribing
process, it means that lasers with a high repetition rate should be applied and
the laser pulse energy could be focused to an elliptical spot [63] or split into a
few channels to increase the overall process speed.

Wavelength-dependant ablation behavior was observed in the experiments. As
CIGS solar cell is a multi-layer structure and is made of different materials the
ablation properties of single layer can vary a lot. The P3 patterning requires
ablation of the whole top layer to expose the Mo back-contact and selection of
optimal wavelength is very important. For this modeling of laser radiation

absorption will be presented in next section.

6.2.2 Modeling of the energy coupling and laser-induced stress

Selection of the right laser wavelength is important to keep the energy coupling
in a well defined volume at the interlayer interface. The finite element method
using COMSOL Multiphysics packages was applied to simulate the process.
The modeling was split into a few stages, including the laser energy coupling
by electrons, evolution of the electron and lattice temperatures according to the
two-temperature method and stress induced by rapid local heating of the
materials. All simulations were performed for three different CIGS solar cell
structures as well as for a set of laser wavelengths available at the laboratory.
The laser energy coupled inside the films can be found by solving the
absorptivity equation (16) (see section 3.1).

Each material (layer j) in a stack of a CIGS structure was described by its own

set of parameters (n;, kj) [102], and each layer was sliced into multiple sub-
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layers. Boundary conditions included transmission and back-reflection at inner
interfaces of the stack, and were considered automatically using transmission
matrixes (31) for each layer as described in section 3.4. Equation (16) was
solved numerically and its solution was the energy locally coupled from an
incident laser pulse inside the material stack Q(x) — energy losses in a sub-
layer. The losses depended on the longitudinal coordinate (x) and time relative
to the laser pulse. Q(x) describes the local energy deposition at each point of
the beam propagation along the x-axis, perpendicular to the CIGS structure

surface.

Qx,t)={ Q(x), t<Az, / 0, t>Ar}. (40)
The laser pulse was described by the Heaviside delta function with the pulse
duration of 4z = 10 ps. Therefore, the energy coupling took place only within
this time span. Results of simulation in CIGS with the ITO top-contact for
different laser wavelengths are presented in Fig. 54.
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Fig. 54. Distribution of energy coupled from a laser pulse inside the CIGS structure,
depending on wavelength of laser radiation. Laser pulse duration - 10 ps; fluence -
1 J/em?,

Reflection at inner interfaces in partially transparent films caused periodical
modulation of the absorbed laser energy. UV radiation at 266 nm was absorbed
in a thin layer close to the outer surface of ITO and selectivity of the ablation
process was hardly to be expected. Radiation with longer wavelength pulses
penetrated into the CIGS solar cell stack and the penetration stopped in a layer
with high absorption: CdS for 355 nm, CIGS itself for 532 nm. The infrared
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light can reach the molybdenum back-contact. Localization of the coupled
energy at inner interfaces was a key to control selectivity of the laser scribing
process.

Numerical simulation of the temperature distribution in the CIGS solar cell
structures after absorption of a laser pulse was performed depending on the
wavelength of laser radiation in order to find out removal mechanisms of the
transparent conductor and CIGS layers. Evolution of the electron and lattice
temperatures inside the layers was simulated using the two-temperature model.
The model predicts temporal and spatial evolution of the lattice and electron
temperatures in the irradiated material by two coupled heat diffusion equations
(see section 3.3).

An energy source Q is the coupled energy from the previous step of simulation.
The temperature dependence of heat diffusion and capacity for electrons was

approximated for all materials, excluding molybdenum, as:

C,=AT,, where A, =71 Im°K>, (41)

Thermal conductivity of electrons:

K, =K, D%,where K,o = 318 Wm™K™ (42)

e e
|

The electron-phonon coupling coefficient was kept constant and equal to
g=2.1 10" W/m3K [14]. More exact data of C.(T.) and g(T.) for electrons in
molybdenum are taken from the specialized web site prepared by Z. Lin and L.
Zhigiley [103]. Other parameters of materials were collected from different
sources and are presented in section 3.5.

Longitudinal distribution of the electron and lattice temperatures inside the
ITO/CIGS/Mo/PI structure at the end of a laser pulse (10 ps) for different
wavelengths of laser radiation is shown in Fig. 55. Numerical simulation
shows that the 532 nm and 355 nm laser radiation is well absorbed at the
interface between the upper ITO contact and the CIGS layer which may

facilitate the material removal with a high layer selectivity. The 266 nm laser
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radiation is absorbed by ITO which leads to a direct material removal by

evaporation with a poor layer selectivity.
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Fig. 55. Distribution of electron (a) and lattice (b) temperatures at the end of the laser
pulse inside the CIGS structure depending on the wavelength of laser radiation. Laser
pulse duration - 10 ps; fluence - 1 J/cm?.

For the infrared 1064 nm and 1572 nm radiation, the high temperature of the
molybdenum surface and good selectivity of CIGS layer removal can be
predicted (see Fig. 55) because the laser radiation with these wavelength pulses

penetrates through the absorber and is well absorbed at the CIGS-Mo interface.
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Fig. 56 Evolution in time of electron (a) and lattice (b) temperature distribution inside
the CIGS structure for 1064 nm laser radiation. Laser pulse duration - 10 ps; fluence -
1 J/lem?.

High temperature at the CIGS-molybdenum interface remains over a time span

of a few hundred picoseconds, while the CIGS layer itself is kept cold all the
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time (see Fig. 56). This can prevent the CIGS material from thermal
degradation. Such localization of the heat is possible only by excitation with
ultra-short laser pulses.

SEM images in Fig. 57 show experimental CIGS ablation with 532, 1064 and
1572 nm wavelength pulses. In case (a), the 532 nm radiation peels the ITO top
contact leaving the CIGS layer exposed, although the ablation of the CIGS
layer is not accurate due to direct absorption of the laser light. In case (b), the
1064 nm wavelength laser pulses were well absorbed at the CIGS/Mo interface
and clean exposure of Mo layer with the 1064 nm irradiation was observed. In
case (c), the 1572 nm wavelength laser pulse energy was not sufficient to fully

remove the CIGS layer.

X2,000 10pm

(@ 45uJ, 2 pulses, (b) 25 uJ, 2 pulses, (c) 18, 5 pulses,
532 nm 1064 nm 1572 nm

Fig. 57 SEM images of craters ablated in ITO/ZnO/CdS/CIGS/Mo/Pl (a,b) and
ZnO:Al/ZnO/CdS/CIGS/Mo/PI (c) illustrating effect on the selectivity in energy
coupling to material removal quality: ITO can be cleanly removed at 532 nm and
CIGS — at 1064 nm or 1572 nm wavelength laser pulses.

To evaluate the mechanical stress generated in layers under the fast laser
heating, the approximate solution of the thermo-elasticity equation for a round
plate with fixed edges may be used [104]:

21-v) | (43)
where E is the Young module; ¢, is the linear thermal expansion; v is the
Poisson ratio.

A rapid temperature increase leads to the local thermal strain. According to our

simulations, the temperature rise AT can be as high as 6000 K. This results in
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stress values within different layers in the range of tens of GPa. These values
are much higher than the expected yield stress of the materials. The irradiated
area of the sample experiences plastic deformations and can be fractured under
laser-induced thermal stresses. Similar approach was applied for modeling the
nanosecond laser scribing of a-Si solar cells [43].

The top-contacts made of ITO and ZnO:Al have similar optical properties for
visible light (532 nm). However, their behavior under laser irradiation is
completely different. The reason is a tensile strength of the materials: 415 MPa
for ZnO [105] versus 130 MPa for ITO [106]. Stress induced by the pulsed
laser heating was high enough to initiate spallation of the ITO layer, but not
strong enough for ZnO film ablation. A clean removal of all layers from the
molybdenum back-contact is important for P3 scribing. The infrared laser
beam penetrates into the inner CIGS-Mo interface, causing local heating. If the
energy coupled at the interface exceeds the mechanical strength of all upper
layers, spallation may occur as in the case of Fig. 57b. The 1064 nm radiation
Is partially absorbed in the films, therefore melting is still evident on the edges.
Radiation with the 1572 nm wavelength penetrates up to the CIGS-Mo
interface without significant losses, and the front spallation is triggered by the

stress induced by a laser pulse of that wavelength (Fig. 57c).

6.2.3 Processing with the 1064 nm wavelength

When ablating with a burst of high-energy laser pulses, extensive melting of
the CIGS layer was observed. A further increase of the pulse energy helped to
remove the damaged layers by material lift-off process, although no such effect
was observed in the scribing regime. Lowering the pulse energy and applying a
longer pulse burst facilitated an increase in selectivity of layer ablation and
significantly reduced melt formation in the CIGS layer (see Fig. 58). Such

conditions were also observed in the scribing regime.
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Fig. 58 SEM images of craters ablated in ITO/ZnO/CIGS/Mo/PI structure using the
1064 nm radiation.

Smooth trenches were scribed in all three types of solar cell materials with a
low laser power, high pulse overlap and single pass beam scanning to open the
molybdenum back-contact. Typical laser scribes are shown in SEM images
below. In case of the solar cell structure with the ITO top-contact, some debris
and ripple formation were observed in the exposed molybdenum layer,
although all the layers had sharp interfaces at the edges of the scribed trench
(see Fig. 59).
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Fig. 59 Laser scribes in ITO/ZnO/CdS/CIGS/Mo/PI structure, 1064 nm wavelength,
450 mW, 100 kHz, 4.5 pJ, 90 mm/s, single pass.

Use of gentle ablation with a low laser power and high pulse overlap together
with two-pass scanning allowed us to achieve very smooth laser scribes with
the high layer selectivity in 1TO/ZnO/CdS/CIGS/Mo/PI structure, although

process productivity was low (see Fig. 60).
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Fig. 60 Laser scribes in ITO/ZnO/CdS/CIGS/Mo/PI structure, 1064 nm wavelength,
100 mW, 100 kHz, 1 nJ, 100 mm/s 2 scans.

In case of structure with ZnO:Al top-contact (ZnO:Al/ZnO/CdS/GIGS/Mo/Pl),
ablation with a burst of laser pulses was also applied. The situation was the
same as for samples with the ITO top-contact. When ablating with a burst of
high energy laser pulses, extensive melt of the CIGS layer was observed.
Lowering the pulse energy and applying a longer pulse burst facilitated an
increase in selectivity of the layer ablation and significantly reduced melt

formation in the CIGS layer.

sy Aot

44 uJ, 2 pulses 2 ulJ, 10 pulses
Fig. 61 SEM images of craters ablated in ZnO:Al/ZnO/CIGS/Mo/PI structure.

A smooth removal of the upper layers was achieved with a low laser power and
high pulse overlap in a single pass scanning. Multi-pass scanning with the
lower laser power did not help to increase the scribing quality. Some melt
formation was still observed at the edges of the scribe due to the Gaussian

beam distribution.
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Fig. 62 P3 laser scribes in ZnO:Al/ZnO/CdS/GIGS/Mo/PI structure.

The EDS analysis did not detect any deposition of melted molybdenum at the

edges of the scribed trench, all the layer interfaces had sharp edges.

Content of elemnts, %

-
[N B (=2 @® o

o o o o o o
1 | L

N 1
Cu Ka1
Zn Kat L

0z
L

or
L

08 09
L L

00l
L

wi ‘x

Fig. 63 EDS analysis of the laser scribe in ZnO:Al/ZnO/CdS/CIGS/Mo/PI
sample,1064 nm wavelength, 600 mW, 100 kHz, 6 uJ, 200 mm/s single pass.

In case of the structure without a top-contact (ZnO/CdS/CIGS/Mo/Pl), the
ablation experiments revealed the same behavior as in previous samples when
ablating with a burst of laser pulses. Ablating with a burst of high energy laser
pulses, an extensive melt of the CIGS layer was observed. Lowering the pulse
energy and applying a longer pulse burst facilitated an increase in selectivity of

layer ablation and significantly reduced melt formation in the CIGS layer.
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Fig. 64 SEM images of craters ablated in ZnO/CdS/CIGS/Mo/PI structure with
1064 nm wavelength.

Smooth exposure of the molybdenum layer was observed by single and multi-
pass scanning methods. The multi-pass scribing left narrower melt formation
zones at the edges of the scribes compared to the single-pass scribing, although

the productivity was lower.
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550 mW, 100 kHz, 5.5 pJ, 300 mm/s, 75 mW, 100 kHz, 0.75 pJ, 300 mm/s,
single pass. 10 scan.
Fig. 65 Laser scribes in ZnO/CdS/GIGS/Mo/P1 structure ablated with the 1064 nm
wavelength.

In all samples, use of the 1064 nm laser wavelength enabled us to scribe with a
low thermal damage to the surrounding material. For all samples, the average
width of laser affected area at the edges of the scribes was 5.7 um and taking in
account both sides of the trench it reached 51 % of the total scribe width.
Considering the cost of the industrial scribing device, the fundamental

harmonics of the picosecond laser is the best choice.
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6.2.4 Processing with 532 nm wavelength

Experiments with a burst of laser pulses at 532 nm revealed similar ablation
behavior as processing with the 1064 nm wavelength. Ablation with high
energy pulses caused pealing of the ITO and ZnO layers due to thermo-
mechanical process. The ablation of the CIGS layer took place only in the

center of the laser Gaussian beam (see Fig. 66).

45 uJ, 2 pulses ‘ 3.4 uJ, 10 pulses
ITO/ZnO/CIGS/Mo/PI structure.
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Fig. 66 SEM images of craters ablated in CIGS structures with the 532 nm

wavelength.
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Lowering the pulse energy and applying a longer pulse burst facilitated in an
increase of ablation quality. The CIGS layer was smoothly removed with the
low melt area formation at the edges of the crater.

SEM images of scribes in the 1TO/ZnO/CdS/CIGS/Mo/PI structure with the

532 nm radiation made by single and multiple scans are shown in Fig. 67.

Fou e P PR

O : 2 A SRS
3 W, 100 kHz, 800 mm/s, single pass 100 mW, 100 kHz, 1 m/s, 9 scans
Fig. 67 Laser scribes in ITO/ZnO/CdS/CIGS/Mo/PI structure ablated with the
532 nm wavelength.

Using of the high average laser power to scribe the CIGS films with the ITO
top-contact in a single scan led to peeling of the ITO layer over a wide area
(width ~30 um) while exposure of the Mo film by CIGS ablation was only
6 um wide (see Fig. 67). A smooth scribe was achieved using 10 times reduced
laser power and multiple scans. The width of exposed molybdenum was nearly
the same, and the width of removed ITO was 13 um. Edges of the scribe were
smooth but the presence of remelted CIGS was obvious.

Similar results were achieved with ablation of ZnO:Al/ZnO/CdS/CIGS/Mo/PI
and ZnO/CdS/CIGS/Mo/PI structures. Scribing with high pulse energies and
single pass mode enabled forming the ~5 um-wide melted area of the CIGS
material on the edges of the formed trench. The molybdenum back-contact was
uncovered smoothly, although some debris of the melted layers was observed
in high resolution SEM images (see Fig. 68). When ablating with lower pulse
energies and applying multi-pass scanning mode, the melted area of the CIGS
material was reduced. Ripple structures were observed at the edges of scribed
trench. Although gentle ablation with the multi-pass scanning enabled us to

increase the scribing quality, the process time was significantly enlarged. For
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all samples the average width of laser affected area at the edges of the scribes
was 6.2 um and taking in account both sides of the trench it reached 61 % of

the total scribe width.

X2,000 10pm X2,000 10pm

500 mW, 100 kHz, 200 mm/s single pass 50 mW, 100 kHz, 200 mm/s, 4 scans
ZnO:Al/ZnO/CdS/CIGS/Mo/PI structure

500 mW, 100 kHz, 270 mm/s single pass 50 mW, 100 kHz, 200 mm/s, 9 scans
ZnO/CdS/CIGS/Mo/PI structure

" X2,000 10pm- .

Fig. 68 Laser scribes in CIGS structures with 532 nm wavelength.

104



6.2.5 Processing with 355 nm and 266 nm wavelengths

The UV laser radiation (355 nm) was used to selectively scribe trenches in
layers of the ITO/ZnO/CdS/CIGS/Mo/PI solar cell structure. The process
parameters are presented in Table 11. Keeping the laser parameters the same
and varying only the translation speed it was possible to find out the regimes of
laser structuring in the CIGS multilayer system:

o to evaporate the upper electro-conducting layer of ITO;

o to remove the semiconducting film and expose the molybdenum back-
contact (P3 process);

o to make an isolation trench by laser ablation of all films down to the
polyimide substrate (edge isolation process);

o to cut a complete structure of the CIGS solar cell together with the

substrate.

Table 11 Regimes of selective removal of layers and cutting of the CIGS multilayer
structure. (Laser: P=2.35 W, 1=355 nm, 100 kHz).

Scanning

Regime Process
speed, mm/s
#1 900 Removal of the ITO film
#2 380 Exposure of the Mo back-contact (P3)
#3 150 Isolation trench down to the polyimide foil
#4 35 Cutting of the CIGS multilayer

SEM pictures of trenches ablated in the CIGS structure at different regimes and
distribution of main chemical components in the cross-section of trenches are
shown below. The top-layer of ITO as well as the thin buffer layers of ZnO and
CdS were cleanly removed at the regime #1 (Fig. 69). The Se and Cu signals
were detected with the EDS at the bottom of the trench with a synchronous
decrease in the concentration of In. The elements formed the absorber layer.

Molybdenum and carbon were found at the background level.
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Fig. 69 SEM picture and EDS profile of a trench ablated in the ITO top layer to
expose the absorber film. (Laser: 2.35 W, 1=355nm, 100 kHz; translation speed
900 mml/s).

ITO has low absorption for the 355 nm radiation and thermal exfoliation
prevails [107]. The surface of the CIGS layer shows some sings of melting in
the central part of the trench. As the properties of the surface of CIGS strongly
depend on the bulk stoichiometry [108], heating might affect electrical
properties of CIGS and special photo-electrical experiments are planned for
verification.

When the translation speed was reduced to 380 mm/s keeping all other
processing parameters the same (Fig. 70), the laser was able to evaporate a
CIGS film and expose the Mo back-contact. High signal of Mo atoms was
detected with the EDS in the central part of the trench.

The trenches had no sharp edges. This is a consequence of the Gaussian spatial
distribution of energy in the laser beam. Slopes of the trenches were formed of
partially removed layers and included Culn,Ga;.xSe, at the bottom as quite
strong signals of Se were detected with EDS. The trenches were narrow
enough to ensure dense dislocation of separation lines between elements in
solar cells. The upper layer of the top-contact was not affected outside the
irradiation area.
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Fig. 70 SEM picture and EDS profile of a trench ablated down to the Mo layer to
expose the back-contact. (Laser: 2.35 W, A=355nm, 100 kHz; translation speed
380 mm/s).
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Fig. 71 Cross-section of the CIGS photovoltaic element cut with the laser and its
chemical composition estimated by EDS. Arrow indicates the EDS scan direction.
Length of the arrow is 5 um. (Laser: 2.35 W, 1=355 nm, 100 kHz; translation speed
35 mm/s).

A slow translation speed (35 mm/s) was used to cut the whole CIGS/substrate
structure with the picosecond laser. Cuts of this kind are not required in the real
production cycle, but the EDS investigations of a cross-section provided
information about the quality of laser processing. SEM picture of the cross-

section of the multi-layer CIGS structure is shown in Fig. 71.
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Separate layers can be easily recognized in the picture, which means that there
was no mixing during the deposition cycle and the laser processing did not
disturb regular position of the layers with sharp edges. J. Hermann et al. [14]
estimated that processing of CIGS solar cells with nanosecond lasers resulted
in spreading of molybdenum over the CIGS film creating short-circuits. The
picosecond pulse duration was short enough to prevent extensive formation of
the melt and no mixing of Mo with CIGS was found. The EDS signals of the
main chemical components of CIGS were measured along the cut depth
(indicated by arrow in Fig. 71). Atoms of molybdenum appeared in EDS
spectra on the edge of the Mo layers and were spread towards the polyimide
substrate (Fig. 71). The rise in the Mo concentration was at the same depth

where concentrations of In and Cu atoms decreased.

X2,000. FLITL - X2,000 . 10pm
150 mW 200 mw

Fig. 72 The P3 scribe in ZnO:Al/ZnO/CIGS/Mo/PI versus laser power (355 nm,

50 kHz, 300 mm/s, 20 scan).

The Gaussian beam of the picosecond laser was used for processing of the
Zn0:Al/ZnO/CdS/CIGS/Mo/PI structure with radiation of the wavelengths
equal to 355 nm and 266 nm. Fig. 72 shows results of scribing with the 355 nm
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radiation depending on the mean laser power. Grains of CIGS remained in the
trench at the low laser power, while the laser fluence in the central part was

able to crack and exfoliate the molybdenum film at the high laser power.

X3,000 5pm
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X3,0007 5pm. X3,000  5pm
20 scan 30 scan
Fig. 73 The P3 scribe in ZnO/CIGS/Mo/PI versus a number of scans (266 nm. 50
kHz, 200 mm/s, 65 mW).

Results of laser scribing with the 266 nm radiation versus a number of scans
are shown in Fig. 73. The 266 nm laser radiation had high absorption in the
ZnO layer. Therefore, the energy was initially coupled by the film itself. The
CIGS film was partially ablated at every scan. However, the tails of the
Gaussian beam affected the CIGS grains. Transformations in the layer structure
are evident from Fig. 73. The excessive number of scans led to the damage of
the molybdenum layer underneath.

Optimization of the P3 scribing process in the ZnO/CIGS/Mo/P1 solar cell
system was possible only using the 355 nm laser radiation. Sharp edges of the
trenches without damaging the metal film were achieved by removal of the
CIGS grains (Fig. 74).
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X11,000. 1pm

Fig. 74 Close view of edge of the P3 scribe in ZnO/CIGS/Mo/PI with the 355 nm
radiation at optimized parameters.

A better quality of processing with the 355 nm radiation compared with the
266 nm radiation was confirmed by the EDS profiles of the laser scribes (Fig.
75).

Fig. 75 SEM picture and EDS profiles of the P3 scribe in CIGS: 355 nm versus
266 nm wavelength.

A clean trench was produced by the 355 nm radiation, and remains of Se atoms
from the CIGS layer were found along the trench edges in a close area, as
narrow as 2 um. Transformation in the CIGS film structure after irradiation

with the 266 nm wavelength led to an intermix of ZnO and CIGS layers.
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6.2.6 Processing with 1575 nm wavelength

State of the-art Culn,Ga;.Se, (CIGS) devices generally have an average band
gap energy of around 1.2 eV [29] which corresponds to 1033 nm wavelength.
In all thin-film structure samples the CIGS layer was transparent to the
1064 nm laser radiation, although material lift-off process was accompanied by
direct layer ablation at the edges of the Gaussian beam. This effect was caused
by higher absorption at the 1064 nm wavelength in the top-contact and buffer
layers. To realize a mechanical removal of thin layers by vapor pressure due to
local heating of the CIGS-Mo interface the longer wavelengths should to be

applied.

X1,000  10pm > X1,000  10pm

(b)
Fig. 76 P3 type scribes in: (a) ITO/ZnO/CdS/CIGS/Mo/PI structure, 619 mW,
100 kHz, 40 mm/s, single pass; (b) ZnO:Al/ZnO/CdS/CIGS/Mo/PI structure,
428 mW, 100 kHz, 60 mm/s, single pass.

The pulse energy available from the used laser working at the 1572 nm
wavelength was insufficient for the thermo-mechanical removal of the CIGS
layer in a single scan for the structures with top-contacts (see Fig. 76). The
layers were removed by the direct laser ablation process due to still high
absorption in top-contact and buffer layers. In the structure of
CdS/CIGS/Mo/Pl, the 1572 nm laser irradiation power was high enough to
remove the CIGS layer by the lift-off process due to low laser radiation
absorption in thin buffer layers. The damage or melting of the material was

completely prevented by the layer spallation process (see Fig. 77). As no
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reliable picosecond laser sources are available in this range of wavelengths, use

of this approach is still challenging.

X500 50pm X16,000 1pm

Fig. 77 P2 type process in ZnO/CdS/CIGS/Mo/PI structure, 800 mW, 50 kHz,
200 mm/s, single pass.

6.3 Conclusions

1. Removal of the double layer of the absorber with the top-contact in order
to expose (open) the molybdenum layer was energetically favorable using
numerous low-energy pulses. The irradiation dose required for exposure of
the molybdenum layer was reduced by a factor of 2 to 3 when 10 laser
pulses with the wavelength of 532 nm were applied instead of 2 high-
energy pulses.

2. Selection of the right laser wavelength was important to keep the energy
coupling in a well defined volume at the interlayer interface and this might
be a way to achieve the selective removal of layers even in the front-side
irradiation geometry, which was the only acceptable process for solar cells
on flexible substrates.

3. The 1064 nm wavelength was found to be optimal for the P3 type
picosecond laser scribing of the thin-film CIGS solar cells due to thermo-
mechanical removal process of the CIGS layer. The laser affected area at
both edges reached 51 % of total scribe width.

4. Processing with the 532 nm wavelength caused a 20 % wider melted area
formation at the both edges of the scribed trench compared to the 1064 nm

wavelength due to higher laser light absorption in the semiconductor layer.
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5. The 355 nm laser processing did not help to increase the single pass
scribing quality. The low-energy multi-pass scribing showed good results,
although the process speed was too low.

6. Layer selectivity in laser processing with the 266 nm wavelength was very
low. Extensive formation of the melt material was observed due to direct
laser absorption on the structure surface.

7. Scribing with the 1572 nm wavelength was possible only in the thin
ZnO/CdS/CIGS/Mo/PI structure. The material was removed mechanically
by the micro-explosive effect of evaporated gas due to laser radiation
absorption at the CIGS/Mo interface. In other solar cell structures laser
scribing caused melting and damage to the underneath layers due to high
absorption in the front contacts. A shorter infrared wavelength with
reduced absorption on free-carriers can provide benefit in laser scribing of
CIGS.
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7 COMPARISON OF FEMTOSECOND AND PICOSECOND
LASER PROCESSING OF THIN-FILM CIGS SOLAR CELLS

Material related to this chapter was published in [A3] and [C3].

In this chapter the pulse length effects on laser processing of thin-film CIGS
solar cells were investigated. In these experiments ablation with a train of laser
pulses per spot and scribing lines were performed from the top-contact side to
expose the molybdenum back-contact using lasers with both pulse durations.
Optimal regimes for laser processing of every layer were estimated depending

on the pulse duration.

7.1 Exposure of the back-contact with a burst of laser pulses

Exposure of the Mo back-contact with several high energy pulses was found
not favorable due to pealing of top-contact and extensive melt of the CIGS
layer while ablation with a burst of low energy pulses significantly reduced
thermal diffusion into the thin layers and resulted in smooth ablation [109]. In
our research, the ablation with a train of laser pulses per spot was performed
from the top-contact side to expose the molybdenum back-contact with both
lasers. Relationship between the exposed area of Mo layer and laser pulse
energies is shown in Fig. 78 for both pulse durations.
For the picosecond pulse duration, the lower Mo exposure threshold compared
to femtosecond pulses was found. This could be laser pulse length dependant
and wavelength dependent processes:
e The 775 nm wavelength of fs laser is well absorbed by the CIGS layer and
at this point the direct material ablation takes place.
e The absorption of the 1064 nm wavelength of the picosecond laser by the
CIGS material is low and most of the laser energy is coupled at the Mo-PI
interface. In this case the material lift-off process takes place with a higher

material removal efficiency compared to the direct layer ablation.
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e Another reason could be related to the lower ablation rate of the CIGS
layer at femtosecond pulse duration due to the lower heat diffusion length
at pulse irradiation.

A lower Mo exposure threshold at the ps laser pulse durations can be the

advantage of industrial applications of picosecond lasers where the process

speed and efficiency are important. Unfortunately, due to distortions in the
beam shape of our femtosecond system, any comparative analysis of the crater
ablation quality cannot be performed for both pulse durations, although

picosecond pulses showed a larger melt area formation near the exposed Mo

area.
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Fig. 78 Relationship between the exposed area of Mo layer and laser fluence: (a)
10 ps, 1064 nm wavelength, 200 kHz; (b) 300 fs, 775 nm wavelength, 1 kHz.

Table 12 The threshold fluencies for exposure of the molybdenum back-contact and

beam diameter estimated from crater ablation for different laser pulse durations.

Pulse duration Mo exposure Gaussian beam
threshold diameter
10 ps 0.22 J/icm? 11.6 um
300 fs 1.3 Jlcm? 62 um
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7.2 P3 process: exposure of the molybdenum back-contact

For both picosecond and femtosecond laser systems, the use of high pulse
energies with the low pulse overlap caused a poor layer removal selectivity and
damage of the Mo back-contact, although more melted CIGS material was

observed when scribing with picosecond laser pulses.

(a) (b)

Fig. 79. Tilted SEM images of the P3 scribe in ZnO:Al/ZnO/CIGS/Mo/PI structure
with: (a) 10 ps, 200 kHz, 1064 nm wavelength, scribing speed 1.2 m/s; (b) 300 fs,1
kHz, 755 nm wavelength, scribing speed 4 mm/s.
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(@) 10 ps, 1.2 m/s scribing speed. (b) 300 fs, 4mm/s scribing speed.
Fig. 80. Tilted SEM images of the P3 scribe edge in ZnO:Al/ZnO/CdS/CIGS/Mo/PI
structure with: (a) 10 ps, 3.5 W, 200 kHz, 17.5 uJ, 1064 nm wavelength, scribing

speed 1.2 m/s; (b) 300 fs, 35 mW, 1 kHz, 35 uJ, 755 nm wavelength, scribing speed
4 mm/s.
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Lowering of the pulse energy and applying higher pulse overlap facilitated an
increase in selectivity of layer ablation and reduced melt formation in the CIGS
layer for both pulse durations. SEM images of P3 scribe edge in the CIGS solar
cell material with 10 ps and 300 fs pulse durations are shown in Fig. 79 and
Fig. 80. Even under optimal scribing conditions, the larger melt area formation
was observed at the picosecond laser scribe. While scribing with 300 fs laser
pulses, the melt area was significantly reduced. Cleaner Mo exposure was also
observed in the femtosecond regime. The Mo area was not covered with debris
from the CIGS layer and a smooth Mo surface was observed. The average
width of the picosecond laser affected area on the edges of the scribes was
8.1 um and taking in account both sides of the trench it reached 51 % of the
total scribe width. Processing with femtosecond laser pulses reduced the melt
area width up to 5.8 um and taking in to account both sides of the trench it
reached 23 % of the total scribe with. This could be explained by lower etch
rate and “colder” ablation of the material with femtosecond laser pulses.
Previous work [109] revealed that even at higher melt formation of the CIGS
layer during the picosecond laser scribing, no CuSe, secondary phase was
detected with Raman spectroscopy. This metallic phase formation is
responsible for short-circuit formation during laser scribing processes with
nanosecond lasers. Going to even lower thermal ablation with femtosecond

pulses, the complete, damage-free thin-film solar cell scribing can be realized.

7.3 X-ray energy dispersion (EDS) analysis

Layer selectivity and depth control are crucial for the high quality scribing of a
complex thin-film solar cell. For the nanosecond regime the main limiting
factor of solar cell scribing was projection of the melted Mo layer onto the
sidewalls of the scribed trench [16] and a significant decrease in solar cell
performance. To investigate the remaining layer structure after picosecond and
femtosecond laser scribing, The SEM together with X-ray energy dispersion

spectrometer measurements were applied. SEM images of the investigated area
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together with a map of chemical elements are presented in Fig. 81. For both
pulse durations, the EDS analysis did not detect projection of molted
molybdenum on the edges of the scribed trench and remaining layers still had
sharp interfaces. No carbon was detected at the bottom of the scribes in both
cases confirming that the Mo back-contact layer was not damaged or cracked.
This demonstrates the potential of ultra-short lasers for high quality selective
thin layer micromachining.
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(b) 300 fs, 4 mm/s scribing speed.

Fig. 81. EDS map and cross-section of the chemical element distribution of the P3
scribe edge in ZnO/CdS/CIGS/Mo/PI structure: (a) 10 ps, 1.2 m/s scribing speed; (b)
300 fs, 4 mm/s scribing speed. Lateral resolution of the EDS detector was ~1 um.
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7.4 Conclusions

1.

2.

Picosecond laser pulses provided a 6 times higher layer removal efficiency
although the remaining thermal impact on the thin layers was larger
compared to the femtosecond regime.

The melt formation area on the edges of the picosecond laser irradiated
zone reached 51 % of the total scribe width and was reduced down to 23 %
by applying shorter femtosecond laser pulses, although the laser affected
area was still present and was related to the Gaussian distributions of the

laser beams.
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8 SCRIBING PROCESS OPTIMIZATION

Material related to this chapter was published in [A2], [A4], [A5] and [C3],
[C17].

8.1 Scribing of thin-film CIGS solar cells with the shaped laser

beam of the picosecond laser

Laser scribing in multi-layered structures of modern thin-film solar cells
requires high selectivity in ablation of the films without any effect on adjusted
materials. A Gaussian beam profile does not enable achievement of distinct
boundary, and use of flat-top shaped beams is proposed to be a solution [45].
Results of the picosecond laser scribing of the ZnO:Al/ZnO/CdS/CIGS/Mo/PI

structure with the Gaussian and top-hat shaped beam profiles are shown below.

Top-hat profile beam Gaussian profile beam
Fig. 82 Tilted SEM pictures of the P3 scribe in ZnO:Al/ZnO/CIGS/ Mo/PI structure.
Laser PL10100/SH, 370 mW, 100 kHz, 532 nm; scanning speed 60 mm/s, single
pass.

More details about beam shaping and experimental setup can be found in
section 4.3. Fig. 82 presents results of the laser scribing to expose the back-
contact of Mo (so called P3 scribe). Areas of 12.3 um in width of the disturbed
absorber layer were left on both sides of the trench using the Gaussian beam
and the laser affected area reached 50 % of the total scribe width. The FBS

(diffractive optical element for a flat-top reshaping, see section 4.3) had higher
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steepness of the beam edges, which caused reduction in a width of the
modified area down to 7.1 um and 33 % of the total scribe width. The width of
the trench was less sensitive to variation in the laser pulse energy for the FBS

shaped beam.

8.2 Parallel beam scribing CIGS with the picosecond laser

The industrial scribing applications demand cost-effective high-speed
processes that can be easily integrated into the existing production lines. Thin-
film scribing usually requires laser processes with low pulse energies however
at relatively low scribing speeds for industrial applications. Today high power
industrial ultrashort pulsed lasers are available and to reach productivity of the
process the parallel beam scribing should be used in most applications. We
realized the four-parallel-beam scribing of the CIGS thin-film solar cells by
installing a beam splitter into our experimental setup and still working with a
single scanner head. The overall power required for the scribing was much
lower than the maximum power of the used laser and processing with four or
more parallel beams could be easily realized. The distance between focused
parallel laser beams was controlled by controlling the splitting angle which
could be changed by applying a variable beam expander in the optical setup.
All laser scribing regimes fitted well in a new four-beam scribing setup,
although the laser power had to be multiplied as we were working with four
beams. More details could be found in section 4.2. The same scribing
conditions (focusing, power) could be maintained for parallel beams with a
proper repeatability of laser scribed trenches (see Fig. 83). This shows a
potential for optimizing laser scribing processes for CIGS solar cells and
satisfying the demand of industry in terms of process productivity and

economical point of view.

121



Reaml o ~ | Beam#t

B*eam #2 S -5

e e e e e 4

X1,000 - 10pm

@ o (b)

Beam'#l'

——
——— 5

Beam #2

Fig. 83 SEM images of parallel beam P3 step scribing in: (a) ITO/ZnO/CIGS/Mo/PI
structure, 2x450 mW, 100 kHz, single pass at 90 mm/s;
(b) ZnO:Al/ZnO/CIGS/Mo/PI  structure, 2x600 mW, 100 kHz, single pass at
200 mm/s; (c) ZnO/CdS/CIGS/Mo/PI structure, 2x450 mW, 100 kHz, single pass at
200 mm/s.

8.3 Conclusions

1. The multi-beam scribing enabled using full power of the laser and
maximizing process speed. The same scribing conditions (focusing, power)
were maintained for parallel beams with a good repeatability for laser
scribed trenches.

2. The beam shaping enabled a better control of the thin layer removal
process and reduced the width of laser affected area at the edges by 34 %.

3. By applying the multi-beam and beam shaping techniques it was possible

to increase the overall process speed and maintain the scribing quality.
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9 ANALYSIS OF LASER-SCRIBED AREAS

Material related to this chapter was published in [A2], [A4] and [C3], [C4],
[C12].

In order to investigate laser processing impact to the solar cell electrical
properties completely operating solar cells of prefabrication stage (Solarion
AG) with the average efficiency of 10.7% and the active surface area of 32 cm?
were scribed between the contact grid using the optimal scribing parameters
with both picosecond and femtosecond laser systems (see Fig. 84). Then the
electrical properties of the laser scribed solar cell were investigated with listed

techniques below. The total length of laser scribes was 360 mm in all cases.

TR

30mm

ey

Fig. 84 Red lines indicate laser scribed trenches in complete single cell. The total
length of the scribes was 360 mm.

9.1 Raman measurements of laser-affected area

CIGS is a thermally sensitive material and laser scribing can lead to structural
changes on the melted edges of the scribe. Formation of Cu,Se metallic phase
in the CIGS material close to the laser-scribed zone may cause an internal
shunt formation and reduction in solar cell performance [110]. Therefore, laser
scribed areas were investigated by Raman spectroscopy to track formation of
the secondary metallic phase of Cu,Se near the scribing zone. The Raman
spectrum was measured in four areas starting from the edge of the scribe as
shown by the numbers in Fig. 85. The main peak in Raman spectra is the Al
vibration line of CulnSe, at 174 cm™, with a shift to longer wavenumbers for
CIGS [111]. The shoulder at 150-160 cm™ which appeared after laser
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processing reflects the presence of defected state of CIGS crystals, called the
“ordered vacancy compound” [112]. A broad line in the range of 210-230 cm™
IS @ combined intrinsic vibration B,/E of CIGS [113]. Alterations in Raman
spectra are obvious in the melt area (walls) as well as outside the trench, where
the film was irradiated with wings of the Gaussian beam. However, those
changes in spectra do not show any evidence of the secondary metallic phase
formation during picosecond laser scribing because the secondary phase Cu,Se
undesired for photovoltaic applications appears in Raman spectra at 262 cm™
[112]. These measurements confirmed ability of picosecond lasers to scribe
CICS thin-film solar cells with low thermally-induced structural changes of the

material near the scribing zone.
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Fig. 85 Raman spectra of ZnO:Al/ZnO/CdS/CIGS/Mo/Pi structure. Numbers of
curves correspond to a position on a sample (left).

9.2 Lock-in thermography measurements

The main limiting factor to reach higher solar cell efficiencies is the defect
accumulation in the absorber material causing the internal shunt formation and
decrease in photo-current. Laser scribing could lead to defect formation and the
shunt detection near the laser affected areas is an important step to characterize
electrical properties of any solar cell. Lock-in thermography has proven to be a
valuable technique for non-uniformity diagnostics in crystalline and
polycrystalline solar cells [97,98]. It utilizes ac infrared imaging of a device,

where the temperature is affected by an external ac voltage at the same lock-in
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frequency. The thermography maps thus represent the current distributions
[114]. The lock-in thermography temperature distribution maps are shown in
Fig. 86.

10mm

A

(a) (b)
Fig. 86 Map of temperature distribution in CIGS solar cell area after laser scribing.
Blue area represents the colder part of the surface, while red color represents a warm
part. White lines represent laser scribes made using lasers with pulse duration of: (a)
10 ps, (b) 300 fs.

The film-deposition defects were clearly visible and they caused a short-
current leak at the examined surface although these defects were created in the
production of the solar cell and were not related to the laser scribing. In the
picosecond regime some increase in temperature was detected at the end of the
laser scribes and this is related to the tune-up of the scanning system because
the laser beam was switched off too late after the motion stopped. In the area
where the laser beam was moving at a constant speed, no change in the surface
temperature was observed. For the femtosecond scribing regime, no
temperature change was detected close to the scribing area either.

These results conclude that no significant internal shunt formation was
detected during laser scribing with pulses of both durations. The IR camera
was optimized for large area observation and the resolution was too poor to
observe the area in the range of a scribe width and small defects might not be
detected.
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9.3 Laser-beam-induced current (LBIC) measurements

The laser-beam-induced current is a nondestructive optical technique for the
detection of semiconductor defects [115]. In this technique, a laser beam is
applied to the material to induce current to flow through two ohmic contacts
placed on the boundary. The LBIC image consists of measurements of the total
local current flowing out through contacts and induced by a local illumination
with a laser. The diode laser beam was focused into a 50 um spot and this
defined the resolution of the measurements. The map of LBIC measurement

areas close to laser scribe is shown in Fig. 87.

90 uA

60 uA

30 uA

0 uA

10mm

A

Fig. 87 Photo-current map of the solar cell area after picosecond (10 ps) laser
scribing.

Laser scribing was applied between the grids of front-contact. The LBIC map
showed uniform distribution of current in the area close to scribe lines made
with the picosecond laser. The dead area near the scribe was minimal, although
the resolution of our measurements did not allow us to investigate the defect

formation on a micro-scale at the edge of ablated trench.

9.4 Performance test of solar cells after the laser scribing

Manufacturing of real working mini-modules with laser processes series
interconnects requires integration of the laser system to the solar cell
production line. This requires a lot of investment and was not possible in the

research. For this purpose completely operating solar cells of prefabrication
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stage were scribed as shown in Fig. 84. The efficiency tests were performed
before and after laser scribing to evaluate the influence of laser scribing on the
solar cell performance under standard testing conditions (standard global
spectra AM 1.5 and 1000 W/m? total irradiance).

Three solar cells were scribed with 10 ps laser pulses and also three cells were
processed with the 300 fs pulsed laser. The results of efficiency and parallel-

resistance measurements are shown in Table 13.

Table 13 Photo-electrical efficiency of CIGS solar cells and Rparaner measurement

results before and after laser scribing.

Eff, before Eff. After Average Absolute
Absolute
laser laser reference cell eff. drop, % Rparalel drop,
scribing, %  scribing, % Eff. drop % ' ' Ohm
10 ps
#1 10.6 10.41 0.03 7.09
#2 9.99 9.18 0.16 0.57 -0.46
#3 9.7 9.1 0.44
Average 0.35 3.3
300 fs
#4 10.19 9.25 0.78 -1.36
#5 9.59 9.42 0.16 0.01 -0.75
#6 9.96 0.88 -0.08 26.49
Average 0.24 8.13

The definition of an absolute average drop of the solar cell initial efficiency
was used. It was equal to the difference of the efficiency before and after laser
scribing process including any spontaneous efficiency degradation of solar
cells in time due to contact with ambient air which was controlled using the
reference cells without laser scribing. The efficiency tests after femtosecond
and picosecond laser scribing showed the 0.24 % and 0.35 % efficiency
decrease in solar cell performance during laser scribing. Solar cell samples
processed with the femtosecond laser showed marginally better performance.
This could be related to the less thermal ablation of the CIGS layer with
femtosecond pulses, although still defect formation near the laser-affected zone

occurred.

127



9.5 Conclusions

1. The micro-Raman measurements in the area close to the scribing zone
edge did not detect any metallic phase formation which could be
responsible for the shunt formation and degradation of the absorber layer.

2. The picosecond and femtosecond laser scribing of the CIGS solar cell
structures provides high quality process, because the LIT and LBIC
measurements with available spatial resolution were not able to detect any
defected areas after the laser scribing.

3. The solar cell efficiency test revealed 0.24-0.35% degradation in
efficiency after the laser scribing was applied to the solar cell samples.
Even using ultrashort pulsed lasers for scribing of the GIGS material, the
narrow melted edge and laser affected area were formed due to the
Gaussian distribution of the laser beam and most likely in these zones
generation of shunts and defects induced reduction of electrical properties

of investigated solar cells.
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MAIN CONCLUSIONS

1. Selection of the right laser wavelength is important to keep the energy
coupling in a well defined volume at the interlayer interface and this might
be a way to achieve the selective removal of layers even in the front-side
irradiation geometry, which is the only acceptable for solar cells on
flexible substrates.

2. The 1064 nm wavelength was found to be optimal for the P3 type
picosecond laser scribing of the investigated thin-film CIGS solar cells due
to thermo-mechanical removal process of the CIGS layer.

3. By applying the multi-beam and beam shaping techniques it was possible
to optimize the overall process speed and maintain the scribing quality.

4. The solar cell efficiency test revealed marginal 0.24-0.35 % degradation in
efficiency after the laser scribing was applied to the solar cell samples.
Even using ultrashort pulsed lasers for scribing of the GIGS material, the
narrow melted edge and laser affected area were formed due to Gaussian
distribution of the laser beam and most likely in these zones generation of
shunts and defects induced reduction of electrical properties of investigated

solar cells.
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SUMMARY

The PhD thesis is the experimental and theoretical analysis of thin layer
ablation processes for photovoltaic devices. The picosecond (10 ps)
femtosecond (300 fs) lasers in the ablation and scribing experiments were used.
Flexible CIGS solar cell samples were investigated with different top-contact
structures. Laser scribing was performed at different wavelengths including:
1575 nm, 1064 nm, 775 nm, 532 nm, 355 nm and 266 nm. Laser-scribed areas
were investigated with optical and scanning electron microscopes together with
EDS (X-ray energy dispersion) and Raman spectrometers. Electrical
characterization was obtained by LIT (Lock-in thermography), LBIC (Laser
beam induced current measurements) techniques. The efficiency of the solar
cells after laser scribing was also investigated.

Experimental work was supported by modeling and simulation of energy
coupling and dissipation inside the layers. Selectiveness of the ablation process
was defined by optical and mechanical properties of the materials, and
selection of the laser wavelength facilitated control of the structuring process.
The 1064 nm wavelength was found optimal for the CIGS solar cell scribing in
terms of quality and the process speed. It is a very positive result in case of
industrial applications as the cost and system complexity are reduced.

The solar cell efficiency test revealed a minor degradation in photo-electrical
efficiency after the laser scribing was applied to the solar cell samples. Lock-in
thermography measurements did not reveal any internal shunt formation during
laser scribing with the picosecond pulse duration.

Picosecond lasers with fundamental harmonics and high repetition rates can be
used to accomplish an efficient and fast scribing process which is able to

satisfy the demands for industrial solar cell scribing applications.
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