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Thin silicon wafers dicing using line-focused
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The widespread use of thin silicon wafers in the semiconductor industry is driving large and growing
interest in laser-based wafer dicing solutions. Especially, as the wafers become thinner, the
advantage of laser dicing over saw in terms of both the speed and yield of the process is very
apparent and remarkable. For dicing of thin silicon wafers, managing the laser heat input during the
dicing process is very important due to increasingly thin wafers and narrow kerf width requirement. In
this work, line-focused beam laser-cutting of thin (100 ym and below) silicon is explored using
Spectra-Physics® Pulseo® 20-W nanosecond-pulse 355-nm DPSS g-switched laser. Optimal process
conditions for cutting various depths in silicon are determined, with particular emphasis on fluence
optimization for a narrow-kerf cutting process. By shaping the laser beam into a line focus, the optimal
fluence for machining the silicon can be achieved while at the same time utilizing the full output power
of the laser source. In addition, by adjusting the length of the laser line focus, the absolute fastest
speed for various cutting depths is realized. Compared to a circular beam, a dramatic improvement in
process efficiency is observed. Also, the effect of laser pulse width on fastest cutting speed achieved
for different cutting depths has been investigated.
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Recently, solution processing using novel nanomaterials attracts more and more interests toward
printable & flexible and large area electronic devices. Although germanium is a fundamental element
in electronic devices, there are few reports on a printable process using a germanium ink. In previous
studies, we have reported the syntheses and optical and electrical properties of an organogermanium
nanocluster (OrGe) which has a germanium nanocluster of a few nanometers and organic groups
modifying the nanocluster [1]. The OrGe can be also considered to be a hyper branched
organogermanium polymer consisting of Ge-Ge chain. Such an organosoluble germanium
nanocluster was prepared from tetrachlorogermane in a solution using Mg, and then the surface was
modified by an organic group. The OrGe is a stable Ge source which can be handled even in the air.
In this study, we prepared micropatterns of polycrystalline Ge (pc-Ge) by a solution process using a
germanium ink consisting of the OrGe and an organic solvent. The micropatterning and the
crystallization of the OrGe film were achieved by laser direct writing method. In the process, the laser
beam was focused through an objective lens and irradiated on the spin-coated OrGe film.
Micropatterns of the pc-Ge were obtained by scanning the laser beam using PC-controlled xyz stage.
By etching using an organic solvent as an eluent, the unirradiated area was easily removed. The laser
direct writing method showed a high resolution of a few micrometers. The structural changes of the
Ge skeleton were investigated by micro-Raman spectroscopy monitoring the characteristic Raman
band around 300 cm™ which is assigned to the TO-phonon band of the Ge skeleton. The linewidth
and the peak position of the Raman band are sensitive to the crystallinity. The micropatterns prepared
by laser direct writing method using CW Nd:YAG laser (532 nm) under Ar showed a sharp Raman
band of pc-Ge at 302 cm™ and no band of residual carbon around 1300 cm™ as shown in Figure 1. A
microdevice consisting of pc-Ge and Ag microelectrodes was fabricated by all wet process based on
the laser direct writing method using Ge and Ag nanoparticle-dispersed inks as shown in Figure 2.
The formation of the pc-Ge was possible even in the air by using laser direct writing method. For the
CW laser system, the dependence of the crystallinity on the scanning rate was investigated. The
effects of the short duration pulse irradiation and the repetition rate on the crystallinity were also
studied by using femtosecond laser systems.
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Figure 1 Micro-Raman spectra of micropattern prepared by Figure 2 Microdevice consisting of pc-Ge and Ag micro-
laser direct writing method using CW Nd:YAG laser (532 nm) electrodes fabricated by all wet process based on the laser
under Ar and the OrGe film heat treated at 500 °C in vacuo. direct writing method.

[1] A. Watanabe, F. Hojo, T. Miwa, Appl. Organomet. Chem., 19, 530 (2005)
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In recent years the interest in micro-devices, including Micro-Electro-Mechanical-Systems (MEMS), from
research institutions, firms and the press has risen considerably. However one of the persisting challenges
in the fabrication of such devices is the packaging process [1, 2]. A number of different bonding techniques
have been developed but in general they require the entire device to be heated to high temperatures. In
particular for direct bonding techniques like Si-fusion and anodic bonding, temperatures in excess of
1000°C and strong electric fields (1000-2000 V) are essential for successful packaging. As a consequence
the use of temperature-sensitive materials within the package is restricted and problems are generated in
multi-stage packaging processes where several heating cycles are carried out in sequence; parts joined in
an earlier heating step can disassemble in a later one. Furthermore it is clearly important that the package
should not affect the performance of the device or cause any damage. Often hermetic and/or vacuum
packaging is required which makes the process application specific and expensive. Therefore it can easily
account for up to 50% of the overall device cost and can even reach as much as 90% [3].
Our solution is to combine the benefits of intermediate layer bonding — considerably lower bonding
temperatures and absence of electric fields — with the highly localised heating possible with a laser. In
addition to localised heating, appropriate heatsinking is required due to the long time-constants of the
process (tens of seconds). The device is hence placed in good thermal contact with a heat sink to draw the
excess heat away through the base of the device.
In previous studies we have shown that using this process we can achieve full hermetic seals according to
MIL-STD-883G for standard electronic packages with a glass frit intermediate layer using our localised
laser heating process in an air environment [4]. In this presentation we will describe a further development
of this process to vacuum packaging. A laser-based glass frit bonding process is demonstrated which
successfully addresses the challenges in vacuum packaging (e.g. choice of materials). In order to optimise
the laser bonding parameters temperature monitoring experiments are carried out to match the laser power
to the required bonding temperature, and to monitor to the temperature in the centre of the device during
the process (see figure 1a). LCC packages have been bonded successfully (see figure 1b) using these
optimised parameters, for which the temperature in the centre of the device can be kept at least 200°C
lower than in the joining area. All these samples have passed an initial gross leak test demonstrating the
feasibility of packaging in a moderate vacuum using localised laser heating.
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Figure 1 (a) Temperature profile of bonding process; blue and black traces: inside bonding layer; green trace: on substrate in
the centre of the device. (b) Laser-bonded LCC Package.
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P.V. Dressendorfer, et al., MEMS packaging — Current issues and approaches, in Proc. SPIE, pp. 208-213, 2000.

Z. Yufeng, et al., Study of MEMS packaging technology, in 6™ Int. Conference on Electronic Packaging, 2005.

M. Chen, et al., Rapid and selective induction heating for sensor packaging, in 6™ Int. Conference on Electronic Packaging, 2005.

N. Lorenz, et al., Localised laser joining of micro-devices for hermetic packaging using a glass frit intermediate layer, in Proc. LiM2009.
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Two fields of femtosecond laser processing of photovoltaic cells will be presented: i) silicon surface
micro/nano structuring and ii) CIS based photovoltaic cell scribing.

The formation of micro spikes and cones on crystalline silicon has been the subject of significant
research during the past few years. The objective is to improve the unique optical properties that
microstructured Si exhibits, i.e., increased absorptance throughout a wide spectral range, for possible
applications in photodetector and solar cells. Significant optical absorption enhancement (more than
50 % in the UV and 35% in the IR) have been obtained, compared to a non-texturized silicon surface.
Detailed TEM analyses of the micro-spikes will be presented showing their surprising mono and
polycrystalline structures. In order to create an efficient junction for solar cells, we have doped our
laser textured surface with a Plasma Immersion lon Implanter. The Internal Quantum Efficiency has
also been increased, especially in the UV. Therefore the electrical performance is also drastically
improved: we observed a 50% increase in the photocurrent.

Micromachining of CulnSe2 (CIS)-based photovoltaic devices with short and ultrashort laser
pulses was also considered. Ablation thresholds and rates of ZnO, Mo and CulnSe; thin films have
been compared for irradiation with nanosecond laser pulses of ultraviolet and visible radiation and
sub-picosecond laser pulses of a Ti:sapphire laser. The cells photo-electrical properties were
measured before and after laser machining. Scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX) analyses were used to characterize the laser-induced ablation channels.

For both studies laser ablation mechanisms and structuring will we discussed as well as
material modification and redeposition. Finally the cooperative European project Solasys
http://www.solasys.eu dedicated to laser processing of next photovoltaic cell generation will be shortly
introduced.
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Fabrication of colloidal organic nanoparticles is a promising approach to combine molecular
properties with tailored nanoparticle characteristics like electronical, optical or solubility properties as
a function of particle size. Keto et al. [1] showed that laser ablation of microcrystals (LAM) in an
aerosol flow is an efficient and universal applicable method for generating nanoparticles in the gas
phase. Asahi et al. [2] adopted the LAM-process for generation of organic nanoparticles in liquid
media.

We present a novel approach for continuous fabrication of colloidal organic nanoparticles by laser
ablation of microcrystals in aqueous suspension by using a fine liquid jet. The free liquid jet is
generated by a nozzle with small diameter and provides a thin liquid filament (dg < 1 mm)
perpendicular to the focused laser beam [3]. This geometry allows tight focusing resulting in high
intensities without the danger of damaging an optical element like windows necessary in conventional
flow cells or cuvettes and reduces losses of excitation light by avoiding scattering or absorption in
front of the focus. To test this scaleable, high-through put method we chose melamine cyanurate as a
nearly water-unsoluble microcrystalline model compound. For continuous operation the generated
nanoparticles were separated by filtration methods from the cycled microparticle suspension.

The resulting colloidal nanoparticles were analysed by dynamic light scattering, TEM-analysis,
UV/VIS-, IR and NMR-spectroscopy. Figure 1 shows TEM-images of the educt (microcrystalline
needles in the range of 2-5 um) and laser irradiated samples which show the formation of nearly
spherical nanoparticle in the range of 100-200 nm.

By adding different stabilization agents (neutral and polyelectrolytic polymers like dextrin, dextran,
PVP or polyacrylic acid) we were able to stabilize the laser generated nanoparticles in situ with
tuneable properties like particle size or Zeta-potential.
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Figure 1 TEM images: (a) Unirradiated melamine cyanurate. (b) Laser fragmentated melamine cyanurate stabilized with
0.1 wt% dextrin (image by Sachtleben Chemie GmbH)

[1]1 W.T. Nichols', J.F. Keto?, D.E. Hennecke®, J.R. Brock®, G. Malyayanatham®, M.F. Becker®, H.D. Glicksman’, Large-scale
production of nanocrystals by laser ablation of microparticles in a flowing aerosol, Appl. Phys. Lett., 78, 1128-1130, (2001).

[2] T. Asahi’, T. Sugiyamaz, H. Masuhara®, Laser Fabrication and Spectroscopy of Organic Nanoparticles, Acc. Chem. Res., 41,
1790-1798, (2008).

[3] P. Wagener1, S. Barcikowski?, Laser Fragmentation of Organic Microparticles into Colloidal Nanoparticles in a Free Liquid
Jet, Appl. Phys. A, submitted.
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Nanoparticles are known to have many features that make them usable for various applications.
Manufacturing of nanoparticles with femtosecond ablation is widely reported in the literature [1-3].
However, there is no description how these generated particles relate to the surface morphology of
the ablated surface. We have generated nanoparticles of various metals in the solution using
femtosecond laser ablation. Scanning electron microscope images of the ablated surfaces show the
spherical particle generation on the surface. These images indicate that the maximal particle size in
solution is related to the ablated surface morphology and more specifically to the ripple structure
formation. This gives the possibility to control the particle size distribution by manipulating the period
of the ripple structure. In the figure 1. is shown scanning electron images of laser induced surface
structures formed in solution using focused femtosecond beam on the stainless steel sample.
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Figure 1. Surface of the stainless steel sample after femtosecond ablation in solution.

[1] S. Besner, A. V. Kabashin, M . Meunier, Two-step femtosecond laser ablation-based method for the synthesis of stable and
ultra-pure gold nanoparticles in water, Appl. Phys. A, 88, pp. 269-272, 2007.

[2] E.Stratakis, M. Barberoglou, C. Fotakis, G. Viau, C. Garcia, G. A. Shafeev, Generation of Al nanoparticles via ablation of
bulk Al in liquids with short laser pulses, Opt. Expr, 17, pp. 12650-12659, 2009.

[3] J. —P. Sylvestre, A. V. Kabashin, E. Sacher and M. Meunier, Femtosecond laser ablation of gold in water: influence of the
laser-produced plasma on the nanoparticle size distribution, Appl. Phys. A, 80, pp. 753-758, 2005.
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Laser processing is becoming an important production tool in the manufacturing of photovoltaic (PV)
solar cells and modules, with huge potential to enable new technology generations in the near future.
In this contribution, examples of next generation crystalline silicon and thin-flm PV devices that are
developed by ECN incorporating laser processes, ranging from macroscopic drilling of holes into
silicon to micrometer scale selective ablation of nanometer thin films, will be presented.

Figure 1 shows a so-called metallization-wrap-through solar cell, where 16 laser drilled vias enable
the reduction of surface coverage of the solar cell by current collecting silver grids and thus increase
the amount of sunlight that can be converted into electricity, see Figure 1. This leads to higher current
generation and thus higher conversion efficiency. Additionally, this cell concept allows simpler
production of PV modules, and at the same time higher module efficiency. ECN recently achieved a
world record module efficiency of 17% with this technology. Even more advanced crystalline silicon
solar cells may incorporate laser processes like e.g. drilling of 10000s of holes per wafer in 1-2
seconds, the ablation of nm thin transparent layers, and (local) laser doping.

Figure 1. Metallization wrap-through solar cells with 16 laser drilled vias (left), and advanced module
concept enabled by this cell technology, side-by-side with conventional crystalline silicon PV module.
(Solland Solar Energy Holding BV is the owner of the registered industrial designs Sunweb®)

In the field of thin-film PV, a transition from today’s glass based technologies towards devices on foil
substrates that can be produced in roll-to-roll fashion, offers a tremendous potential for further cost
reduction. Figure 2 illustrates ECN’s concept for low-cost high efficiency thin-film silicon PV on steel
foil. One special feature in this concept is the advanced monolithic series interconnection scheme,
which requires three depth selective scribes (P1, P2, P3).
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Figure 2. ECN’s low-cost high-efficiency thin-film Silicon PV concept requiring three depth selective
laser scripes (P1, P2, and P3) and the realization of the three scribes within 250 micrometer width
(right image).
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The interaction between femtosecond laser pulses and Ag/Au nanoparticles has been mvestlgated
Three effects are identified at different mtensmes photofragmentatlon at rather high intensity (~10
W/cm?), nanojoining at low intensity (~10"°W/cm?) and shock wave processing at intermediate
intensities. Photofragmentation forms a large number of tiny nanoparticles with an average size of
tens of nanometers. After prolonged irradiation a narrow size distribution of nanoparticles is obtained.
In the intermediate intensity regime, spherical nanoparticles are changed into a disc shape by
interaction with the shock wave. A further increase in laser intensity results in the formation of ring-
shaped fragments separated from the core particles. Subsequent splitting of the ring yields more
small nanoparticles. Control over irradiation conditions at intensities near 10" W/cm? results in
nanojoining of most of the nanoparticles. This nanojoining is obtained in both liquid solution and in
solid state thin films assembled from nanoparticles.

& "
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Figure 1 (a) Photofragmentation of Au nanopartlcles ata Iaser intensity of 10"W/cm?.
(b) Nanojoining of Au nanoparticles at 10" Wiem®.

Nanojoined Ag nanoparticles are expected to have numerous applications as probes for surface
enhanced Raman spectroscopy of DNA molecules.

[11 Y. Zhou, Microjoining and Nanojoining. Woodhead Publishing Ltd, Cambridge, England, CRC Press, (2008).

[2] A. Hu, S. K. Panda, M. I. Khan, Y. Zhou, “Laser Welding, Microwelding, Nanowelding and Nanoprocessing”, Chin. J. Lasers,
Vol. 36, 3149-3159 (2009).

[3]Y. Zhou, A. Hu, M. I. Khan, W. Wu, B. Tam, M. Yavuz, “Recent Progress in Micro and Nano-joining”, J. Phys. Conf. Ser. Vol.
165, 0120121-5 (2009)
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The local field enhancement in the vicinity of particles has been identified as a powerful means for
nanopatterning applications [1]. We report an experimental method for directly imaging optical near-
fields of dielectric micro spheres produced upon illumination with UV light. Placed onto a thin
crystalline chalcogenide film, the micro spheres are irradiated by single ns excimer laser pulses at 193
nm wavelength, giving rise to a complex 2D intensity distribution, which is imprinted in the film as
amorphous patterns. We have modelled the experiment by rigorously solving Maxwell's equations for
a sphere supported on a layered planar substrate, obtaining a close match to the experimental
results. The recorded patterns feature multiple types of contrast, including optical [2], electrical [3],
and topographic [4]. While the short wavelength used in our case is optimum for imprinting nm-scale
features, exploiting the optical contrast for imaging proves problematic because of the limited spatial
resolution of optical microscopy. We have exploited therefore other contrast types (topography,
electrical conductivity) to allow for high-resolution readout, employing field emission scanning electron
microscopy (SEM) and scanning probe microscopy, and report features with sizes of < 200 nm. It is
found that heat flow causes the features to fade out only slightly compared to the incident distribution.

Figure 1 : Amorphous imprints of the optical near-field of 193 nm light interacting with silica spheres (1.61 um diameter) sitting
on thin crystalline Ge,Sb,Tes films. (a) Imprint at high laser intensity recorded by field-emission SEM, showing a central hole
and a surrounding amorphous fringe pattern, well reproduced by the (b) calculation when scaling the intensity to display the
low intensity wings. (c) Imprint at low laser intensity recorded by field emission SEM, showing a central amorphous spot with

a diameter of ~ 200 nm, somewhat larger than that of the (d) calculated intensity distribution (= 100 nm).

Compared to our previous work using infrared femtosecond laser pulses [5], the use of UV ns pulses
is identified to be superior in terms of simplicity, downscaling of feature sizes as well as roughness of
the imprint. This technique is directly applicable to any type of scattering particle (size, shape and
material), thus providing a simple way of imaging its near-field with highest resolution as well as
exploiting the near field for high-precision nanopatterning applications.

[1] E. McLeod and C. B. Arnold, Subwavelength direct-write nanopatterning using optically trapped microspheres, Nature
Nanotec. 3, 413-417, (2008).

[2] J. Feinlieb, J. deNeufville, S. C. Moss, S. R. Ovshinsky, Rapid Reversible Light-Induced Crystallization of Amorphous
Semiconductors, Appl. Phys. Lett. 18, 254-257, (1971).

[3] S.R. Ovshinsky, Reversible electrical switching phenomena in disordered structures, Phys. Rev. Lett.21, 1450-1453, (1968).
[4] H. F. Hamann, M. O’Boyle, Y. C. Martin, M. Rooks, H. K. Wickramasinghe, Ultra-high-density phase-change data storage
and memory, Nature Mater. 5, 383-387, (2006).

[5] P. Kuhler, F. J. Garcia de Abajo, J. Solis, M. Mosbacher, P. Leiderer, C.N. Afonso, and J. Siegel, Imprinting the Optical Near
Field of Microstructures with Nanometer Resolution, Small 5, 16, 1825-1829, (2009).




L PM EaVa¥.VaV
revaiLv

Laser based processes in next generation solar cell \
production, chances and challenges

J. John, J.L. Hernandez, A. Uruena, V. Prajapati
IMEC, Kapeldreef 75, 3001 Leuven, Belgium

Joachim.john@imec.be

World-wide solar cell manufacturers are looking for breakthrough technologies to reduce the cost and enhance
the efficiencies of their devices. The main ITRS target is the cost reduction of solar energy below 1 € per Watt.
The technology driver, i.e. the cost per watt could be fulfilled by addressing three requirements:

*  Decrease the cost of ownership in production
*  Decrease the thickness of the cell
* Increase the efficiency

Cost of ownership decrease

The yearly growth rate of PV market exceeds 30% since almost ten years and the world PV solar cell production
in 2009 exceeds 7500 MWp [1]. Such significant figures highlight the cost reduction of solar cell by production
decrease.

In the same time efforts are done by both PV Manufacturers and Research Institutes for reducing the cost of the
solar cell by decreasing the cost of the base material, i.e. the silicon wafers and by increasing the electrical
performances of the devices.

Wafer thickness decrease

The wafer thickness development in mass production has shown a constant decrease, from about 300 pm in
2004 to 180um in 2008 [2] and is expected to be as low as 100 pum in 2020. The material cost savings by
reducing wafer thickness is evident but induces technical showstoppers in term of thin substrate integration on
the current fabrication technology. It is admitted by the international PV community that 150pum thickness is the
limit for the standard technology because of both mechanical integrity and passivation issues. The bowing effect
occurring with thin wafers due to the mechanical stress between the back side full sheet screen printed
aluminium layer and the silicon prevents any acceptable encapsulation of the cells. Technological breakthrough
is thus required for shift toward ultra thin wafer. Especially, the full sheet aluminium layer has to be replaced by
a process limiting the stress of the wafer. On the other hand, the absorption depth of long wavelength photons
(infra-red) deep in the substrate requires a specific attention in term of back side passivation when substrate
thickness decreases. Improved processes based on new dielectric materials have been developed for limiting
charge carrier surface recombination. PECVD SiNx [3,4] , A1203 [4,6], a-Si [5], SiON and thermal SiO2 [5]
layer have proved their efficiency for good surface passivation.

Performances increase

A significant improvement of electrical performances could be reached by complicating the standard industrial
solar cell process flow, i.e. KOH texturing, high temperature POCI3 emitter formation, SiNx antireflective
coating deposition and front and screen printed back side metallization.

One efficient structure, so called selective emitter, provides an absolute efficiency improvement below +0.5%
[8]. A highly doped emitter underneath the contacts provides better ohmic contact while a better blue response
and better passivation are achieved by reducing the doping level in the region between the contacts. The
fabrication process is currently based either on diffusion barriers opening with etching paste [7,8] or laser
ablation [8,9] before high temperature diffusion step, or screen printing doping paste or with emitter etch back
proces. The selective emitter structure is little used in industrial silicon solar cell fabrication, except by the
Saturn structure of BPsolar and the Pluto structure of Suntech because despite higher efficiency potential,
selective emitter requires complex additional steps in the process flow.
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All of the other high efficient laboratory or industrial structures are based on complex process requiring specific
patterning technology. The PERL structure of UNSW reaches the record efficiency of 24.7% while the IBC rear
contact cell of Sunpower reaches 23% and the i-PERC structure of IMEC reaches 22%. This structure combines
selective emitter on front side with printed or plated metallization and a localised back surface field on back side
on ablated passivation layer with PVD back side metallization. It is well adapted for thin substrate integration
but its fabrication remains complex.
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Figure 1 : Industry Growth: 1979 to 2009: 30 year compound annual growth rate of 33% [1]

Laser processes

Many industrial obstacles could be by-passed by using laser for ablation, doping or metallization. The main
advantage is the single-step processing through the potential suppression of several additional expensive process
steps like second high temperature diffusion, lithography step and various etching steps required during the
dielectric opening approach. A strong cost saving could thus be realized by the use of laser for emitter
realization. Other advantages are high flexibility, direct writing of structures by moving the laser beam at speed
much greater than can be obtained with mechanical tools, no contamination of the material being processed and
the extreme focusing that is possible, leading to high resolution feature definition. Furthermore, it has been
demonstrated that the laser processing does not require clean-room conditions and could be carried out in
ambient air. Finally, the contactless nature of laser treatment makes this technique attractive for processing very
thin silicon wafers.

In terms of laser source, parameters have to be selected regarding the targeted application: ablation, doping or
metal sintering.

For dielectric ablation on silicon, short wavelength like UV (355nm) or Excimer (308nm) are recommended
because light absorption is contained close to the surface, favouring top surface effect and thus low underlying
silicon damage. Silicon degradation can be also limited by using short pulse duration like tens of nanosecond or
hundreds picosecond regimes to limit thermal-induced heating, melting and debris around ablated regions
Engelhart et al. confirmed that, when using picosecond pulses, damage is negligible and the opened areas can be
contacted without any damage etching.

For laser doping, thermal effects should be favoured because the irradiated silicon should be melted for letting
the doping atoms a chance to be introduced into the crystalline matrix during recrystallisation. The nanosecond
thermal regime is thus preferred at a large range of wavelengths, IR to UV and below. On the other hand, the
laser induced crystalline damage fatal for electrical performances has to be minimized. The source of dopant
atoms could be provided by a residual layer like the phosphorous sheet glass (PSG) remaining after POCI3 high
temperature diffusion or by additive doping layer like spin on glass.

The laser sintering requires also a thermal effect since the deposited metal should be melted to contact with the
silicon. Scheiderlockneer et al. report firing of PVD aluminium with IR wavelength pulsed laser for back
contact of i-PERC structure leading to 22% solar cell efficiency.
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Two dimensional periodic nanostructures with
enhanced band-gap emission on ZnO induced by
the interference of three femtosecond laser beams

Tianqing Jia, Pingxin Xiong, Xin Jia, and Zhizhan Xu
State Key Laboratory of Precision Spectroscopy, Department of Physics, East China Normal University, Shanghai 200062, P.R. China

tgjia@phy.ecnu.edu.cn

Surface patterning of two-dimensional (2D) nanostructures has become increasingly important for
the applications of nanoelectronics, photonic crystals and super bright light-emitting diodes (LEDs).1
Due to the high efficiency and low cost, holographic lithography has become an important technology
to fabricate 2D nanostructures by adjusting the number of laser beams and their spatial
arrangements.2 Recently, nanoripples with periods much shorter than the laser wavelengths were
reported in semiconductors and dielectrics after irradiation of linearly polarized femtosecond laser.’
These nanoripples were perpendicular to the laser polarization. If laser was circularly polarized,
nanoparticles would be induced on the sample surface.

Combining the fabrication of short-periodic nanostructures by femtosecond laser irradiation with
HL technology, we made a further investigation of the fabrication of regular and uniform 2D
nanostructures on ZnO crystal by increasing the cross angles between any two laser beams. The
enhanced band-gap emission of these nanostructures and their applications in nano-LED and high

Figure 1. SEM images of the ablation areas induced by the interference of three laser beams. The insets in (a), and (c) show
the polarization geometries of the three laser beams, respectively. The left images are photoluminescences microscopes
corresponding to the left four images pumped by 800 nm femstosecond laser pulses.

[1] Z. H. Nie and E. Kumacheva, “Patterning surfaces with functional polymers,” Nature Mater. 7, 277-290(2008).

[2] T. Kondo, S.Matsuo, S. Juodkazis, and H. Misawa, “Femtosecond laser interference technique with diffractive beam splitter
for fabrication of three-dimensional photonic crystals,” Appl. Phys. Lett. 79 725-727(2001)

[3] Y. Shimotsuma, P. G. Kazansky, J. R. Qiu and K. Hirao, “Self-organized nanogratings in glass irradiated by ultrashort light
pulses,” Phys. Rev. Lett. 91, 247405 (2003).
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Thin silicon wafers dicing using line-focused
nanosecond-pulse 355nm g-switched laser

Rajesh S. Patel, James M. Bovatsek
Newport Corp., Spectra-Physics Lasers Division, 3635 Peterson Way, Santa Clara, CA 95054, USA
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The widespread use of thin silicon wafers in the semiconductor industry is driving large and growing
interest in laser-based wafer dicing solutions. Especially, as the wafers become thinner, the
advantage of laser dicing over saw in terms of both the speed and yield of the process is very
apparent and remarkable. For dicing of thin silicon wafers, managing the laser heat input during the
dicing process is very important due to increasingly thin wafers and narrow kerf width requirement. In
this work, line-focused beam laser-cutting of thin (100 ym and below) silicon is explored using
Spectra-Physics® Pulseo® 20-W nanosecond-pulse 355-nm DPSS g-switched laser. Optimal process
conditions for cutting various depths in silicon are determined, with particular emphasis on fluence
optimization for a narrow-kerf cutting process. By shaping the laser beam into a line focus, the optimal
fluence for machining the silicon can be achieved while at the same time utilizing the full output power
of the laser source. In addition, by adjusting the length of the laser line focus, the absolute fastest
speed for various cutting depths is realized. Compared to a circular beam, a dramatic improvement in
process efficiency is observed. Also, the effect of laser pulse width on fastest cutting speed achieved
for different cutting depths has been investigated.
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Design of bioconjugated gold nanoparticles by
femtosecond-laser ablation

A. Barchanski, C. L. Sajti, S. Petersen, S. Barcikowski
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Enhanced by their surface plasmon resonance, gold nanoparticles (AuNP) exhibit photostable light
scattering properties under strong light illumination making them particularly useful in cell targeted
drug delivery, high resolution bioimaging and medical diagnostics when conjugated with functional
entities. In addition gold nanoparticles have been found to induce low cytotoxicity bringing the
possibility of using the gold conjugates for biomedical applications.

A popular strategy to improve the delivering efficiency of nanoparticles across cell membranes in a
receptor- and energy-independent manner is the functionalisation with cell penetrating peptides (CPP)
like the Antennapedia homeodomain derived Penetratin peptide.

The conjugation of AUNP and a CPP was achieved by femtosecond laser ablation in liquid. During
this versatile, single step approach ultra-short laser pulses generate pure gold nanoparticles with
electron accepting properties from a bulk material. Subsequently in-situ surface functionalisation
takes place between ablated nanoparticles and the dissolved biomolecules containing electron donor-
moities like a thiole or disulfide function. With the biomolecule conjugation the nanoparticle growth is
quenched, leading to a narrow size distribution (Figure 1 a). Considering 7 nm of average
nanoparticle size, we observed conjugation efficiency of 85 % and estimated 32 coupled CPP
molecules per nanoparticle (Figure 1 b) when ablating gold in 1 uM Penetratin solution.

100+ Il Conjugation efficiency -100
I # CPP molecules / nanoparticle

[#]

(%]

?_OO nm

1 UM [Penetratin concentration]

(a) (b)

Figure 1. (a) Transmission electron microscopy image of Penetratin (1uM)-conjugated gold nanoparticles, generated by laser
ablation in liquids. (b) Conjugation efficiency and number of Penetratin molecules per nanoparticle.

In-situ conjugation of gold nanoparticles was also investigated by HIV-derived TAT CPP where an
even higher conjugation rate was achieved, probably due to the smaller physical size of the molecule.
Furthermore, we revealed that ablating with 100 pJ laser pulses in liquid flow of 450 mL/min
significantly enhance nanoparticle production rate by a factor of 5.5 compared to stationary liquid
ablation, owing to the prompt removal of nanoparticles from the ablation zone.

In respect to all these promising results we are next going to investigate the biomedical combatibility
of the AUNP-CPP conjugates in the cellular system.
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Laser processing of thin films for
photovoltaic applications
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Corresponding author: a.schoonderbeek@lzh.de

During the last years, research & development (R&D) activities in the field of photovoltaics have grown
enormously. For many new concepts, like thin-film modules, organic solar cells, but also new wafer based cell
designs, high conversion efficiencies have been shown. But, for a successful market expansion, efficient and
durable products at low costs are necessary. To realize this, laser structuring of thin films is of high importance
for all the mentioned types of solar cells. To develop the required low-cost production technology, further R&D
in this field is still necessary. For new wafer based cell designs, the structuring of etching masks or dielectric
layers without damaging the underlying material has to be done. For thin-film solar cells, structuring is used for
monolithical serial connection of cells in a module. Laser ablation is already used for several processes in
industry, but challenges according to improved quality, high processing speed, and new material combinations
are still enormous.

Figure 1: Structuring of silicon-based thin film solar cell for Figure 2: Punctuated SiNy layer as etching barrier.
monolithical serial connection of cells in a module

This paper discusses the structuring of several thin film materials used for solar cells, e.g. SiNx, SiO2, TCO, and
photoactive materials. The focus of the experiments is to obtain an optimal edge quality without damaging either
the substrate or the layer below the structured region. Two important laser parameters are wavelength and pulse
duration which determine the absorption of the laser radiation in the processed material and the extent of heat
influence on the surrounding material. Processing with several wavelengths (e.g. 355 nm, 532 nm, and 1064 nm)
and pulse durations in the pico- and nanosecond range are studied. The results obtained with the different laser
parameters will be compared according to ablation threshold, debris, and damage due to heat conduction. The
quality of laser processing will be demonstrated by scanning electron and optical microscopy and an analysis of
electrical characteristics e.g. resistance. Results from the structuring of Transparent Conductive Oxides, organic
layers and metal layers are acquired with different laser types. Additionally, comparisons are made regarding the
achievable structuring quality for mass production relevant speeds around 1 m/s for thin films and 1-2 seconds
processing time for wafer based cells.
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The fabrication of crystalline indium tin oxide (c-ITO) microstructures and nanostructures on
amorphous ITO (a-ITO) thin film by femtosecond laser-induced crystallization using a fiber laser with a
repetition rate of 1 MHz, a pulse duration of ~400 fs, wavelength of 1064 nm and 532 nm were
presented. The procedure consists of two steps: (1) irradiation of a-ITO thin film with focused laser
beams to form predetermined patterns; (2) removal of unirradiated a-ITO film using an oxalic acid
etchant, leading to the formation of the c-ITO pattern.

The fabricated surface structures are observed using scanning electron microscopy (SEM). The
morphology of the periodic structures under different experimental conditions such as laser
polarization, laser power, and scanning speed were investigated. Figures 1 and 2 show the SEM
images of the line patterns with linearly polarized in a direction parallel to the scan direction with laser
wavelength 532 nm and 1064 nm, respectively. Figure 3 shows that nanogratings with period ~116nm
and ~250nm are formed at laser wavelength 532nm and 1064nm, respectively. The formation of the
nanogratings can be attributed to the actions of the second-order harmonic waves within the
femtosecond laser beam, i.e. A/2n, where A is the wavelength of the incident laser and n is the
refractive index of the irradiated material. In our experiments, the magnitude n of the ITO thin film for
532 nm and 1064 nm laser is approximate 2, the nanograting period is calculated to be 133 nm and
266 nm, which is close to the experimental data shown in Figure 3.

Fig. 1 SEM image of induced structure at laser Fig. 2 SEM image of induced structure at laser
wavelenath 532 nm wavelenath 1064 nm

Fig. 3 The magnification image of (a) the area (A) of Fig. 1 and (b) area (B) of Fig. 2
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Development and optimization of an industrial laser
doping process for crystalline solar cells
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2- IMEC, Kapeldreef 75, 3001 Leuven, Belgium
3- Solland Solar Cells, Bohr 10, 6422 Heerlen, The Netherlands
4- BP Solar Espafia S.A.U., Avda. de Bruselas 36, P.E: Arroyo de la Vega, 28108 Alcobendas (Madrid), Spain

Main author email address: malte.schulz-ruhtenberg@ilt.fraunhofer.de

In the rapidly growing field of renewable energies, photovoltaics play an important role, though their
share of the current energy production is very small. Lasers have proven to be a useful tool in the
race to increase solar cell efficiencies, manufacturing throughputs and process reliability. Establishing
lasers as an essential part of the manufacturing chain is the major goal of the European funded
SOLASYS project ("Next Generation Solar Cell and Module Laser Processing Systems").

The creation of selective emitters is seen as an important step in improving existing production line
cell efficiencies. By adding only one additional processing step, laser doping offers an attractive way
of creating selective emitters cells whilst improving efficiency significantly by 0.3-1% absolute.[1]
Instead of using an intermediate doping concentration to meet both the demand for good short
wavelength current collection and for low contact resistance the doping concentration is increased
locally at the positions of the front contacts. This can be achieved by laser doping the contact region
before metal deposition. The selection of the proper laser parameters, such as wavelength, pulse
length and laser power, allows control of the depth of the doping profile and the amount of laser
induced damage. [2]
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Figure 1 Sheet resistance of Silicon wafers after treatment with different lasers and different parameters. Initial sheet
resistances lie between 55 and 100 Ohm/sq. A decrease indicates increased doping, an increase hints at emitter ablation.

In this study several laser sources covering all three main YAG wavelengths (1064, 532 and 355 nm)
have been used to increase the doping of standard solar cell emitters. The residual Phosphor glass
layer is used as dopant source. The experiments show promising results, with first full cell results
forthcoming. The goal of this work is to find a reliable and stable process that can be scaled up toward
industrial applicability. The throughput of the laser doping process is one of the main challenges.

[1] B. S. Tjahjono, J. H. Guo, Z. Hameiri, L. Mai, A. Sugianto, S. Wang, and S. R. Wenham. High efficiency solar cell structures
through the use of laser doping. In 22nd European Photovoltaic Solar Energy Conference, 2007.

[2] M. Ametowobla, J.R. Koehler, A. Esturo-Breton, and J.H. Werner. Characterization of a laser doping process for crystalline
silicon solar cells. In 21st European Photovoltaic Solar Energy Conference, 2006.
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Noble metal-doped glass has offered the opportunity to manufacture promising new nonlinear
materials, nanodevices and optical elements by manipulation of the nanostructural properties due to
their strong surface plasmon resonance (SPR) and enhanced third-order nonlinear optical
susceptibilities. [1] Recently, laser-based techniques leading to 3D photo-precipitation and further
modifications of the metal clusters have proved to be a very powerful and flexible tool to control the
size, shape, density, and spatial distribution of the metal nanoparticles, and thus optimize the linear
and nonlinear optical properties of such materials [2-4].

In this paper, we report on the femtosecond laser induced modification of gold nanorods inside
Na,0-CaO-PbO-SiO, glass matrix and their strong birefringence, related mechanism about shaping of
gold nanorods is also studied. Dependence on glass matrix, together with laser parameters such as
laser wavelength, pulse duration or repetition rate are investigated. Figure 1 shows the image in
crossed polarizers with rotation the sample 45 degree, where strong birefringence can be observed.
Figure 2 shows the absorption spectra of gold rod doped glass before and after femtosecond laser
irradiation. Absorption band slight shift with the femtosecond laser irradiation means that the changes
of aspect ratio of nanorods, it should result in the second-harmonic generation [4].
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Figure 1 Image in crossed polarizers with Figure 2 Absorption spectra of gold rod doped

rotation the sample 45 degree after 1K HZ glass before and after femtosecond laser

femtosecond laser irradiation. irradiation.

Permanent modification of gold nanorods inside silicate glass via irradiation with intense ultra short
laser pulses and strong birefringence can be observed, and it is also depend strongly on the laser
processing parameters and the characteristics of the irradiated glass. This technique can be applied
to different 3D polarization and wavelength selective microdevices such as polarizers, filters, gratings
and promising nonlinear optical media for photonic nanodevices .

[1] U. Kreibig, M. Vollmer: Optical Properties of Metal Clusters, Springer Series in Materials Science, Vol. 25 (Springer
Berlin),( 1995)

[2] X. Jiang, J. Qiu, H. Zeng, C. Zhu and K. Hirao, Laser-controlled dissolution of gold nanoparticles in glass, Chem. Phys. Lett.
391, 91-94, (2004).

[3] A. Akin Unal, A. Stalmashonak, G. Seifert, and H. Graener, Ultrafast dynamics of silver nanoparticle shape transformation
studied by femtosecond pulse-pair irradiation, Phys. Review B 79, 115411 (2009).

[4] A. Podlipensky, J. Lange, G. Seifert, H. Graener, and |. Cravetchi, Second-harmonic generation from ellipsoidal silver
nanoparticles embedded in silica glass, Optics Letters 28, 716 ( 2003)
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