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ABSTRACT
A major (~95%) part of the world solar photovoltaic power is generated using silicon-based solar
cells. Further reduction in the manufacturing cost of silicon solar cell fabrication is required to
compete with alternative sources of energy generation. To achieve high-efficiency and low-cost
silicon solar cell devices, a low-temperature, non-vacuum, high-throughput fabrication process is
required. A high-power laser process can overcome some of these challenges by significantly
reducing the fabrication complexity, avoiding multiple patterning steps, and potentially replacing
high-temperature, high-vacuum processes. Currently, laser processing of silicon solar cells has
been investigated for laser doping, laser direct writing, laser microtexturing, and laser ablation.
However, the main challenge with the application of high-power lasers for Si solar cell
fabrication lies in the ability to eliminate the generation of induced crystal defects and formation
of amorphous phases due to fast thermal processes. The laser-induced damage could increase
carrier recombination and will result in the deterioration of photovoltaic device performance. For
a wider acceptance of laser-based silicon solar cell fabrication, three research goals are set: (1)
gain a fundamental understanding of defect generation mechanisms and identify the damagelimiting laser-processing conditions; (2) demonstrate the mitigation of laser-induced defects
using post laser surface annealing; and (3) demonstrate the defect-controlled and annealing
processes in laser-based silicon solar cell devices.
Various types of laser-induced defects were extensively investigated, including grain
boundaries, microtwins, dislocations, point defects, and oxygen incorporation. The formation of
amorphous phases and internal strain were also examined. We find that the single-crystalline
phase can be retained through a laser-ablation process. Laser-induced dislocation density and
strain are found to increase exponentially with laser fluence, while a maximum in point-defect
concentration is observed with increasing laser fluence. These experimental results are in good
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agreement with the simulation work done by Miao He in Prof. Leonid V. Zhigilei's research
group. It is concluded that laser-induced defects can be minimized by tailoring laser-processing
conditions.
Through the measurement of carrier lifetime, leakage current, drift mobility, and electrical
conductivity at various laser fluences and defect densities, we find that the laser-defect induced
degradation of surface electrical properties are governed by an exponential relationship. This
suggests that laser-processing fluences near the silicon melting threshold should be carefully
chosen for minimizing the induced defects and electrical property degradation.
Moreover, a post laser annealing technique was investigated to remove the laser-processinginduced defects, and this technique was integrated with the laser-based solar cell fabrication
process. We find that a low-power long-pulse-width laser annealing process can eliminate
dislocations and point defects induced by high-power laser processing.
Furthermore, we developed a laser-based method for passivating silicon surface defects by
laser processing of a sol-gel TiOx thin film. We find that laser processing can produce chemical
bonding at the TiOx/Si interface and lead to excellent surface passivation with a low surface
recombination velocity of 6.25 cm/s.
Lastly, we demonstrated the minimization of laser-induced defects in laser-based solar cell
fabrication, including laser transfer doping, laser-transferred metal contacts, and laser ablation of
metals for contact isolation. Through incorporating these laser-based processes with laser
annealing, we fabricated all-laser-based interdigitated back contact silicon solar cells and
demonstrated that post laser annealing can considerably improve the conversion efficiency.
In summary, a fundamental understanding of laser-induced defects in Si has been provided,
and a novel and viable concept of high-power laser processing with low-power laser annealing
has been demonstrated for high-efficiency and low-cost silicon solar cell fabrication.
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CHAPTER I: INTRODUCTION AND MOTIVATION
1.1. Silicon Solar Cell Overview and Laser Processing
Renewable energy is crucial for managing the challenges of climate change, growing energy
requirement, and air pollution. The current major energy sources are oil, coal, natural gas,
bioenergy, and nuclear, together with very small share (~1 %) of solar and wind energies (Figure
1.1, [1]). Among many possible sources, solar energy will play a significant role in the future of
renewable energy due to its sustainable, clean, easily accessible, and potentially low-cost nature
[2,3]. According to Shell Analysis (Figure 1.1, [1]), the market share of solar energy would
increase to 32% by 2070 and becomes the largest energy source. To increase the solar energy
share, the conversion efficiency needs to be increased further while the manufacturing cost must
be decreased.

Figure 1.1: Different energy sources and their future outlook. Source: Shell analysis [1].
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Photovoltaic devices convert solar radiant energy to electricity and have made dramatic
progress in recent years [4-7]. Currently, silicon-based solar cells, with their highest conversion
efficiency of 26.7% [7], are dominating the photovoltaic market and account for around 95% of
global annual production [4]. Silicon material is favored as a result of its cost-effectiveness,
abundant availability, and non-toxic composition. Additionally, silicon photovoltaic modules
have shown great technology maturity and lifetime reliability over decades of testing [3,4].
Currently, heterojunction back contact silicon solar cells show the best device performance
with a record efficiency of 26.7% [7]. In heterojunction, a very thin hydrogenated intrinsic
amorphous silicon film is used, which greatly reduces the c-Si surface recombination [7-9].
Without the heterojunction, silicon solar cells with an interdigitated back contact (IBC) structure
also exhibit high efficiency of 25% [10,11]. The back-contact design removes front contacts and
eliminates optical shading, which contributes to 3% - 8% higher current density; also, this design
saves efforts in the optimization of front contact resistance and simultaneously facilitates better
front surface passivation, which contributes to higher generated voltage [7-12]. These features
mark the IBC structure as the future path toward commercial high-efficiency silicon solar cells
[13,14].
Solar cell production has risen rapidly with an annual growth rate of 24% in the last decade
[3], and the global cumulative solar-generated power has shown an exponential growth (Figure
1.2.a, [15]). However, the 1% photovoltaic market share among global electricity demands is still
undeniably low [1]. Also, according to the BP statistical review of world energy (Figure 1.2.b,
[16]), the current increase of solar-generated power worldwide is still much lower than that of
fossil energy. In order to obtain a wider acceptance of photovoltaic technology, research should
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focus not only on high conversion efficiencies but also on the reduction of manufacturing costs
[17].
(a)

(b)

(~1%)

Figure 1.2: (a) Global cumulative solar-generated power in gigawatts from 1992 to 2017,
showing the exponential growth. Source: Reference [15]. (b) World energy consumption of
different energy sources from 1965 to 2017, showing the undeniably low market share of
solar-generated power. Source: Reference [16].
As summarized in Figure 1.3, the manufacturing costs of solar systems include material cost,
fabrication cost, and system cost. The high fabrication cost mainly comes from the hightemperature (~1000 ℃) processes for the doping, passivation and annealing steps, the highvacuum processes for thin film deposition, and the multiple patterning steps required for
selective doping and contact formation.
High-temperature processes
(Doping, passivation, annealing, et al.)

•
•
•
•

Material cost
High-vacuum processes
Fabrication cost
Efficiency
(Thin film deposition)
System cost
Throughput, yield,
Cost
Multiple patterning steps
equipment costs
(Selective doping and contact formation)
• Other cost
Figure 1.3: Typical solar system cost breakdown, showing the high fabrication cost from
high-temperature, high-vacuum, and multiple patterning processes.
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To achieve low-cost and high-efficiency solar cells, high-power laser processing attracts much
attention [17-20], since it provides a low-temperature, non-vacuum, high-throughput fabrication
process. Owing to the non-contact, localized, and surface processing features as summarized in
Figure 1.4, a high-power laser process can significantly reduce the fabrication complexity, avoid
multiple patterning steps, and potentially replace high-temperature or high-vacuum processes.
The advantage of laser processing is especially valuable for back contact solar cell fabrication
because the current fabrication process requires extremely complicated patterning steps, multiple
etching procedures, and heavy dependence on high-temperature furnaces [11].

Lasers

Non-contact
Direct writing, eliminates complex patterning
such as lithography
Atmosphere pressure
Beam focus size in microns
Fast scanning
Availability of high-power commercial lasers

Figure 1.4: Advantages of laser processing in silicon photovoltaic fabrication.
The laser applications for solar cell fabrication [21] have been investigated in areas of laser
doping [20,22-27], laser-transferred contacts [26-30], laser-fired contacts [31-34], laser ablation
[35-38], laser surface microtexturing [39,40], laser edge isolation [41], and laser cutting [42] as
summarized in Figure 1.5. Recently, the laser-based IBC solar cells have demonstrated high
efficiency of 26.1% [18]. The high-efficiency, low-cost potential of laser-based fabrication has
motivated to further investigate this research topic and continue to enable efficient, cost-effective,
and high-throughput cells.

4

Laser processing

Doping

Microtexturing

Contact

Annealing

Isolation

Issues: Laser-induced defects (dislocations, point defects, grain boundaries,
microtwins, oxygen incorporation), phase transformation, and internal strain.
Figure 1.5: Applications of lasers for silicon photovoltaic fabrication.
1.2. Crystal Defects and Characterization
In the crystals, the arrangement of atoms is hardly perfect, and the crystal defects can disrupt the
periodical lattice. According to the dimensions, crystal defects are mainly classified into pointdefects (zero-dimensional defects), dislocations (one-dimensional defects), and grain boundaries
(two-dimensional defects).
Point defects are either extra atoms (interstitials) or missing atoms (vacancies) in the atomic
lattice. The schematics of point defect formation are shown in Figure 1.6. In a single-component
material, such as Si, vacancies (Figure 1.6.a) can be generated through moving a Si atom to the
surface, interfaces, or dislocations. The interstitials include the self interstitial atoms (Figure
1.6.b), interstitial impurity atoms (Figure 1.6.c), and substitutional impurity atoms (Figure 1.6.d).
Self interstitial atoms are the extra atoms that exist in the tetrahedral or octahedral interstitial
positions in the crystal structure, and interstitial impurity atoms are foreign atoms such as oxygen
atoms that occupy the interstices. Substitutional impurity atoms are foreign atoms that replace
the atoms in the crystal structure. The point defects can move through long-range diffusion to the
free surfaces and dislocations, and the diffusion is strong under high temperature.
Dislocations are the one-dimensional defects which distort a large portion of the crystal.
There are two major types of dislocations, the edge dislocations and the screw dislocations. The
Volterra model describes the process of dislocation generation. For edge dislocations, as shown
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in Figure 1.7, the top half of the crystal is exposed to the stress in one direction, while the bottom
half is exposed to the stress in the opposite direction. In this process, an extra half-plane atoms
appears, and the dislocation line is the edge of the half-plane.
(a)

(b)

(c)

(d)

Figure 1.6: Schematics showing point defect formation: (a) vacancies, (b) self interstitial
atoms, (c) interstitial impurity atoms, and (d) substitutional impurity atoms. Source:
Reference [43].
The movement of dislocations relies on two mechanisms, either gliding or climbing. In the
gliding, the dislocations can slip along a glide plane which usually is the close packed plane. In
contrast, the climbing requires the assistance of point-defect diffusion. The atoms in the extra
half-plane can diffuse to the vacancy positions in the neighbor plane achieving the "climbing" of
the half-plane and the movement of dislocations.
Dislocations can interact with dislocations, free surfaces, and point defects. Dislocations with
opposite Burgers vectors can attract each other and annihilate, while with the same Burgers
vector repel each other. The free surface can modify the stress field around the dislocation and
induce the tendency of dislocations to move out of the surface. The supersaturated vacancies lead
the chemical force and assist the dislocation climbing, while the substitutional or interstitial
atoms can obstruct the dislocation gliding and "pin" the dislocations.
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(a)

(b)

Figure 1.7: Schematics showing dislocation formation based on the Volterra model: (a) edge
dislocation, (b) screw dislocation. Source: Reference [43].
Grain boundaries exist due to the atomic mismatch when grains meet. The boundaries include
the low-angle grain boundaries and high-angle grain boundaries. The low-angle (misorientation
< 15°) grain boundaries can be represented by an array of dislocations. The distance between
grain boundary dislocations is inversely proportional to the misorientation angle. When the
misorientation angle is larger than 15°, the distance between grain boundary dislocations
becomes so small that the grain boundary structure cannot be constructed by dislocations. For
constructing high-angle grain boundaries, the interface energy at the grain boundary is required
to be the minimum, and the coincidence site lattice (CSL) is one of special cases. In the CSL,
two grain boundary lattices are rotated, and at the certain angle, the resulting superlattice can
7

perfectly match with the two grain lattices. Since the grain boundary can go through the close
packed planes of the CSL, the interface energy can be reduced for the high-angle grain
boundaries.
The characterization of crystal defects can be achieved through electron microscopies, X-ray
crystallography, chemical spectroscopies, and chemical etch pits. Grains and grain boundaries
can be directly observed under transmission electron microscopy (TEM), and the grain
orientation can be determined by the TEM diffraction pattern. The X-ray diffraction (XRD) can
also determine the grain orientation. Both diffractions follow the Bragg's law, 2dsinθ = nλ, where
d is the spacing of crystal planes, θ is the angle of the diffracted wave, λ is the wavelength of
electrons or X-rays, and n is an integer representing different orders of the diffraction.
Dislocations can be observed under TEM through tilting the sample relative to the electron
beam. The maximum contrast for imaging dislocations can be achieved when the reciprocal
lattice vector is parallel with the Burgers vector. Also, the extra spots or streaks in the TEM
diffraction pattern can indicate the presence of dislocations, twin structures, or stacking fault.
Moreover, the dislocation forms the energy state within the Si band gap, thus the excited carriers
would recombine at the dislocation energy state. Through measuring the dislocation-induced
photoluminescence, both the intensity and energy state of dislocations can be obtained.
Furthermore, the dislocations can be visualized by chemical etch pits due to preferential etching
at the dislocation sites. By calculating the etch pit density, the dislocation density can be
obtained. In addition, the broadening of XRD crystal Si peak can determine the internal strain
which is an important indicator of dislocations.
Point defects are hardly observed under transmission electron microscopy (TEM) due to the
small contrast with the background. The current techniques for identifying point defects are
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limited to unique spectroscopies such as positron annihilation (PAS), deep-level transient
(DLTS), electron paramagnetic resonance (EPR), and perturbed angular correlation. Moreover,
the IR absorption can detect the interstitials and vacancy-impurity complexes. Overall, the
identification of point defects still remains difficult and requires further investigation as
described in this dissertation.
1.3. Challenges and Motivation
The main challenge for high-power laser processing lies in the ability to eliminate the generation
of crystal defects and avoid the formation of the amorphous phase or grain boundaries. The laserinduced structural defects and phase transformation can dramatically degrade the electrical
properties of laser-processed silicon, and in particular, they can limit the minority carrier lifetime
[27,44], increase the leakage current [45,46], and adversely affect the device performance
[27,47,48].
Thus, for a wider acceptance of laser-based fabrication, a fundamental material-level study of
laser-processed Si is necessary to understand the defect generation mechanisms and identify the
damage-limiting laser conditions. Moreover, the correlation of laser-induced defect generation
with surface electrical properties is needed to enable an improved understanding of the loss
mechanism for laser-based Si devices. Furthermore, in order to control and mitigate laserinduced defects, the use of post laser surface annealing has the potential to achieve this goal and
yield better performance than furnace annealing. Additionally, the silicon surface requires a
defect passivation layer to reduce surface recombination, and laser-generated passivation method
has not been investigated. Finally, the defect-controlled and annealing processes require the
demonstration in the laser-based solar cell devices, especially in the back contact and
heterojunction back contact silicon solar cells.
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1.4. Objectives and Thesis Outline
The thesis outline is summarized in Figure 1.8. This dissertation extensively examines various
types of laser-induced defects, including the formation of amorphous phases and grain
boundaries (polycrystalline phase), microtwins, dislocations, point defects, oxygen incorporation,
and internal strain. Their origins, defect-induced mid-gap energy levels, and defect densities are
evaluated. After the literature review in Chapter II, Chapter III focuses on phase transformation,
microtwins, and internal strain, Chapter IV discusses dislocations and oxygen incorporation, and
Chapter V explores point defects.
Also, this dissertation examines the influences of laser-induced surface defects on the
degradation of Si electronic properties, including carrier lifetime, leakage current, drift mobility,
and conductivity, which are discussed in Chapter VI.
Moreover, the post laser annealing is discussed in Chapter VII to mitigate the laserprocessing-induced defects, and results are compared with furnace annealing. The laser
processing of a sol-gel TiOx thin film for passivating silicon surface defects is investigated in
Chapter VIII.
Lastly, the laser-based fabrication processes, including laser transfer doping, laser-transferred
metal contacts, and laser ablation of metals for contact isolation are explored in Chapter IX. The
discussion focuses on minimization of laser-induced defects and use of laser annealing for
removing defects in order to enhance solar cell device performance.
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Figure 1.8: Thesis outline.
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CHAPTER II: LITERATURE REVIEW
2.1. Silicon Solar Cells
Technological advancements and challenges that the photovoltaic (PV) industry has overcome
throughout the decades are astounding. Silicon solar cells have become a commercial and
residential renewable energy choice, with the efficiency improving from 4% to the current record
of 26.7% [4,7]. New technologies have advanced in two major directions: different types of
materials and different designs of device structures.
2.1.1. Advantages of Silicon Solar Cells
Emerging materials beyond silicon bring exciting opportunities, but in the short term, they
cannot simultaneously address problems of efficiency limitation, long-term stability, and cost
containment. The materials for PV technology are roughly classified into four categories: silicon,
III-V semiconductors, thin film chalcogenide, and organic/perovskite materials.
III-V cells show the highest record of 28.8% efficiency among single junction solar cells [4,6],
but this class of solar cells are expensive and contain rare elements which make them less
competitive. The current price of III-V solar cells is $13.6/W after reusing the substrate 20 times
[49], which is 21 times higher than the silicon solar cells with a module price of $0.3/W [50,51].
This deficiency shifts the research focus of III-V solar cells to multijunction designs and
incorporation in concentrator systems, which has led to the highest power conversion efficiency
of 46% [4]. However, the band alignment and lattice mismatching in multijunction solar cells
[52], over-heating problems in concentrator solar cells [53], and requirement of packaging have
slowed down the progress. This is exacerbated by high costs from light-trackers and relatively
complicated fabrication processes. Thus, III-V cells currently are less competitive with silicon
cells in terms of their economics and fabrication ease for large-scale applications.
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Chalcogenide (CIGS and CdTe) solar cells show a decent efficiency of around 21% [4]. First
Solar Company's CdTe PV modules sell for about the same price as the crystalline Si PV
modules, but they have been losing market share in recent years. This class of cells are limited
by the relatively rare elements, indium and tellurium. Also, this technology highly relies on thin
film deposition, which is complicated by the film properties and also requires vacuum systems
[54]. Questions about long-term reliability have limited sale of thin film solar cells, and silicon
solar cells command 95% of the PV market.
Organic and perovskite solar cells are the emerging technologies and are not yet mature in the
market. Organic solar cells are potentially low cost, but they only show a highest efficiency of 11%
[4] and their lifetime stability is very low. Inorganic-organic perovskite solar cells emerged in
2009 and have been widely studied in recent years. They already achieve an efficiency of 22.1%
[55], making them very promising in the future, despite currently lacking long-term stability.
In summary, silicon solar cells are likely to dominate the PV market for at least the next
decade due to its advantages of highest efficiency/cost ratio, longest lifetime reliability, great
technology maturity, large investment in infrastructure, abundant material supply in the earth's
crust, and environmental-friendly nature.
2.1.2. Silicon Solar Cell Operation
Silicon solar cells are based on a p-n junction as shown in Figure 2.1.a. When light is absorbed in
silicon, electron-hole (e-h) pairs are generated. Charge carriers are separated when they diffuse
to the depletion region where a built-in electrical field exists. Afterward, electrons and holes can
diffuse to the contacts, and subsequently, these carriers are collected, generating the electricity.
During this process, the e-h recombination occurs and decreases the collected current.
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(a)

(b)

Figure 2.1: (a) Silicon solar cell operation principle. (b) Example of industrial passivated
emitter and rear cell (PERC) structure.
Figure 2.1.b shows the example of industrial PERC (passivated emitter and rear cell) silicon
solar cell design. The p-n junction is formed by doping n-type emitters into the p-type base wafer.
In order to decrease the surface recombination loss, the front surface is usually passivated using a
SiNx layer, which functions as the antireflection coating simultaneously, and the rear surface is
often passivated an Al2O3/SiNx stack. For enhancing the light absorption, microtextures and
antireflection coatings (ARC) are used on the front surface. The metal contacts are deposited on
both sides for collecting charge carriers. The front-side contact is patterned using screen-printing
in order to allow for light absorption. The n+ and p+ high-doping regions are formed underlying
the contact regions, which helps to decrease the contact resistance between silicon and metals.
2.1.3. Loss Mechanism in Silicon Solar Cells
In silicon solar cells, conversion efficiency is used to describe the amount of solar energy that
is converted by cells to electricity. The theoretical efficiency limit is 34% for a single junction,
which is due to the inevitable losses in non-absorption of photon energy less than Si band gap,
thermalization of the excess energy photons, and the radiative recombination. If Auger
recombination is taken into account, this limit goes down to 29%.
To approach the efficiency limit, various loss mechanisms are discussed. For optical losses,
the front surface includes light reflection and shading loss from the metal coverage. The
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reflection is decreased to below 5% after microtexturing and fabricating a SiNx AR coating. In
the back surface, the incomplete absorption is caused by the wafer thickness and light absorption
by the back-side metal contact, but the ARC layer used in the back-side of solar cells (Figure
2.1.b) reduces this effect.
Silicon solar cell devices typically experience electrical losses through shunt resistance and
series resistance. The shunt resistance can be avoided by an edge isolation technique in the frontjunction devices such as the PERC cell in Figure 2.1.b. However, in back-contact solar cells, the
p and n regions are separated within hundreds of micrometers, which results in the difficulty to
avoid the shunt resistance. The series resistance comes from the bulk silicon resistance, electrode
resistance, and the contact resistance. Based on the baseline for high-efficiency IBC solar cells
[7], Si resistivity of 1-5 Ω-cm and base doping concentration of ~1015 cm-3 are the optimal
compromise between resistance and recombination. The electrode materials are usually screenprinted aluminum for p-regions and screen-printed silver for n-regions due to their relatively low
resistivity, low cost, and low contact resistance.
Another major source of electrical loss is the charge carrier recombination. Radiative
recombination of e-h pairs creates a photon, while Auger recombination excites another carrier,
both of which are nearly inevitable. Only defect-assisted recombination can be greatly
minimized or eliminated, which is the motivation of this dissertation. Defect-assisted
recombination occurs at the surface, grain boundaries, dislocations, and point defects. Surface
recombination dramatically decreases through the incorporation of a passivation layer. The
starting wafers are chosen for their long lifetime around 1-3 ms in order to have low bulk
recombination; however, defects can be generated during fabrication processes. This dissertation
describes a fundamental study of defect generation in laser processing.
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2.2. IBC Silicon Solar Cells and Other Designs
2.2.1. Different Design Concepts of Silicon Solar Cells
The efficiency ramp of silicon solar cells relies on the continuous emergence of new design
concepts [14]. Passivated emitter rear cells (PERC) introduced dielectric layers on the rear side.
These layers can provide the passivation for decreasing the backside surface recombination, and
also reflect the pass-through light for decreasing the back-side optical loss. Passivated emitter
rear locally diffused cells (PERL) have high doping areas at the contact regions. The high doping
regions create a field effect and minimize the minority charge carriers, leading to a decrease of
recombination in the contact regions. Also, it diminishes the contact resistance by reducing the
work function difference between silicon and metals.
Heterojunction with intrinsic thin layer cells (HIT) use a thin intrinsic a-Si layer to achieve
excellent passivation [56]. Also, the cells have the doped a-Si thin film to create the field effect.
The heterojunction IBC solar cells [7-9] have both n-type and p-type a-Si on the backside, and
they combine benefits from IBC cells and HIT cells, yielding the current laboratory record
conversion efficiency of 26.7% [7].
Interdigitated back contact cells (IBC) move the front emitter and contact regions to the
backside [10-12]. The advantage of IBC cells is the absence of front metal contact. This change
eliminates the optical shading from metal fingers and bus bars and greatly improves light
absorption, leading to a higher short circuit current (Jsc) in the cell. Also, it is not necessary to
optimize the metal grid design for satisfying the competing requirements of low contact
resistance, low metal resistance, and high light transmission. This IBC rear surface structure
allows an optimum light trapping and superior surface passivation. Thirdly, a suitable backside
metal contact design can greatly decrease the series resistance since the metal finger width is not
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limited. In addition, the interconnection of IBC modules can potentially be simplified because
the connection does not run from the front of one cell to the back of the next cell.
2.2.2. Review of IBC Silicon Solar Cells
IBC silicon solar cells have generated high efficiencies due to their advantages over
conventional solar cells. Heterojunction IBC cells continually set the world record of silicon
solar cells [7]. The IBC-only structure has also achieved high efficiency of >25% from the
industrial pilot line as demonstrated by Sunpower corporation [10].
The point contact IBC solar cells were first studied by Swanson and yielded a high efficiency
of 20% in 1984 [57,58]. However, the lack of improvement in wafer technology slowed the
development of IBC solar cells. The IBC cells require high-quality wafers with long carrier
lifetimes and thin wafer thickness, which allows light-induced charge carriers to diffuse through
the bulk to the rear contacts. In recent years, the advancement of wafer technology has provided
IBCs with a new opportunity. Australian National University (ANU) concentrates on obtaining
the high lab-scale cell efficiency from IBC cells and systematically studies the design parameters
and process sequences [11,59,60]. Fraunhofer ISE (Germany) focuses on developing an
industrially feasible IBC fabrication process. ISE intensively investigates the incorporation of
laser applications into fabrication processes and has achieved a current 23.2% efficiency
[20,23,24]. Literatures from all these research groups have provided guidance for this research.
2.3. Laser Processing for Solar Cell Fabrication and Laser-Induced Defects
For wider acceptance of silicon photovoltaic technology, it is essential to meet demanding
requirements to reduce the manufacturing cost while delivering a high cell efficiency. Traditional
solar cell fabrication highly relies on high-temperature techniques, vacuum processes, and
complex patterning steps. In order to simplify the fabrication processes and avoid high-
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temperature, high-cost techniques, the use of high-power lasers has received considerable
attention [17-42]. High-power lasers can achieve localized heating and non-contact processing at
room temperature and in a vacuum-free environment. Also, laser technology has advanced
tremendously granting access to various wavelengths and pulse widths, enabling lasers to meet
specific requirements such as in surface processing. The advantages have enabled a variety of
applications [17-42]. This dissertation focuses on laser transfer doping [20,22-27], lasertransferred metal contacts [26-30], laser ablation of metals for contact isolation [35-38], and
fundamental understanding of laser-induced defects.
2.3.1. Laser Doping
Traditionally, the doping in a p-n junction is achieved by exposing Si wafers to dopant source
gases such as POCl3, BBr3, or BCl3 at elevated temperatures, by using ion implantation, or
through furnace thermal diffusion of spin-on dopants. Ion implantation relies on enormous
electrical fields for creating ions and accelerating them for injection into the target silicon wafer.
The process is very fast for large-area doping, and it can produce a controllable doping profile.
However, this technique requires high-energy and high-vacuum systems, and subsequent hightemperature processes are unavoidable for dopant activation and annealing of ion-induced
damage. Moreover, localized doping using ion implantation requires additional complex masking
and etching steps [61].
Furnace thermal diffusion of spin-on dopants (SOD) is widely used in current lab research
because furnaces are more widely available than ion implantation. However, this process
requires 800 - 1000 ℃ heating for around an hour, exceedingly energy intensive. Furthermore,
under high temperature, the devices are easily contaminated by any residues existing in the
furnace. In addition, masks are required for patterning the doped regions. Lastly, spin-on dopants
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are costly while the shelf life is only ~6 months.
These disadvantages make ion implantation and furnace thermal diffusion less attractive,
especially in the IBC fabrication which requires numerous local doping regions and hightemperature processes. Thus, an alternative technique, laser transfer doping, was explored in this
dissertation.
Laser doping shows several advantages over the traditional ion implantation or hightemperature furnace diffusion. First, the processing is performed at room temperature in an
ambient air lab environment, which avoids high-temperature processes. Additionally, highvacuum systems or toxic dopant sources are not involved. More attractively, localized doping
can be obtained in selective locations, so masking and photolithography are avoided. Lastly, new
laser technologies with different wavelengths and pulse-widths provide an opportunity to achieve
a controllable doping profile by adjusting laser parameters.
The laser doping is achieved by melting the silicon surface under laser irradiation and then
diffusing the dopants into the molten silicon. In the literature, the dopant sources can be either
gas precursors [62] or pre-deposited thin films [22-27]. The technique using gas precursors,
namely Laser Chemical Processing, eliminates the vacuum-based deposition step, but it is
difficult to determine the laser parameters and gas pressures for obtaining a high doping
concentration. Thus, most researchers [22-27] utilize thin films for dopant sources.
The dopant films can be directly formed on the silicon surface before the doping process [2325]. This method demonstrates good device performance compared to the state of art [20]. In this
method, the whole surface is covered with a dopant film, so it requires subsequent etching steps
to remove the dopant film in the untreated areas, but contamination is difficult to prevent.
Laser transfer doping is another option, in which the dopant films are first deposited on an
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assistive transparent substrate and then transferred to silicon during laser irradiation [22]. In this
method, a physical gap exists between silicon and the dopant film, avoiding contamination. Also,
this method is suitable for the use of low-cost aluminum foil as a p-type dopant source.
Currently, the laser-transfer-doping studies have focused on boron dopants [22], but
aluminum-dopant transfer was the focus in this dissertation due to two reasons. First, aluminum
foil is the low-cost alternative for laser transfer doping. Secondly, the boron concentration is low
in dopant films, which is a major challenge in laser doping of boron.
2.3.2. Laser-Transferred Metal Contacts
Metallization is important for device performance. The current PV industry widely uses screen
printing for metallization. However, this technique provides a feature size of ~50 μm [63] which
cannot satisfy the needs of the finer line width used in IBC cells. Furthermore, high-temperature
processes are required, and the printed metal paste should be carefully prepared to ensure a low
contact resistance. Also, significant mechanical stress occurs during the printing process [29].
These drawbacks were considered to explore the laser-transferred metal contact which produces
a line width of ~20 μm using a low-temperature non-contact process.
2.3.3. Laser-Induced Defects
The key challenge for laser-based processes is the induced crystallographic defects and phase
changes [47,64-67]. Among the laser-based processes, laser doping, laser microtexturing, and
laser ablation require the laser melting/ablation of silicon, while other techniques, such as lasertransferred metal contact, laser-fired contact, laser-generated passivation, and laser annealing,
can hardly avoid the laser melting. The laser melting/ablation inevitably leads to high heating
and cooling rates. The fast and nonequilibrium thermal process during melting and
resolidification induces the damage to a crystalline structure as shown in Figure 2.2.a.
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Moreover, laser-induced damage, as shown in Figure 2.2.b, also includes the formation of
point defects, dislocations, and grain boundaries, which correspond to the displacement of atoms
in different dimensions. These laser-generated defects act as the trap energy states in the band
gap of silicon and dramatically increase the defect-assisted recombination. Higher recombination
rates eventually lead to the deterioration of photovoltaic efficiency.
(a)

(b)

Figure 2.2: Different types of laser-induced damage: (a) formation of amorphous phase, and
(b) crystalline defects.
Therefore, it is necessary to carry out fundamental studies aimed at revealing the mechanisms
of laser-induced defect formation and phase changes in laser-processed silicon, minimizing or
eliminating these defects through control of laser-processing parameters and post-annealing
methods, and demonstrating the impact of defect removal on the performance of laser-based
silicon solar cell devices.
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CHAPTER III: LASER-INDUCED PHASE TRANSFORMATION
The content of this chapter was published as: Z. Sun and M. C. Gupta, "Laser processed silicon
for photovoltaics and structural phase transformation," Applied Surface Science, vol. 456, pp.
342-350, 2018.
3.1. Introduction and Motivation
Most laser-based solar cell applications rely on the silicon melting or ablation. For example, the
silicon melting is required in the laser doping process to allow the dopants to diffuse into the
silicon [20,25], and the silicon ablation is required in the laser microtexturing [39,40] and laser
edge isolation [41]. The current challenge is the formation of amorphous phases and grain
boundaries due to ultra-rapid melting and resolidification during laser processing. The generation
of disordered amorphous and polycrystalline phases can be extremely detrimental to the silicon's
electrical properties and the device's performance [47,64-67]. Hence, a fundamental
understanding of the origin of phase transformation during laser processing of silicon is required.
To date, ion-induced phase transformation in silicon has been well studied [68]. Existing
investigations into laser-induced phase transformation merely focus on amorphous-to-crystalline
changes and their laser annealing applications [69,70]. However, the literature on the crystallineto-amorphous/polycrystalline transformation after laser processing is very limited and only
several papers report results using ultrafast lasers only [71] or using simulations [72]. No
comprehensive study on Si phase transformation under nanosecond-pulse-width laser processing
was found. Crystalline-to-amorphous/polycrystalline phase changes are of particular interest
since precise control of the initial phase is essential for broader applications of nanosecondpulse-width lasers in the Si photovoltaic and microelectronic industry. The lack of detailed
fundamental studies in the experimental regime of laser-induced phase changes of Si is the major
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motivation for this work. A systematic experimental investigation was carried out to understand
the mechanisms of phase changes during laser processing. More importantly, it is essential to
identify the necessary laser parameters to avoid phase transformation in order to achieve superior
device performance.
In this chapter, we evaluate laser-induced phase transformation using different laser systems
of 532 nm wavelength, 1.3 ns pulse width and 1064 nm wavelength, 50 ns pulse width.
Moreover, we correlate cross-sectional TEM images and Raman line-map spectra to identify
local phase changes at different positions within the laser processed spot. We demonstrate the
retention of a single crystalline phase after 532 nm laser processing via control of laser fluence,
which is beneficial to achieving high photovoltaic conversion efficiency. Furthermore, we
present and explain the phase evolution relationship with varied 1064 nm laser processing
fluences. Besides phase information, we also present microstructural and stress information
determined from high-magnification TEM images and quantification of diffraction indices.
3.2. Experimental Details
Single-side polished n-type (phosphorous-doped) FZ c-Si wafers were used, with a thickness of
200 µm, orientation of <100>, and resistivity of 1 Ω-cm. The native oxide was first removed by
HF. Next, the wafer surface was etched using a 25% KOH solution at 60 ℃ for 30 minutes to
remove any possible saw damage. Afterward, the wafers were cleaned via a standard cleaning
procedure [67] to remove any organic and ion contaminants.
3.2.1. 1064 nm Wavelength Laser Processing
A 30 W, 1064 nm wavelength pulsed fiber laser system (model YLP-RA-1/50/30/30, IPG
Photonics) with a pulse duration of 50 ns was used to process silicon wafers. The schematic of
the laser experiment setup is shown in Figure 3.1.a. The laser beam was focused onto the sample
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with a spot size of ~60 μm, and the laser was operated at a repetition rate of 30 kHz. A
galvanometer scanner was used to achieve area processing on the sample. Note that the scan
speed of 50 mm/s and the line spacing of 20 μm guaranteed uniform laser-processed regions.
The laser fluences were varied at different levels, namely, 1.28 J/cm2, 1.47 J/cm2, and 1.60
J/cm2. The surface morphology changes were examined under a scanning electron microscope
(SEM, Quanta 650, FEI). It was observed that the morphology changes appeared at 1.28 J/cm2
fluence, while the surface roughness, as shown in Figure 3.1.b, became severe at 1.60 J/cm2,
indicating a more significant melting and ablation. The cross-section of a single laser scan in
Figure 3.1.c showed a melted Si depth of ~8 µm at 1.60 J/cm2 fluence.
(a)

Figure 3.1: Laser setup and SEM images of 1064 nm wavelength laser-processed silicon
under 1.60 J/cm2 fluence. (a) Schematic showing laser processing of silicon surface. SEM
images of (b) surface area processing and (c) cross-section of a single laser scan.
3.2.2. 532 nm Wavelength Laser Processing
As shown in Figure 3.2.a, a single-pulse-processing technique was applied to the 532 nm laser
processed samples. The unique single-laser-processed-spot design allowed the study of phase
changes along the spatial profile under a Gaussian beam. Also, use of a single shot avoided
additional influence from multiple pulses. Through setting the pulse repetition rate at 30 kHz and
scanning speed at 300 mm/s, we achieve adjacent melt spots as shown in the SEM image in
Figure 3.2.b.
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The 532 nm wavelength laser used was a pulsed ytterbium fiber laser (model YLP-G-10, IPG
Photonics) with a full laser power of 10 W at the 100% set point and a laser pulse width of 1.3 ns.
The laser beam entered a galvanometer scanner (SCANcube 14, Scanlab) and was scanned onto
the silicon sample with a beam size focused to 25 μm.
In order to apply our study to Si solar cells processing, the laser processing fluences were
chosen at 1.31 J/cm2 and 1.64 J/cm2. At 1.64 J/cm2 fluence, the melted spot size was 10.64 μm as
shown in the SEM image (Figure 3.2.b).
(a)

(b)

Figure 3.2: Experimental design and SEM image of 532 nm wavelength laser-processed
silicon. (a) Schematic showing single-pulse laser processed silicon and local characterization
of phase transformation using cross-section TEM and Raman line-mapping. (b) SEM image
showing adjacent processed spots created at 1.64 J/cm2 laser fluence.
3.2.3. Phase Transformation Characterization
The phase transformation was investigated through TEM and Raman spectroscopy. By imaging
the cross-section of a laser-processed spot under TEM, phase changes and their locations can be
determined in diffraction mode. Additionally, Raman spectroscopy with an analysis spot size of
around 1 μm (Figure 3.2.a) was used for line-mapping across the laser-processed spot to confirm
Si phases at different positions.
For detailed microstructure observation, cross-sectional TEM images were taken by a JEOL
2000FX at an incident electron beam energy of 200 keV equipped with a slow-scan and wide-
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angle TV-rate camera (Gatan, Inc.). The TEM spatial resolution was 0.3 nm. To prepare crosssectional TEM samples, laser-processed silicon wafers were first cut into 2 mm × 1 mm pieces.
After a suitable amount of epoxy glue was spread uniformly on the surface, two pieces were
glued face-to-face. The adjoined sample was vertically (1 mm direction) glued onto a supportive
Cu grid with a small amount of epoxy. The grid was then glued with thermo-wax on top of a
glass cylinder. With help of the glass cylinder, the sample was manually polished down to
around 50 μm via sandpaper (800 grit and 2000 grit). The thickness was monitored via a Zygo
white-light interferometer. Next, the sample was ion-milled to 10-50 nm using a GATAN 691
Precision Ion Polishing System (PIPS).
Raman spectra were taken on Renishaw inVia Raman Microscope. A 405 nm wavelength
laser was used for excitation in the surface region of the sample. The power percentage was set at
0.05% to achieve a small analysis size of 1 μm. The comparative size of the Raman laser spot is
shown in Figure 3.2.a. The laser beam moved across the processed spot with 1 μm steps to
acquire the line-scan. Due to the small spatial resolution, a long exposure time (200 s) and
numerous accumulations (5) were chosen to reduce noise.
3.3. Retention of Single-Crystalline Phase Under 532 nm Laser Processing
3.3.1. TEM Study under Different Laser Fluences
As a reference, a cross-sectional TEM image of the starting wafer is shown in Figure 3.3.a. The
figure shows periodical atomic layers which are indicated by the dashed line. Imaging contrast
was achieved through tilting the TEM sample holder by ~35°, which allows for viewing the
sample in the [111] zone axis. The single-crystalline phase of the starting wafer is confirmed by
the diffraction pattern as shown in Figure 3.3.b. The diffraction indices were identified and the
(111), (11̅1̅), and (200) planes are marked in the figure. Note the forbidden (200) spot was
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observed, however, this behavior has been reported in the literature [73]. The diffraction indices
are summarized in Table 3.1. The ratio of distance between the diffraction spots for the (200) and
(111) planes and their angle are comparable to the theoretical calculations [73].

(a)

(b)
3.427 nm-1
2.970 nm-1 54.70°
(111)
(200)
(111)

nm-1
Figure 3.3: Cross-sectional TEM images of the starting Si wafer as a reference: (a) bright
image and (b) diffraction pattern.
Table 3.1: Summary of diffraction indices for 532 nm laser-processed silicon.
Reference sample At 1.31 J/cm2 At 1.64 J/cm2
Theoretical calculation
(Figure 3.3.b)
(Figure 3.4.d) (Figure 3.5.d)
r(200)/ r(111)

1.155

1.154

1.123

1.142

Angle

54.74°

54.70°

54.82°

54.76°

Figure 3.4 shows the cross-sectional TEM images after 532 nm laser processing at 1.31 J/cm2
fluence. As shown in the explanatory drawing (Figure 3.4.a), an amorphous nanoparticulate
phase is randomly dispersed in proximity to the laser spot. The corresponding bright image at
4,000× magnification is shown in Figure 3.4.b. The Si surface is slightly ablated causing the
creation of a small observable crater. The crater diameter is around 2 μm. We observe that some
of the nanoparticles are scattered inside the crater. The nanoparticles are readily observable via
the TEM at 30,000× magnification as shown in Figure 3.4.c. The nanoparticle size was measured
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to be around 20 nm. Apertures of different sizes were applied for obtaining diffraction patterns at
different locations.
(a)

Re-deposited nanoparticles
(b)

(c)

2 μm

200 nm

(d)

(e)
Amorphous diffused rings

3.322 nm-1
2.958 nm-1

54.82°
(200)

(111)(111)

Crystalline spots
-1

-1

nm

Figure 3.4: Cross-sectional TEM images of 532 nm wavelength laser-processed Si samples at
1.31 J/cm2 fluence: (a) explanatory drawing, (b) bright image at low magnification showing
the entire processed spot, (c) bright image at high magnification showing the re-deposited
amorphous nanoparticles, (d) diffraction pattern with aperture on the dashed box in Figure
3.4.c, and (e) diffraction pattern with aperture on the solid box in Figure 3.4.c.
At the location with the dashed box in Figure 3.4.c, a mixed pattern of single crystalline dots
and amorphous diffused rings was found as shown in Figure 3.4.d. The (111), (11̅1̅), and (200)
planes were identified. The ratio of distance between diffraction spots for the (200) and (111)
planes and their angle were measured. As shown in Table 3.1, the ratio decreases slightly.
Derived from Bragg's Law, the lattice parameter can be calculated by
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a=

L∙λ
r

√h2 + k 2 + l2 ,

(3.1)

where L·λ is the TEM camera constant, r is a scalar for the diffraction spot of plane (h,k,l). When
the scalar of the prominent diffraction (111) spot is normalized to 1, the ratio of distance between
diffraction spots for the (200) and (111) planes, which is named as r(200)/ r(111), can indicate either
lattice expansion or compression. Thus, the smaller r(200)/ r(111) ratio after laser processing at 1.31
J/cm2 indicates slight expansion stress.
When the diffraction aperture was placed on the nanoparticles, as shown in the solid box in
Figure 3.4.c, the corresponding diffused-ring pattern in Figure 3.4.e confirmed these
nanoparticles were in an amorphous phase. Some crystalline spots can barely be observed inside
the diffused amorphous rings, which suggests the amorphous particles tend to create a shortorder nanoparticulate phase. The amorphous particles are most likely generated due to the redeposition of ablated particles [74,75]. According to theoretical analysis by Lu et al. [74], this
behavior was only observed when using 532 nm wavelength (or shorter) laser pulses, which
appreciably matches our observation. The explanation is that a smaller penetration depth is
required to satisfy the superheating condition for explosive boiling, one mechanism of laser
ablation [74,76]. Their calculation [74] showed that the particle radius was around 25 nm, which
matches our measurement of ~20 nm. In literature, the generation of amorphous particles is also
possible when using UV lasers [77] or ultrafast lasers [78].
Figure 3.5 shows the cross-sectional TEM images when the laser fluence is increased to 1.64
J/cm2 using the 532 nm wavelength laser. As shown in the explanatory drawing in Figure 3.5.a,
the single-crystalline phase is surprisingly retained in most of the spot area. This is important
because a high-performance photovoltaic device requires the retention of a single-crystalline
phase after laser processing. If single-crystalline phase cannot be retained, the structural defects

29

or the grain boundaries would deteriorate the effective carrier lifetime, thus would lower the
photovoltaic efficiency. Although only a small amount of the amorphous phase is observed on
the edge of the spot, it can be fully avoided if the Gaussian beam profile is converted to a flat-top
beam profile.
(a)

(b)

(c)

(d)
3.453 nm-1
3.024 nm-1 54.76 °
(111)
(200)
(111)

nm-1

Figure 3.5: Cross-sectional TEM images of 532 nm wavelength laser-processed Si samples at
1.64 J/cm2 fluence: (a) explanatory drawing, (b) bright image at low magnification showing
the entire processed spot, (c) bright image at high magnification showing the spot center, and
(d) diffraction pattern of area with aperture on the solid box in Figure 3.5.c.
Figure 3.5.b shows the TEM bright image for the 1.64 J/cm2-fluence processed sample at
2,000× magnification. The ablated spot size is around 9 μm. No nanoparticles were observed
inside the crater. A closer inspection at 8,000× magnification is shown in Figure 3.5.c. When an
aperture (solid box in Figure 3.5.c) was given, the diffraction pattern was confirmed to be of
single-crystalline phase as shown in Figure 3.5.d. The r(200)/r(111) ratio is slightly smaller than the
reference sample, indicating a very small induced expansion stress after laser processing at 1.64
J/cm2 fluence.
Laser ablated nanoparticles of Si were observed under 1.31 J/cm2 laser fluence while no
ablated nanoparticles were observed under high laser fluence of 1.64 J/cm2. This implies that at
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higher laser fluence, material gets vaporized and a clean ablated surface is achieved. This result
is critical for achieving high effective carrier lifetime and therefore high photovoltaic efficiency
in laser processed Si solar cells.
3.3.2. Raman Line-Mapping Spectra under Different Laser Fluences
To further examine crystallinity, we investigated the Raman spectra of single crystalline silicon
(400) peak at ~520 cm-1 wavenumber using line-mapping across the laser processed spot, from
Position 0, at the spot center, to various positions 1-5 μm, away from the spot center, as shown in
Figure 3.6. This investigation was used to confirm the TEM phase identification using a nondestructive Raman approach. Direct evidence of an amorphous silicon phase is typically
indicated by a broad Raman peak at ~ 480 cm-1 wavenumber [79,80]. In our case, this
amorphous silicon peak is not distinctively observed due to a low amount of amorphous silicon
and the low detection intensity for obtaining a ~ 1 μm detection diameter, with similar results in
the literature [81]. However, the presence of amorphous silicon can broaden the crystalline
silicon peak, especially in the low wavenumber range, which is characterized by the full-widthat-half-maximum (FWHM) value [79-81]. The FWHM values of the c-Si peak as a function of
the relative position across the laser processed spot under different fluences are shown in Figure
3.6.
At a laser fluence of 1.64 J/cm2 (Figure 3.6.a), the Raman spectra at the processed spot center
(At Position 0 and 1 μm) are roughly the same as the reference spectra from the sample without
laser processing. The silicon peak is slightly broadened at Position 4 and 5 μm which are near the
edge of laser processed spot as shown in Figure 3.2.b. The quantitative FWHM values (Figure
3.7) show that starting from the laser center (Position 0), the FWHM slowly increases by ~1
wavenumber incrementally and reaches a maximum at Position 5-7 μm, indicating the generation
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of amorphous silicon around the spot edge.

(a)

(b)

Figure 3.6: Raman line-mapping across the laser spot from edge to center for 532 nm
wavelength laser-processed samples: (a) at 1.64 J/cm2 fluence, (b) at 1.31 J/cm2 fluence.
Position 0 is the spot center and Positions 1-5 μm are relative distance from the spot center.

Figure 3.7: The full width at half maximum (FWHM) of the c-Si Raman peak as a function of
the relative position across the 532 nm wavelength laser-processed spot under different
fluences.
At a laser fluence of 1.31 J/cm2 (Figure 3.6.b), the crystalline silicon peak not only
significantly broadens in the low wavenumber range but also shifts the peak position to a lower
wavenumber. As shown in Figure 3.7, the FWHM shows nearly doubled value at all positions on
the processed spot versus the untreated area. The FWHM change at 1.31 J/cm2 fluence is more
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significant than at 1.64 J/cm2 fluence, suggesting smaller amount of amorphous-phase Si is redeposited at 1.64 J/cm2 fluence. The implication from FWHM changes matches the observations
from our TEM studies.
3.4. Phase Transformation under 1064 nm Laser Processing
The 1064 nm laser-processed samples showed a clear phase transformation from crystalline to
amorphous/polycrystalline phases. Cross-sectional TEM was used to identify the phases under
different laser fluences.
3.4.1. Amorphous Phase under 1.28 J/cm2 Laser Fluence
Figure 3.8 shows the cross-sectional TEM images under 1.28 J/cm2 laser fluence. A ~186 nm
thick amorphous layer is generated at 1.28 J/cm2 fluence as shown in Figure 3.8.a, starkly
different from the single-crystalline phase of the reference sample (Figure 3.3). This observation
is confirmed by the diffused rings in the diffraction pattern (Figure 3.8.c). The non-uniformity
shown under high magnification (Figure 3.8.b) is likely due to the growth of a short-order
nanocrystalline phase. The nanocrystalline phase induced the distinctive edge for the diffusedring pattern in Figure 3.8.c, which is similar to the observed nanocrystal-embedded amorphous
phase in the literature [82]. Moreover, the initial sites for the polycrystalline phase appear, as
shown in Figure 3.8.a.
A discussion on differences of the induced amorphous phase by a 532 nm wavelength, 1.3 ns
pulse width laser and a 1064 nm wavelength, 50 ns pulse width laser is necessary. It is noted that
a 532 nm wavelength pulse has penetration depth of ~1 μm in silicon and its pulse width (1.3 ns)
is short, making the intense superheating on the surface. The 1064 nm wavelength pulse has a
much larger initial penetration depth of ~1000 μm, which is greater than the silicon wafer
thickness (~200 μm), and its pulse width (50 ns) is much longer. Thus, the 1064 nm, 50 ns laser
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(a)

(b)

Diffused rings

(c)

186 nm
Amorphous phase

Initial sites for polycrystalline

nm-1

Figure 3.8: Cross-sectional TEM images of 1064 nm wavelength laser-processed Si samples
at 1.28 J/cm2 fluence: (a) bright image at low magnification, (b) bright image at high
magnification, (c) diffraction pattern with the aperture on the entire area in Figure 3.8.a.
532 nm, 1.3 ns laser

1064 nm, 50 ns laser

Figure 3.9: Two different ablation mechanisms under different laser wavelengths and pulse
widths for explaining the difference in induced phase changes.
has a relatively small superheating effect on the surface region. According to theoretical analysis
[74,75,83-85], the differing superheating intensities determine the differing laser ablation
mechanisms. As shown in Figure 3.9, the normal evaporation mechanism dominated under the
1064 nm, 50 ns pulse, contrary to the explosive boiling mechanism which induced the redeposited amorphous particles under the 532 nm, 1.3 ns pulse. After evaporating the surface
atoms under the 1064 nm, 50 ns pulse, the remaining melted Si can roughly follow the phase
transformation from the melting-only. According to calculations in the literature [86-88], the
undercooling at the laser fluence of melting threshold is around 420 - 550 K. Since the
thermodynamic requirement for amorphous phase generation is an undercooling of >245 K [89],
our 1064 nm, 50 ns laser processed samples satisfy the amorphization condition, explaining the
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observation of an amorphous layer in Figure 3.8.a.
3.4.2. Polycrystalline Phase Generation under 1.47 J/cm2 Laser Fluence
Figure 3.10 shows cross-sectional TEM images of samples under 1.47 J/cm2 laser fluence.
Polycrystalline grains can be found underneath the amorphous layer as shown in Figure 3.10.a. A
high magnification image of the grains is shown in Figure 3.10.b. The grain sizes are measured
to be between 20 and 100 nm. With the aperture on the grains (dashed box in Figure 3.10.a), the
diffraction was measured, and the corresponding pattern (Figure 3.10.d) of polycrystalline rings
confirms the generation of a polycrystalline phase.
(a)

(b)

(c)

41 nm amorphous Microtwins with
dislocations

Microtwins with
dislocations

3.5 nm

Grains
Grains

(d) Polycrystalline rings
-1

11.96 nm

(e) Diffraction on microtwins

(311)

10.17 nm-1 (220)

11.42 nm -1 (311)
9.56 nm-1 (220)

6.25 nm-1 (111)

5.80 nm-1 (111)

nm-1

nm-1

Figure 3.10: Cross-sectional TEM images of 1064 nm wavelength laser-processed Si
samples at 1.47 J/cm2 fluence: (a) bright image at low magnification, (b) grains under high
magnification, (c) microtwins with dislocations under high magnification, (d) diffraction
pattern of area with aperture on the dashed box in Figure 3.10.a, (e) diffraction pattern of
area with aperture on the solid box in Figure 3.10.a.
The amorphous layer was measured to be 41 nm thick (Figure 3.10.a), which is significantly
smaller than the 186 nm value at 1.28 J/cm2 fluence (Figure 3.8.a). There are two possible
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reasons. One could be due to greater ablation since a larger laser fluence was used. Another
reason could be due to crystallization of the Si amorphous phase (a solid-state transformation)
[89]. The thermodynamic requirement for crystallization highly depends on the recrystallization
time [86,89]. Based on the simulation study by Duff and Zhigilei [90], the recrystallization time
increases significantly with laser fluence. The longer recrystallization time at the laser fluence of
1.47 J/cm2 determines amorphous-to-polycrystalline phase transformation and will lead to higher
crystallinity. This explains our two observations, namely, the grain generation at 1.47 J/cm2
fluence and the amorphous phase disappearance.
More interestingly, at 1.47 J/cm2, we clearly observed parallel-spaced thin lines (fringes) in
Figure 3.10.a and the high-magnification image is shown in Figure 3.10.c. The line spacing was
measured to be 3.5 nm. These high-contrast lines were identified in two structures, either the
microtwins [91-93] or the dislocation stacks [94,95]. The TEM images of microtwins in the
literature [91-93] exactly match our observation and their images show a twin line spacing of
around 2.8 nm and a length of 100-800 nm. The mechanism of microtwin generation is due to
insufficient energy for amorphous-to-crystalline phase transformation during the incubation
period. This explains the fringe line appearance between the amorphous phase and
polycrystalline phase. Another possible explanation for the fringe lines is the dislocation stacks,
which are generated with the nanocrystalline phase or oxygen precipitates, as claimed in the
literature [94,95]. This explanation can be further confirmed by the observed extra spots outside
the diffraction ring pattern of the (311) plane at 1.60 J/cm2 laser fluence, as shown in Figure
3.11.d. This behavior matches studies of ion-beam induced {311} dislocations in the literature
[96,97], considering that the TEM contrast of the {311} dislocations is valid after ~35° tilting in
our experiments. Furthermore, it is noted that the most likely scenario is that the microtwins and
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dislocations could exist simultaneously in our samples, which can be inferred from the fact that
the microtwin generation certainly creates dislocations in the twin boundaries for coordination
[91-93].
3.4.3. Polycrystalline Phase Growth under 1.60 J/cm2 Laser Fluence
Cross-sectional TEM images after the laser fluence was increased to 1.60 J/cm2 are shown in
Figure 3.11. The most important feature is that dramatic grain growth occurs in both size and
number. As shown in Figure 3.11.a, the grain size increases to ~100 nm and the shape changed
from angular (Figure 3.10.a or 3.10.b) to approximately rounded. Under the same magnification,
the 1.60 J/cm2-fluence processed sample shows more than 4 times the number of grains when
compared to the 1.47 J/cm2-fluence processed sample. The grain growth is correlated with a
reduced number of amorphous phases. This behavior further confirms an increasing
recrystallization time with increased laser fluence for 1064 nm wavelength pulses (if laser
ablation is limited). Furthermore, microtwins or dislocation stacks are observed between the
amorphous and polycrystalline phases as shown in Figure 3.11.a.
The diffraction patterns of the aperture on the grains and on the microtwins are shown in
Figure 3.11.b and 3.11.c. In comparison, a more continuous ring pattern in Figure 3.11.b can
indicate a smaller grain size in the polycrystalline phase area, while a loosely dashed ring pattern
in Figure 3.11.c suggests the twin grain size is relatively larger in the microtwin area. This
behavior is the same as 1.47 J/cm2 processed samples (Figure 3.10.d and 3.10.e).
The dashed rings in Figure 3.11.c were fitted for an accurate measurement of the ring size, as
shown in Figure 3.11.d. The (111), (220), (311), (400), (331), and (422) planes were identified
and marked on the diffraction rings in Figure 3.10.d, 3.10.e, 3.11.b, and 3.11.d. Their
corresponding diffraction indices are summarized in Table 3.2. Since the realistic ring width is
influenced by grain size, the ring radius of different orientations are normalized to the width of
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(111) plane and compared with the theoretical calculation. The normalized ratio can indicate the
stress within the corresponding plane. As shown in Table 3.2, the polycrystalline phase at 1.47
J/cm2-fluence has roughly the same r(220)/ r(111) and r(311)/ r(111) ratios with the theoretical values,
which indicates limited stress. However, after laser fluence was increased to 1.60 J/cm2, the
polycrystalline phase shows higher ratios, which indicates a strong expansion stress. This could
be due to the multiplication of grains which induces large amount of boundaries. Moreover, the
(a)

100 nm

(b)

Microtwins
with dislocations

12.25 nm-1 (311)
10.34 nm-1 (220)
6.27 nm-1 (111)

nm-1

Grains

(c)
Extra spots

(d)
Extra spots
12.06 nm-1 (311)
10.35 nm-1 (220)
6.26 nm-1 (111)
14.79 nm-1 (400)
16.14 nm-1 (331)
17.86 nm-1 (422)

nm-1

nm-1

Extra spots

Extra spots

Figure 3.11: Cross-sectional TEM images of 1064 nm wavelength laser processed Si samples
at 1.60 J/cm2 fluence: (a) bright image, (b) diffraction pattern of area with aperture on the
dashed box in Figure 3.11.a, (c) diffraction pattern of area with aperture on the solid box in
Figure 3.11.a, (d) fitted diffraction rings for the pattern in Figure 3.11.c.
ratios at microtwins for both the 1.47 J/cm2 and 1.60 J/cm2 fluence processed samples are also
larger than the theoretical values, which suggests that the microtwins can induce expansion stress.
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One exception is on the (311) plane at 1.60 J/cm2 fluence. Although the r(311)/ r(111) ratio of 1.927
is still larger than the theoretical value of 1.915, it is not as high as the expected value of 1.969
at 1.47 J/cm2 fluence. This behavior is likely due to the release of expansion stress from the high
density of induced dislocations. The high density of dislocations can be confirmed by the extra
spot on the (311) TEM pattern as noted in Figure 3.11.c or 3.11.d.
Table 3.2: Summary of diffraction indices for polycrystalline phases in 1064 nm wavelength
laser-processed silicon.
Theoretical
calculation

At 1.47 J/cm2,
aperture on
grains
(Figure 3.10.d)

At 1.47 J/cm2,
aperture on
microtwins
(Figure 3.10.e)

At 1.60 J/cm2,
aperture on
grains
(Figure 3.11.b)

At 1.60 J/cm2,
aperture on
microtwins
(Figure 3.11.d)

1.633
1.915
2.309
2.517
2.828

1.627
1.914
-

1.648
1.969
-

1.649
1.954
-

1.653
1.927
2.363
2.578
2.853

r(220)/ r(111)
r(311)/ r(111)
r(400)/ r(111)
r(331)/ r(111)
r(422)/ r(111)
3.5. Conclusions

The laser-induced phase transformation under 532 nm wavelength, 1.3 ns pulse width and 1064
nm wavelength, 50 ns pulse width laser pulses were systematically investigated. For 532 nm, 1.3
ns laser-processed samples, we observed the retention of a single-crystalline phase under 1.64
J/cm2 fluence. This observation was confirmed by investigating local phase information by using
cross-sectional TEM and Raman line-mapping across the laser processed spot. At 1.64 J/cm2
fluence, the TEM diffraction pattern with apertures at various local positions showed the dot
patterns and diffraction indices match with the single-crystalline phase. In parallel, quantification
of the FWHM values from Raman line-mapping spectra confirmed the retention of a singlecrystalline phase. This retention of a single crystalline phase is beneficial to high effective carrier
lifetime and hence high photovoltaic conversion efficiency.
For 1064 nm, 50 ns laser processed samples, the cross-sectional TEM images under
increasing laser fluence show a phase evolution in four stages: amorphous-phase generation,
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polycrystalline-phase generation, amorphous-to-polycrystalline-phase transformation, and
polycrystalline grain growth. The thermodynamic analysis suggests that the different
undercooling conditions and an increasing recrystallization time under increasing laser fluence
explain the corresponding phase changes. Moreover, microtwins with dislocations were observed
at 1.47 J/cm2 and 1.60 J/cm2 fluences. The microtwins increased the expansion stress as
indicated by the increased normalized diffraction ring radius. Also, the observed additional spots
in the (311) diffraction ring pattern at 1.60 J/cm2 fluence, demonstrate the generation of a high
density of dislocations.
The laser conditions for avoiding amorphous and polycrystalline phase formation are
demonstrated using a 532 nm wavelength, 1.3 ns pulse width laser at 1.64 J/cm2 fluence, which
can be utilized for laser fabrication of low-cost high-performance photovoltaic devices.
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CHAPTER IV: LASER-INDUCED DEFECTS AND DISLOCATIONS
This chapter contains part of a manuscript published as: Z. Sun and M. C. Gupta, "A study of
laser-induced surface defects in silicon and impact on electrical properties," Journal of Applied
Physics, 2018 (In press).
4.1. Introduction and Motivation
The crystal defect engineering in laser-processed silicon is critical in achieving low-cost highefficiency silicon photovoltaic, microelectronic, and optoelectronic devices. In addition to laserinduced phase transformation (Chapter III), laser-induced structural defects become another
major challenge in the performance improvement of laser-processed photovoltaic devices
[45,47,48]. Due to the rapid development of high power lasers and improved wafer quality,
previous laser-induced damage studies [45,46,98-102] cannot provide sufficient information to
guide current laser-based Si photovoltaic and microelectronic applications. In the recent progress,
researchers [103] focus on the ultrafast-laser induced damage. However, the nanosecond-lasers,
which dominate laser-based silicon photovoltaic applications, lack comprehensive investigations
on induced structural defects. In limited examples, Hameiri et al. [47] and Ohmer et al. [64]
focused on the laser-induced defect formation in the laser doping technique. Hence, for a wider
acceptance of broader laser-based applications, a fundamental material-level study of
nanosecond-laser-processed Si is necessary to understand the defect generation mechanisms and
identify the damage-limiting laser conditions.
Laser-induced defects include point defects [104,105], dislocations [66,67,106], microtwins
[65], phase changes [65], oxygen incorporation [44,66,107], and internal strain [65,67]. Recent
studies have emphasized the device performance degradation due to laser-induced defects.
Hameiri et al. [47] indicated that the choice of dielectric films for laser doping played an
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important role in control of defect formation and they minimized the laser doping induced
defects through applying a double SiO2/SiNx stack. Ohmer et al. [64] suggested that the laser
beam with a line focus could help to avoid the formation of dislocations, microtwins, and phase
changes in the laser doping. Abbott et al. [48] and Baumann et al. [108] claimed that the lasergroove formation could induce less defects and device degradation in buried contact solar cells.
Other studies [44] mainly evaluated the bulk carrier lifetime after the laser treatment. To further
advance the understanding of laser-induced defects, we identify the induced defect types at
different laser fluence regimes, analyze the relationship between laser-induced dislocations and
strain, and assess their magnitude.
4.2. Experimental Details
4.2.1. Laser Processing of Crystalline Silicon
Polished p-type (boron-doped) FZ c-Si wafers were used, with a thickness of 300 µm, orientation
of <100>, and resistivity of 1 Ω-cm. They were purchased from Topsil Global Wafers. Wafers
were cleaned by a standard procedure [67] to remove any organics, oxides, and metal ion
contaminations.
Laser processing of the silicon wafer was conducted with a 30W, 1064 nm pulsed fiber laser
(model YLP-RA-1/50/30/30, IPG Photonics) with laser pulse width of 50 ns. As shown in Figure
4.1.a, the laser beam entered a galvanometer scanner (TS8310) and was scanned onto the wafer
surface with the beam size focused to ~60 μm. The laser repetition rate was set at 30 kHz, the
scanning speed at 50 mm/s, and the line spacing at 20 μm, which guaranteed the entire 2 cm × 2
cm sample surface was uniformly processed.
The laser fluences were varied ranging from 0.18 - 1.92 J/cm2 with a step of 0.02 - 0.2 J/cm2.
The laser marking (ablation) on silicon surface started at 1.28 J/cm2 fluence, while the laser
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melting occurred at ~0.4 J/cm2. Thus, the designed laser conditions covered three distinctive
regimes: below laser melting, between laser melting and ablation, and above laser ablation.
(a)

Galvanometer

1064 nm wavelength,
50 ns pulse width laser

(b)

Laser treated surface region
Silicon wafer

Figure 4.1: (a) Schematic of laser processing of silicon surface and (b) generation of defect
energy level in the silicon band gap.
4.2.2. Characterization and Quantification of Laser-Induced Surface Defects
The laser-induced defect generation was investigated by studying the band-edge and dislocationinduced photoluminescence emission. The induced dislocation concentration was quantified by
observing etch pits under scanning electron microscope (SEM), the induced strain was analyzed
through X-ray diffraction (XRD), and the oxygen incorporation was detected using crosssectional energy-dispersive X-ray spectroscopy (EDS) under transmission electron microscopy
(TEM). The induced phase changes and microtwins are discussed in Chapter III, while point
defects are analyzed in Chapter V.
4.2.2.1. Photoluminescence
To reveal the surface defect information using photoluminescence, a 532 nm wavelength laser
(DPSS, Melles Griot) was chosen as the excitation source. This 532 nm wavelength laser has a
smaller penetration depth (~ 1 μm) than the laser used for processing silicon. As shown in Figure
4.2, the continuous-wave (CW) laser beam passed through an optical chopper (SR540) and
changed into pulses with a frequency of 100 Hz. The pulsed beam was absorbed by the sample
surface causing photoexcitation and photoluminescence. The photoluminescence signal was
collected in the spectrometer (iHR 320) using an InGaAs photoreceiver. To improve the signal
and reduce the noise, we implemented four strategies: a lock-in amplifier (SR 830 DSP) to
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amplify the excited photoluminescence signal; filtering of the photoluminescence light signal
through the long-pass band and green-light (532 nm) filters; use of higher laser power (1.7 W,
maximum power: 2.5 W) for a strong carrier excitation; and cooling of the photoreceiver at −40
°C.

Figure 4.2: Schematic of photoluminescence setup.
4.2.2.2. Dislocation Density
To quantify the dislocation density, a dislocation etch-pit study was carried out. Isotropic etching
using mixed hydrofluoric, nitric, and acetic acid (HF, HNO3, and CH3COOH) for 6 h [109,110]
made etch pits observable at the dislocation sites due to preferential etching under the intensive
strain field around dislocations. Scanning electron microscope (SEM, FEI Quanta 650) was used
to observe the etch pits. To calculate the dislocation density, we randomly chose three areas on
the sample under SEM and counted the number of etch pits within each area, The dislocation
N

density D was determined by D = A, where N is the number of etch pits and A is the total area
used for counting. An area of 42 µm × 63 µm (Magnification: 2000×) under SEM was chosen in
order to clearly distinguish the etch pits while ensuring a large statistical-sample size
4.2.2.3. Internal Strain
The internal strain was evaluated using an X-ray diffractometer (XRD, PANalytical X'Pert PRO
MRD). The angular step size was set to 0.002° for achieving a high resolution. Laser-induced
strain led to a lattice spacing change, thus the diffraction angle (peak position) shifted according
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to Bragg's law. Following that, laser-induced strain was determined by
ε=

dlaser −d0
d0

= − cot θ0 (θlaser − θ0 ),

(4.1)

where ε is laser-induced strain, dlaser and θlaser are the spacing of lattice planes and diffraction
angle in the laser-processed sample, and d0 and θ0 are the spacing of lattice planes and diffraction
angle in the reference sample without any laser processing [111].
4.2.2.4. Oxygen Incorporation
In order to detect the surface oxygen composition, the sample cross-section was examined using
energy-dispersive X-ray spectrometry (EDS) which was incorporated into transmission electron
microscopy (TEM, JEOL 2000FX). To prepare cross-sectional TEM samples for surface EDS,
the laser-processed and non-laser-processed silicon samples were manually polished down to
~50 μm via sandpapers. Then, the samples were ion-milled to 10-50 nm using a GATAN 691
Precision Ion Polishing System (PIPS). The thickness was monitored via a Zygo optical
profilometer. A TEM aperture was placed on the surface (laser processed) region to achieve the
EDS surface detection.
4.3. Laser-Induced Defect Generation
4.3.1. Laser-Induced Defect Types Identified by Photoluminescence
The band-edge photoluminescence emission can determine the overall effect of laser-induced
defects on the crystal quality, and the dislocation-induced photoluminescence can directly
indicate the influence from dislocations. The band-edge photoluminescence arose from the
radiative recombination under the input photons. If laser-induced dislocations existed, the
excited carriers would recombine at the dislocation energy state (Figure 4.3), inducing the
dislocation photoluminescence.
Figure 4.4.a shows the band-edge photoluminescence evolution with increasing laser fluences.
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We observed the main photoluminescence peak at 1.06 eV which is slightly lower than the 1.1
eV band gap energy. This 0.04 eV shift toward low energy level is due to the boron doping [112].
To reveal the laser fluence dependence, the maximum band-edge photoluminescence intensities
were quantified as a function of laser fluence as shown in Figure 4.4.b. Two set of samples were
studied to ensure the repeatability.

(1) Excitation
(2) Recombination
Figure 4.3: Mechanism of band-edge and dislocation-induced photoluminescence (PL).
The photoluminescence data (Figure 4.4.b) suggest three stages of laser-silicon interactions.
First, the band-edge photoluminescence intensity increased in a low fluence regime (0.3 - 0.4
J/cm2). This behavior is most likely due to the annealing of pre-existing defects (dislocation
density: 1 × 106 cm-2) in the starting wafer, and the capability of laser annealing at 0.3 - 0.4 J/cm2
fluences to remove defects has been demonstrated in Chapter VII. With slightly increased laser
fluence (0.4 - 0.5 J/cm2), an immediate but small decrease of the photoluminescence intensity
was observed. This is highly likely due to the melting of silicon with the generation of
resolidification-induced point defects [105], or due to the accumulated defects by sub-melting
threshold irradiation with multiple pulses. In literature [113,114], it has been reported that
defects could accumulate in Si with multiple laser pulses that were well below the melting
threshold. However, the nature of multiple-pulse-induced defects below the melting threshold is
not clear yet [113]. It is possible that some accumulated defects were produced by sub-melting
threshold irradiation but they were not observed by photoluminescence. Note that little amount
of degradation of electrical material parameters (carrier lifetime, drift mobility and conductivity
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in Chapter VI) was observed below the melting threshold, which also indicates the existence of
some non-observed defects from sub-melting threshold irradiation.
(a)

Maximum band-edge PL
intensity [AU]

PL intensity [AU]

1.28 J/cm2
1.16 J/cm2
0.96 J/cm2
0.77 J/cm2
0.51 J/cm2
0.38 J/cm2
0.32 J/cm2
Bare wafer

(b)

PL intensity [AU]

Intensity [AU]

Photon energy [eV]

(c)

1.60 J/cm2

(d)

1.41 J/cm2
1.28 J/cm2
0.96 J/cm2
Bare wafer

X-ray energy [keV]

Photon energy [eV]

Figure 4.4: (a) Band-edge photoluminescence (PL) spectra with increasing laser fluences. (b)
Maximum intensity of band-edge photoluminescence peak as a function of laser fluence. (c)
EDS spectra of oxygen element on the silicon cross-section measured under TEM before and
after laser processing. (d) Dislocation-induced photoluminescence spectra with increasing laser
fluences.
In the second stage, after the laser fluence was further increased from 0.5 J/cm2 to 1 J/cm2, a
distinctive enhancement of band-edge photoluminescence was observed, which is highly likely
due to the oxygen incorporation. At this laser fluence range, between laser melting and ablation,
the surface of single-crystalline silicon wafer most likely became amorphized [65]. The oxygen
atoms were reported to diffuse rapidly in laser-induced amorphous silicon [115]. Using EDS
under TEM, we found that oxygen elements only appeared in the laser-processed region as
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shown in Figure 4.4.c, which confirmed the oxygen incorporation during laser processing. The
incorporated oxygen existed in the form of Si-O complexes [115] and they can greatly improve
the Si band-edge photoluminescence, since the indirect band gap of silicon yields
photoluminescence requiring the phonon assistance such as so-called oxygen thermal donors
[116].
In the final stage, after the laser fluence was increased above 1 J/cm2, the band-edge
photoluminescence dropped dramatically. At this laser fluence range, the laser ablation started,
which was confirmed by the observation of ablated spot on the silicon surface at 1.28 J/cm2. The
laser ablation process could break down the Si-O bonds and also generate dislocations, resulting
in the significant loss of band-edge photoluminescence. Above 1.28 J/cm2 laser fluence, the
band-edge photoluminescence disappeared, suggesting that large numbers of dislocations led to
carrier recombination at the dislocation energy states.
The direct evidence of laser-induced dislocation generation can be obtained from dislocationinduced photoluminescence spectra as shown in Figure 4.4.d. The dislocation-induced
photoluminescence at 0.924 eV energy appeared at the 1.28 J/cm2 laser fluence, which explains
the complete loss of band-edge photoluminescence. The identified energy level at 0.924 eV for
laser-induced dislocations matches with the so-called D3 line at 0.92 eV among possible
dislocation energy states in silicon [117]. The dislocation peak became prominent at 1.41 J/cm2
and 1.60 J/cm2 fluences, suggesting an increasing dislocation density with increase in laser
fluence (Section 4.3.2).
In summary, the laser-induced defect types with increasing laser fluences are revealed.
Below the laser melting, defects are removed due to the annealing effect [67]; and no defects are
identified although very little degradation of electrical properties are observed. Between the laser
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melting and laser ablation, the point defect generation occurs including vacancies [105], selfinterstitials [105], and impurity atoms; more importantly, the oxygen incorporation (a kind of
point defects) becomes significant; also, the amorphous phase is generated [65]. Above the laser
ablation, dislocations are notably observed with the generated strain (Section III-C); also, grain
boundaries (polycrystalline phase) and microtwin are generated [65]. This summary can provide
directions for steering and manipulating certain or all types of induced defects during laser
processing of silicon semiconductor.
4.3.2. Dislocation Density with Increasing Laser Fluence
The dislocation density was determined by the etch pit density. The 1.28 J/cm2-fluence processed
samples (Figure 4.5.a) showed very limited etch pits, and its dislocation density was 2.17×106
cm-2 which is a very small value as compared to the 1×106 cm-2 density in the starting wafer.
Above 1.28 J/cm2 laser fluence, the dislocation density increased dramatically (Figure 4.5.b).
(b)

(a)

Etch pits

Etch pits

20 μm

20 μm

Figure 4.5: SEM images showing etch pits: (a) 1.28 J/cm2-fluence processed samples, and (b)
1.60 J/cm2-fluence processed samples.
As shown in Figure 4.6.a, the trend was fitted exponentially and the relationship could be
expressed by:
F

D = 280 exp(0.15) + 9.39 × 105 ,

(4.2)

where D is the laser-induced dislocation density and F is the laser fluence. Note that the
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quantified data match with our photoluminescence results, which confirms the data validity and
suggests the potential use of photoluminescence as a non-destructive technique for monitoring
laser-induced dislocation density.
4.3.3. Laser-Induced Dislocations and Laser-Induced Strain
Based on literature [104,118], the formation mechanisms of dislocation generation in laser
processed silicon are discussed. During laser-silicon interaction, electrons are excited owing to
laser energy absorption, and the material turns into the plasma state [119]. Plasma contains ions
and electrons. The plasma could have high frequency vibrations [118]. Due to a non-equilibrium
laser process, the collisions of ions in the plasma are capable of the displacement of atoms
(dislocations or point defects) during the lattice formation [120]. The laser ablation process was
highly likely to enhance the collisions of ions in the plasma. This explains how the twodimensional displacement of atoms (dislocations) was preferably generated after laser ablation.
Moreover, laser-induced strain can contribute to the dislocation generation during laser
processing [104]. The displacement of atoms from collisions of ions in the plasma results in the
generation of point defects and dislocations. These defects can include additional strain in
addition to the thermal strain. Additionally, the oxygen incorporation can affect the dislocation
movement [121].
Since the internal strain field is a major indicator of dislocation generation, the change of
internal strain field after laser processing was investigated and quantified by studying XRD
patterns of silicon peaks. As shown in Figure 4.5.b, the silicon peak had an increase in the Bragg
diffraction angle after laser processing. This increase is due to the expansion strain generated by
laser processing. The induced strain was quantified based on Equation 4.1. The calculated strain
was plotted against increasing laser fluence as shown in Figure 4.6.c. To effectively fit the trend,

50

we compared the exponential and linear fitting. The exponential fitting showed a low error, thus
the exponential relationship was cautiously adopted for the induced strain study and applied to
the fitting for the resulting dislocation density and degradation of surface electrical properties.
Note that the exponential relationship may be only true within the

Dislocation density [cm-2]

× 106

(b)

(a)

Intensity [AU]

10
8
6
4
2
0

(d)

(c)

Figure 4.6: (a) Dislocation density with increasing laser fluence. (b) XRD patterns after laser
processing under different fluences. (c) Calculated strain from XRD results plotted against
laser fluence. (d) Normalized laser-induced dislocation density and dislocation-induced
photoluminescence (PL) intensity variation as a function of laser-induced strain, showing the
relationship between laser-induced dislocations and strain.
laser fluences studied (0 - 2 J/cm2) which are typically used for laser processing of silicon solar
cells.
The laser-induced strain (ε) with increasing fluence (F) could be expressed by
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F

ε = 9.56 × 10−7 exp(0.25) − 4.6 × 10−6 .

(4.3)

Based on this equation, the strain in the starting wafer is 3.64×10-6 which is on the same
magnitude of the reported 6×10-6 value [122]. At 1.28 J/cm2 laser fluence, the strain increased to
1.41×10-4. Above 1.28 J/cm2 fluence, the strain increased significantly. This trend matches with
the increase of laser-induced dislocation density and dislocation-induced photoluminescence. As
shown in Figure 4.6.d, after normalization, the dislocation-related values are roughly in a linear
relationship with laser-induced strain, which demonstrates the induced strain from laser
nonequilibrium thermodynamics is a possible major source of induced dislocations. The laserinduced strain is most likely associated with the localized expansion of the Si lattice matrix at
elevated temperatures. There is also the possibility of dislocations being created by shock waves
that are generated during explosive boiling (phase explosion) at high laser fluences.
4.4. Conclusions
Fundamental investigation of laser-induced defects was achieved by identifying defect types and
origins at different laser-fluence regimes and assessing defect densities. Below laser melting,
very little degradation of electrical properties was observed, although no defects were identified.
Above laser-ablation threshold, laser-induced dislocations were significantly generated, while
the induced point-defects and oxygen incorporation were noticeably detected between laser
melting and ablation thresholds. Laser-induced dislocation density and strain are found likely to
increase exponentially with laser fluence.
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CHAPTER V: LASER-INDUCED POINT DEFECTS
This chapter contains the experimental part of a manuscript awaiting submission in collaboration
with Miao He in Prof. Leonid V. Zhigilei's group.
5.1. Introduction and Motivation
The laser-induced defects in silicon have been extensively investigated, including phase
transformation, dislocation generation, microtwins, and induced strain. However, a continuing
challenge lies in the fundamental understanding of the generation of laser-induced point defects
(interstitials and vacancies). Owing to the limitation of imaging point defects, a quantitative
profile of laser-induced point defects is still lacking.
The challenges are primarily that the experimental identification of point-defects is difficult
and inconclusive [123,124]; moreover, the simulation analysis lacks definite process parameters
due to the laser nonequilibrium conditions [125]; also, laser-induced point defects accumulate in
the silicon surface, but their characterization is challenging.
Due to these challenges, a conclusive study on point-defect concentration dependence on laser
fluence has not been done yet, which further prevents the investigation for influence of laserinduced point defects on electrical properties. The relationship between point-defect
concentration and laser fluence is required in order to provide guidance for proper selection of
laser-processing fluences for silicon-based device fabrication. Thus, we carried out experimental
investigations to quantitatively understand the evolution of laser-induced point defects. In this
study, we have collaborated with Miao He in Prof. Leonid V. Zhigilei's research group in
Materials Science and Engineering at University of Virginia, who performed the simulation
investigations. A good correlation between experimental study of point defects and simulation
has been established. It is noted that correlating experiments and simulations is critical to
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overcome the speculative interpretation of point-defect impact on electrical properties [123].
Moreover, since a quantitative profile of laser-induced point defects was lacking, the
investigation for influences of laser-induced point defects on electrical properties has been
hindered. This challenge could be overcome by correlating the experimental and simulation
investigations. In collaboration with Miao He in Prof. Leonid V. Zhigilei's group, we have
achieved the correlation between the point-defect concentration from simulation and electrical
properties from the experiments.
In experiments, currently, single point-defects are hardly observed under transmission
electron microscopy (TEM) due to the undetectable contrast with the background [126], although
TEM microscopy has already achieved high resolution below 0.2 nm. Several attempts to
identify point defects are limited to unique spectroscopic techniques such as positron annihilation
(PAS) [127], deep-level transient (DLTS) [128], electron paramagnetic resonance (EPR) [129],
and perturbed angular correlation [130]. These spectroscopic techniques can, but not always,
provide direct determination of interstitials or vacancies. For example, the EPR is active only
when the unpaired electrons satisfy the detection limit, and the DLTS requires the junction and
works only for electrically active defects. Due to these constraints on point-defect identification,
researchers arguably report the laser-induced degradation of electrical properties without
observation of any point defects [47,66,131,132]. Hence, the lack of detailed experimental
investigation of laser-induced point defects has hampered the understanding of loss mechanisms
for laser-processed Si devices.
Recent studies on ion-implanted silicon and simulations have presented general
characteristics of point defects. It is noted that interstitials primarily exist in the forms of [110]
split interstitials [124], hexagonal interstitials [124], or carbon-interstitial complex [133]; while
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vacancies tend to form divacancies [128,134], oxygen-vacancy complex [128,133], or hydrogenvacancy complex [135]. Their structural configurations are shown in Figure 5.1. Goedecker et al.
[124] calculated the point-defect formation energies of [110] split interstitials to be 2.98 eV,
hexagonal interstitials to be 3.12 eV, and vacancies to be 3.14 eV for n-type silicon, but
experimental verification is lacking.

(a)

(b)

(c)

(d)

Figure 5.1: Configurations of point defects in laser-processed silicon. (a) [110] split
interstitials, (b) carbon-interstitial complex, (c) divacancies, (d) oxygen-vacancy complex.
The limited laser-induced point-defect studies have focused on the determination of trap
states due to vacancies using DLTS [104,136-138], but their reported values are diverged as
shown in Table 5.1. It is noted that the interstitials are mobile, leading to difficulty in
measurement, and the single dataset for trap states for interstitials was based on low-temperature
Hall measurements in Reference [139]. Due to the uncertainty as shown in Table 5.1, the trap
states of point defects require further experimental verification, especially for interstitials.

Trap
states

Ec-Ex
(x=1-8)

Table 5.1: Point-defect trap states in laser-processed n-type silicon.
E3
E4
E5
E6
E7
E8
E1 (eV)
E2 (eV)
(eV)
(eV)
(eV)
(eV)
(eV)
(eV)
OxygenDivacancy High order clusters (Unclear)
Interstitials
vacancy
0.19
0.33
0.22
0.45
0.18
0.23
0.31
0.44
0.18
0.25
0.34
0.43
0.53
0.6
0.28
0.44
0.65
0.67
0.86
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The mitigation of point defects has been widely investigated using furnace annealing. Studies
have reported that vacancy-oxygen complexes can be completely removed at 260 ℃ after ~150
min annealing and divacancies at 260 ℃ after 30 min, but a small decrease of annealing
temperature to 190 ℃ resulted in unpredictably long annealing time (> 6 days) [128]. However,
it is a cause for concern that the furnace annealing could diffuse the defects downward to the
bulk region [66], as well as the requirement of long annealing times and high thermal budget. To
address these issues, we demonstrate laser surface annealing to mitigate the induced point defects.
In order to advance the point-defect investigations, we evaluated the point-defect
concentration of interstitial and vacancy generation as a function of laser fluence using the
readily accessible fourier transform infrared (FTIR), Raman, and photoluminescence
spectroscopic methods. In particular, the attenuated total reflection (ATR) was integrated with
FTIR to probe the surface point-defect information. Moreover, the trap states of laser-induced
point defects were experimentally determined using low temperature I-V measurements.
Furthermore, we established the relationship between laser-induced point-defect concentration
and sheet resistance as well as for carrier lifetime. Finally, the mitigation of laser-induced point
defects through laser annealing was demonstrated, which will allow control of point defects in
laser-processed silicon based devices.
5.2. Experimental Details
5.2.1. Laser Processing of Silicon and Laser Annealing
Polished n-type (phosphorous-doped) float-zone c-Si wafers were used, with orientation of
<100>, thickness of 200 µm, and resistivity of 10 Ω-cm. The wafers were carefully cleaned via a
standard cleaning procedure to remove any metal ion and organic contaminants in addition to
native oxide.
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A 532 nm wavelength pulsed ytterbium fiber laser (model YLP-G-10, IPG Photonics) was
used with a full laser power of 10 W at the 100% set point and a laser pulse width of 1 ns. The
laser beam entered a galvanometer scanner (SCANcube 14, Scanlab) and was scanned onto the
silicon surface. A 55% pulse overlapping was used in order to achieve uniform area processing.
The laser fluence was varied ranging from 0.1 - 1.7 J/cm2 with a step of ~ 0.1 J/cm2. The
laser-silicon melting threshold at 0.22 J/cm2 was accurately determined through revealing the
melting spot under chemical etching [140]. The laser ablation on silicon surface started at 1.3
J/cm2 fluence, which was determined by Zygo optical surface profiler. Results in Chapter III and
IV suggest that point defects are primarily generated between laser melting and ablation
threshold, where other defects such as dislocations and phase changes are mostly avoided. Thus,
the laser melting fluence regime from 0.22 - 1.3 J/cm2 was cautiously assumed to be associated
with point defect generation.
Laser annealing of point defects induced by laser processing was conducted with a 150 W,
1070 nm wavelength pulsed ytterbium fiber laser system (model YLR-150/1500-QCW-AC, IPG
Photonics) with a long pulse width of 300 μs. Further details on the laser annealing method will
be discussed in Chapter VII.
5.2.2. Point-Defect Characterization and Electrical Property Measurements
A Thermo Scientific Nicolet 6700 Fourier Transform Infrared spectrometer equipped with
SensIR Technologies DuraScope Attenuated Total Reflectance unit (ATR-FTIR) was used. The
ATR unit with small detection depth allowed probing the surface point-defect information for the
laser-processed silicon [141]. The Raman spectra were taken on Renishaw inVia Raman
Microscope, and the full-width-at-half-maximum (FWHM) values of c-Si peaks were quantified
to indicate the influence from laser-induced point defects. Note that a 405 nm wavelength laser
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was used for Raman excitation in the surface region of the sample. Moreover, the
photoluminescence in the infrared range was measured. A 645 nm wavelength laser was also
used for exciting the surface photoluminescence.
In order to determine the trap states of laser-induced point defects, low temperature (137 295 K) current-voltage measurements [142] were performed in a vacuum chamber with purged
liquid nitrogen, and the temperature was monitored using a thermocouple controller.
The sheet resistance was measured using four-point probe method to electrically evaluate the
effect of laser-induced point-defects. Also, the carrier lifetime measurements were carried out
using Quasi-Steady-State Photoconductance (QSSPC) method (Sinton WCT-120).
5.3. Evolution of Point Defects with Laser Fluence
5.3.1. Identification of ATR Peaks due to Laser-Induced Point Defects
As compared with bare silicon wafer, three new ATR peaks at 960 cm-1, 1120 cm-1, and 2930
cm-1 wavenumbers were observed after laser processing at 0.67 J/cm2 fluence (Figure 5.2.a and
5.2.b). Limited literature was found in terms of ATR study of point defects. Based on existing
FTIR absorption studies [133,143,144], the ATR peak at 1120 cm-1 wavenumber was interpreted
as Si interstitials which were likely clustered with carbon atoms [143], while the peak at 960 cm1

wavenumber was associated with oxygen-vacancy complex [133,144]. Moreover, the high-

wavenumber ATR peak at 2930 cm-1 was likely from hydrogen-vacancy complex [135].
In order to identify point-defect ATR peaks, the calculations were carried out based on
1

Hooke's Law through ϑ = 2πc √k

m1 +m2
m1 m2

, where ϑ is the ATR wavenumber, m1 and m2 are the

atomic masses, k is force constant, and the speed of light c is 3 × 1010 cm/s. For Si interstitials
with carbon clusters exhibiting peak at 1120 cm-1 (Figure 5.2.a), the interstitial Si atomic mass is
4.648 × 10-23 g, the carbon atomic mass is 1.99 × 10-23 g, and the force constant is close to 2.17 ×
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105 dyne/cm for Si3C clusters [145] and 4.5 × 105 dyne/cm for Si2C clusters [146]. Thus, the
resulting ATR wavenumber for Si interstitials clustered with carbon atoms (configuration in
Figure 5.1.b) is in the range of 1104-1189 cm-1, which agrees well with the observed 1120 cm-1
peak position.
(a)

(b)

vacancy

(c)

Figure 5.2: Laser generation of point defects revealed by ATR spectroscopy. (a) Identification
of laser-induced vacancies and interstitials in ATR spectra and comparison with SiO2 peak.
The laser-processed silicon sample was treated at 0.67 J/cm2 fluence. (b,c) ATR spectra
evolution with increasing laser fluence (b) for hydrogen-vacancy complex in [2800 - 3000 cm1
] wavenumber range and (c) for oxygen-vacancy complex, interstitials, and SiO2 peak in [900
- 1300 cm-1] wavenumber range.
For the Si oxygen-vacancy complex exhibiting peak at 960 cm-1 (Figure 5.2.a), the effective
atomic mass of a silicon unit cell with vacancy (configuration in Figure 5.1.d) is 4/5 of silicon
atomic mass (3.718 × 10-23 g), and the oxygen atomic mass is 2.656 × 10-23 g. The force constant
is assumed to be 5 × 105 dyne/cm based on the typical value for a single bond. Hence, the
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resulting ATR wavenumber for Si oxygen-vacancy complex is 953 cm-1, which is very close to
the observed 960 cm-1 peak position.
Furthermore, for the Si hydrogen-vacancy complex exhibiting peak at 2930 cm-1 (Figure
5.2.b), similar to oxygen-vacancy complex, the effective atomic mass of Si-vacancy is 3.718 ×
10-23 g and the force constant is 5 × 105 dyne/cm based on the typical value for a single bond.
The hydrogen atomic mass is 0.166 × 10-23 g, which yields the ATR wavenumber of 2975 cm-1
for Si vacancy-hydrogen complex. This value roughly matches with the measured 2930 cm-1
value.
In contrast to laser-induced point-defect peaks, the SiO2 peak at 1250 cm-1 wavenumber
(Figure 5.2.a) existed in the bare silicon and became noticeable after laser processing. In order to
avoid any confusion of point-defect peaks from the SiO2 peak, the furnace grown SiO2 sample
was measured and only a prominent peak at 1250 cm-1 was observed, which confirmed that the
identified point-defect peaks were not from SiO2.
As shown in Figure 5.2.a. the point-defect peaks at 960 cm-1 and 1120 cm-1 wavenumbers
disappeared after laser annealing, while the SiO2 peak still remained. The disappearance of
interstitials and vacancy-oxygen ATR peaks after laser annealing indirectly demonstrates the
accurate identification of laser-induced point-defect peaks.
It is noted that high-concentration laser-induced di-vacancies and di-interstitials have been
observed in the simulation done by Miao He in Prof. Leonid V. Zhigilei's group [105], but they
were not observed in the ATR investigations.
5.3.2. ATR Point-Defect Peak Area with Increasing Laser Fluence
Based on the ATR spectra evolution with laser fluence (Figure 5.2.b and 5.2.c), the area in the
point-defect curves were determined in terms of interstitials, hydrogen-vacancy complex,
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oxygen-vacancy complex, and SiO2 in the laser-processed silicon surface. The data on the
dependence of point-defect peak area on laser fluence are presented in Figure 5.3. Note that the
defect concentration (Ni) can be obtained through Ni = A ∫ αi (ϑ) dϑ, where A is a proportional
factor and ∫ αi (ϑ) dϑ is the integrated ATR peak area. Thus, the quantified point-defect peak

[AU]

area can proportionally indicate the laser-induced point-defect concentration.

Melting
threshold

Ablation
threshold

Figure 5.3: Laser-induced point-defect concentration, indicated by ATR point-defect peak
area, as a function of laser fluence.
In Figure 5.3, the concentration of interstitials is very low below laser melting threshold (<
0.22 J/cm2) but higher values are observed at laser fluences of 0.38 - 0.67 J/cm2. At even higher
laser fluences, 0.82 - 1.30 J/cm2, the interstitial peaks surprisingly become less intense. The
maximum interstitial concentration is manifested at 0.67 J/cm2 laser fluence. This observation is
confirmed by the maximum half-width-at-full-maximum (HWFM) value of Raman c-Si peak
(Figure 5.4.a) and the observation of maximum photoluminescence peak area (Figure 5.4.b) at
~0.67 J/cm2 laser fluence.
The vacancies, either hydrogen-vacancy or oxygen-vacancy complexes in Figure 5.3, also
exhibit maximum concentrations with increasing laser fluence. However, their maximum values
are not as distinct as interstitials, because the vacancy concentration is lower than the interstitial
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concentration at all laser-processing fluences between laser melting and ablation threshold. The
relatively low vacancy concentration is likely due to their high formation energy of 3.14 eV [124]
as compared to the interstitial formation energy of 2.98 eV for [110]-split configuration [124].
The observation of a maximum point-defect concentration with increasing laser fluence
matches with the simulation work of Miao He in Prof. Leonid V. Zhigilei's research group [105].
This behavior is mostly likely due to two reasons. Firstly, in terms of kinetic analysis, the
maximum concentration of point defects is a result of competition between the cooling rate and
solidification time. At high laser fluence regime (> 0.67 J/cm2), owing to large amount of
excessive heat, the temperature at the solidification front can remain high for a long time, and
thus the cooling rate decreases with increasing laser fluence. This leads to a decreased level of
point defects at the high laser fluence regime. In contrast, at low laser fluence regime (< 0.67
J/cm2), the solidification time decreases with decreasing laser fluence, since the melting depth is
reduced. Due to the short solidification time, the solidification front can maintain relatively high
temperature before the solidification process is complete. Thus, a low concentration of point
defects is also observed at the low laser fluence regime.
Secondly, in terms of thermodynamic analysis, the maximum concentration of point defects is
also due to the competition between laser generation of point defects and the removal of point
defects. The migration energy for point-defect diffusion equals the subtraction of point-defect
formation energy from the total applied (activation) energy [147]. This relationship implies that
at higher laser fluences (0.82 - 1.30 J/cm2), the migration energy barrier can be suppressed,
allowing the point defects to diffuse out of the surface or recombine interstitials with vacancies.
Another interesting point is the oxygen-vacancy complex and SiO2 follow a similar trend with
increasing laser fluence as shown in Figure 5.3, which validates the configuration of oxygen-
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vacancy complex presented in Figure 5.1.a. The ATR signal of SiO2 is likely from the Si-O-Si
unit in the configuration, while the signal of vacancy-oxygen is from the Si-vacancy-O unit.
5.3.3. Point-Defect Identified by Raman Spectra and Photoluminescence
To further prove the increase of laser-induced point defects with laser fluence, Raman
spectroscopy was carried out. In the Raman spectra of c-Si, a peak at 520 cm-1 wavenumber was
broadened after laser processing. Based on Hirsch's analysis [148], the broadening arises from
imperfections in the crystal owing to the laser-induced point defects. The Raman peak
broadening was quantified in the form of half-width-at-full-maximum (HWFM) as given in
Figure 5.4.a. The defect concentration is in proportion to the square of the difference in HWFM
with non-defective samples [148]. Figure 5.4.a illustrates the quantified HWFM values as a
function of laser fluence, and results show that a maximum HWFM value was exhibited between
laser melting and ablation thresholds (0.22 - 1.3 J/cm2) where point defects were primarily
generated. Below laser melting threshold (<0.22 J/cm2), the HWFM values were identical with
starting samples. These behaviors well match with ATR results presented in Figure 5.3.
In contrast, above laser ablation threshold (>1.30 J/cm2), another maximum HWFM value
appeared but this maximum was not observed in the ATR results. The increased HWFM values
above ablation threshold are due to the re-deposition of amorphous nanoparticles, which has
been demonstrated in Chapter III. The amorphous-phase re-deposition can be mitigated under
higher laser ablation fluences (> 1.6 J/cm2), explaining the drop of HWFM values.
The photoluminescence (PL) in the infrared range was measured and the peak area was
calculated. Results are shown as a function of laser fluence in Figure 5.4.b. It is not surprising
that a maximum in PL peak area for oxygen-vacancy complex was markedly observed between
laser melting and ablation threshold. This again demonstrates the evolution of vacancy-oxygen
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(a)

(b)

PL peak area [AU]

FWHM of Raman c-Si peak

complex concentration with increase in laser fluence as shown in Figure 5.3.

Melting
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Oxygen-vacancy
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Figure 5.4: (a) Full-width-at-half-maximum (FWHM) values of Raman c-Si peak and (b)
photoluminescence (PL) point-defect peak area as a function of laser fluence.
5.4. Identification of Trap States Induced by Point Defects under Laser Processing
The trap states induced by point defects in silicon have been extensively investigated
[104,128,136-138]. However, their reported values have a large variation as presented in Table
5.1, which requires further experimental verification. Analogous to existing low temperature hall
effect measurements [139], the low temperature (137 - 295 K) current-voltage measurements
were performed on the silicon sample processed at 0.67 J/cm2 laser fluence. At low temperatures,
the point defects are ionized and carrier scattering would govern the collision (resistance) owing
to reduced influences from phonon scattering.
As shown in Figure 5.5, the trap states can be obtained from the slopes through plotting ln (I)
vs. 1/kBT, where I is the current at a fixed voltage (1 V in this study), kB is the Bolzmann
constant, and T is measurement temperature. Accordingly, two energy levels of [Ec-0.672 eV]
and [Ec-0.162 eV] were identified for laser-induced point defects. The [Ec-0.672 eV] level is
from the interstitials, while the [Ec-0.162 eV] level is close to the typical energy level ([Ec-0.18
eV]) for oxygen-vacancy complex.

64

1/kBT
Figure 5.5: Energy levels of laser-induced point-defects, extracted from the Arrhenius plot of
dark currents in low-temperature current-voltage measurements. For clarity, the current
values were taken at a fixed voltage of 1 V in the current-voltage data.
5.5. Effect of Point Defects on Sheet Resistance and Carrier Lifetime
The effect of point defects on electrical properties was evaluated by four-point-probe sheet
resistance and charge carrier lifetime measurements. The point defects (except for electrically
active dopants) primarily function as the scattering sites for charge carriers and secondarily as
the recombination sites, both of which would obstruct the conduction current and increase the
resistance. Note that the point-defect concentration is from the simulation.
As shown in Figure 5.6.a, a maximum sheet resistance was observed between laser melting
and ablation threshold. The maximum sheet resistance was found at 0.5 - 0.6 J/cm2 laser fluence
which is slightly smaller but close to the fluence for maximum point-defect concentration from
ATR (Figure 5.3) and Raman (Figure 5.4.a) results. Nevertheless, it is worth pointing out that the
amplitude of maximum sheet resistance increases by 3.8 times as compared with non-defective
samples and the standard variation are diminutive.
The measured sheet resistance is correlated with the point-defect concentration from the
simulation. As shown in Figure 5.6.b, below the point-defect concentration of 1.6×1017 cm-3, the
sheet resistance values are essentially identical with starting samples. Above 1.6×1017 cm-3 point65

defect concentration, the amplitude of sheet resistance significantly increases. A slight increase
to 2×1017 cm-3 point-defect concentration results in a 3.8-times jump in sheet resistance with
diminutive standard variation. This observation strongly suggests that control of laser-induced
point-defect concentration below 1.6×1017 cm-3 is critical in ensuring a low resistance in the
silicon devices.
(a)

(b)

Melting
threshold

Ablation
threshold

Point-defect concentration from simulation [cm-3]

(c)

Figure 5.6: (a) Sheet resistance as a function of laser fluence. (b) Sheet resistance variation as
a function of laser-induced defect concentration from simulation. (c) Carrier lifetime variation
and point-defect concentration from simulation as a function of laser fluence.
In contrast, the carrier lifetime decreases with laser fluence, while the laser-induced pointdefect concentration (from simulation) exhibits a maximum value with increasing laser fluence
(Figure 5.6.c). This indicates that intrinsic point defects are less likely the major influence on
degradation of lifetime after laser processing as other defects such as incorporated impurities
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may have a greater impact.
5.6. Laser Annealing of Point Defects
The mitigation of laser-induced point defects can be achieved via laser annealing. The laserprocessed samples under various fluences were annealed using a different long-pulse-width laser.
The laser-annealing fluence was fixed at 0.38 J/cm2 which is slightly lower than the melting
threshold of Si at this long-pulse-width laser.
Based on the ATR spectra before and after laser annealing (Figure 5.7.a and 5.7.b), the peak
areas were quantified. As shown in Figure 5.7.c-e, the oxygen-vacancy complex, hydrogenvacancy complex, and interstitials are nearly completely removed after laser annealing. In
contrast, the amount of SiO2 generated under different laser fluence increase to the same level
after laser annealing (Figure 5.7.f).
Considering the complete removal of vacancy-oxygen complex, the enhanced SiO2 extends
our understanding about the silicon-vacancy-oxygen configuration (Figure 5.1.d). According to
IR properties for thin silicon oxides [149], the SiO2 likely accumulated in the surface region,
while the vacancy-oxygen unit in the silicon-vacancy-oxygen configuration most likely existed
underneath the SiO2 layer. Under the laser annealing, the vacancies preferably diffused out of the
surface region within SiO2.
The mechanism for laser-annealing-induced mitigation of interstitials is discussed in terms of
their diffusion. From the simulation studies [150], the primary diffusion of interstitials is from
[110]-split configuration to hexagonal (or tetrahedral) configuration then back to [110]-split
configuration. The [110]-split configuration has the lowest formation energy of 2.98 eV [124]
and the most stable state [150] among all interstitial configurations. Under sufficient migration
energy, the interstitial atom at the substitutional site of [110]-split configuration can first diffuse
to the neighboring hexagonal (or tetrahedral) site, and then diffuse to the second unit creating
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Figure 5.7: Laser annealing of laser induced point-defects as demonstrated in ATR. (a,b)
Comparison of ATR spectra before and after laser annealing (a) for oxygen-vacancy complex,
interstitials, and SiO2 peak in [900-1300 cm-1] wavenumber range and (b) for hydrogenvacancy complex in [2800-3000 cm-1] wavenumber range. The representative laser-processed
sample was processed at 0.67 J/cm2 laser fluence. (c-f) Quantified ATR peak area as a
function of laser fluence before and after laser annealing: (c) interstitials, (d) hydrogenvacancy complex, (e) oxygen-vacancy complex, and (f) SiO2.
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another [110]-split configuration [150]. This exchange process of [110]-split configuration
through hexagonal (or tetrahedral) sites ultimately diffuse the interstitial atoms to the vacancies,
dislocations, or out of the surface, achieving the removal of interstitials. Under higher laser
fluences (0.82 - 1.30 J/cm2) with increased migration energies, the removal of interstitials
prevails over the generation of interstitials, which leads to the drop of interstitial concentration in
Figure 5.3.
Additionally, the mechanism for laser-annealing-induced mitigation of vacancies is also
discussed in terms of their diffusion. Vacancies are strongly attached to impurity atoms (tightbinding approximation, [151]), forming the hydrogen-vacancy and oxygen-vacancy complexes.
Due to the low diffusivity and high migration energy barrier, the diffusion of vacancies usually
take advantage of these impurity atoms instead of direct vacancy diffusion (chemical pump
effect, [147,151]). Thus, the laser-annealing-induced mitigation of vacancies is most likely
associated with the diffusion of impurities and then vacancies bounding to impurities.
5.7. Conclusions
We have quantitatively revealed the evolution of interstitial and vacancy generation as a function
of laser fluence. ATR technique has been successfully applied for the detection of laser-induced
defects. Photoluminescence (PL) in infrared range could also be a useful technique to identify
point defects. The ATR and PL results agree well with Raman measurements. Laser-induced
point-defects are dominated by interstitials and oxygen-vacancy complexes. Pronounced
maximums in point-defect concentration for both interstitials and vacancy complex were
observed between laser melting and ablation threshold. The laser fluence for maximum pointdefect concentration was found at ~0.67 J/cm2. It is suggested that laser-induced point defects
can be minimized through tailoring laser processing conditions. These experimental observations
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match with the simulation investigations by Miao He in Prof. Leonid V. Zhigilei's research group.
Moreover, low temperature I-V measurements allowed us to identify types of defect
generation during laser processing. Trap states for laser-induced point defects were identified at
[Ec-0.672 eV] and [Ec-0.162 eV]. These quantitative results are important in controlling the
point-defect generation during laser processing.
More importantly, we established the relationship between point-defect concentration and
electrical properties after laser processing. It is found that a point-defect concentration below
1.6×1017 cm-3 has negligible effect on the sheet resistance, while a slight increase to 2.0×1017 cm3

point-defect concentration dramatically increases the sheet resistance by 3.8 times. The intrinsic

point defects are less likely to have the major influence on carrier lifetime degradation after laser
processing.

70

CHAPTER VI: IMPACT OF LASER-INDUCED SURFACE DEFECTS ON
ELECTRICAL PROPERTIES
This chapter contains part of a manuscript published as: Z. Sun and M. C. Gupta, "A study of
laser-induced surface defects in silicon and impact on electrical properties," Journal of Applied
Physics, 2018 (In press).
6.1. Introduction and Motivation
Laser-induced defects can dramatically degrade the electrical properties of laser-processed
silicon, and in particular, they can limit the minority carrier lifetime [27,44], increase the leakage
current [45,46], and adversely affect the device performance [27,47,48]. Laser processing is
generally limited to the surface region where most of the light absorption occurs. Several
experimental studies [46,98,99] showed that laser-induced defects are concentrated roughly in
the laser heated region, and the modeling study [152] confirmed the heating depth is
approximately 10 μm when using 1064 nm wavelength, 50 ns pulse width laser beam. Thus, it is
of fundamental interest to investigate the surface electrical properties in the laser-processed
silicon. Yet such surface analysis of carrier recombination and charge transport remains difficult.
The correlation between the laser-induced defect generation and surface electrical properties is
one of the motivation of this chapter.
The degradation of electrical properties due to laser-induced defects include carrier lifetime (τ)
[44,46-48], leakage current (JR) [45,46,101], drift mobility (μ), and conductivity (σ). The average
carrier diffusion length is determined by the product of √μτ. First, the minority carrier lifetime (τ)
can provide the time limit for the carrier recombination process. Next, the reverse leakage
current (JR) can indirectly determine the recombination process and it has correlation with
minority carrier lifetime (τ). The carrier recombination in silicon (indirect band gap) highly
depends on the defect mid-gap energy level, so the defect-induced recombination sites become
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the major source of leakage current in a junction. On the other hand, the drift mobility (μ)
depends on the carrier transport and scattering process through µ = eτscattering/m, where τscattering is
the scattering time, e is carrier charge, and m is the effective mass; and the conductivity (σ) is
proportional to the drift mobility (μ) as expressed by σ = neμ, where n is the carrier concentration.
Single-crystalline silicon has high mobility and conductivity, but the laser-induced phase
transformation to amorphous and polycrystalline phases (Chapter III) brings the new interest in
assessing the surface drift mobility and conductivity after laser processing.
In this chapter, we describe the impact of laser-induced defects on carrier recombination and
charge transport in the silicon surface. In order to understand carrier recombination and charge
transport in laser-processed silicon surface, we measured the drift mobility, conductivity, carrier
lifetime, and leakage current at various laser fluences and induced dislocation densities.
Furthermore, we quantitatively correlated the laser-induced point-defect concentration from
simulation with the measured sheet resistance and carrier lifetime from experiments.
6.2. Experimental Details
Polished p-type (boron-doped) FZ c-Si wafers were used, with a thickness of 300 µm, orientation
of <100>, and resistivity of 1 Ω-cm. They were purchased from Topsil Global Wafers. Wafers
were cleaned by a standard procedure to remove organics, oxides, and metal ion contaminations.
Laser processing of the silicon wafer was conducted with a 30W, 1064 nm pulsed fiber laser
(model YLP-RA-1/50/30/30, IPG Photonics) with laser pulse width of 50 ns. The laser beam
entered a galvanometer scanner (TS8310) and was scanned onto the wafer surface with the beam
size focused to ~60 μm. The laser repetition rate was set at 30 kHz, the scanning speed at 50
mm/s, and the line spacing at 20 μm, which guaranteed the entire 2 cm × 2 cm sample surface
was uniformly processed.
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The laser fluences were varied ranging from 0.18 - 1.92 J/cm2 with a step of 0.02 - 0.2 J/cm2.
The laser marking (ablation) on silicon surface started at 1.28 J/cm2 fluence, while the laser
melting occurred at ~0.4 J/cm2. Thus, the designed laser conditions covered three distinctive
regimes: below laser melting, between laser melting and ablation, and above laser ablation.
6.2.1. Surface Analysis and Electrical Properties after Laser Processing
The laser-defect induced degradation of surface electrical properties were evaluated by
measuring surface carrier lifetime using near-surface photoconductance decay (ns-PCD), surface
drift mobility and conductivity using charge extraction by linearly increasing voltage (CELIV)
method, and surface leakage current using dark I-V curves of dual Schottky barriers.
6.2.1.1. Surface Charge Carrier Lifetime
The surface carrier lifetime was determined by a near-surface photoconductance decay (ns-PCD)
method described by Drummond et al [153]. In the measurement, excess carriers were injected
on the silicon surface by a pulsed laser beam, allowing the detection of surface carrier decay time.
As shown in Figure 6.1, a 660 nm wavelength laser (CUBE 660-60C) was used to induce excess
carriers in silicon samples, and this light source was controlled by a function generator (3314A)
to produce a square waveform with a frequency of 30 Hz. The photogenerated current was
collected using two metal probes and the current was displayed on an oscilloscope. Thus, the
charge carrier lifetime was measured by the light-induced conductance change.

Figure 6.1: Schematic of near-surface photoconductance decay (ns-PCD) setup.
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6.2.1.2. Surface Drift Mobility and Conductivity
The surface drift mobility and conductivity were measured using a charge extraction by linearly
increasing voltage (CELIV) method [154]. As shown in Figure 6.2, a linearly increasing voltage
was applied to a Schottky junction (Al-Si). The electrical field can charge the capacitor-like
junction and the current density saturated at certain time (tmax). Afterward, due to carrier drifting,
the extracted current density dropped back to the equilibrium level. Through the saturation time
(tmax), the carrier drift mobility (μ) was determined by
2d2

μ = 3At2

max K

,

(6.1)

where d is the distance of two contacts, A is the contact area, and K is a correction factor [154].
Also, the surface conductivity was calculated by
3ϵ0 ϵr ∆j

σ = 2t

max j(0)

,

(6.2)

where ε0 is the permittivity of vacuum, εr is the relative permittivity of silicon, Δj is the
difference of current density during carrier extraction, and j(0) is the starting current density
[154].
As a reference, the starting wafer's hole mobility was measured using a Hall Effect
measurement system (ECOPIA HMS-3000).

Figure 6.2: Schematic of charge extraction by linearly increasing voltage (CELIV) method.
6.2.1.3. Leakage Current
The leakage current was measured through the dark I-V curves. As shown in Figure 6.3, two 500
nm thick aluminum contacts with diameter of 2 mm were deposited on the laser-processed
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silicon surface to create dual Schottky barriers. The nearest distance between two contacts was
215 μm. Two probes were placed on the two aluminum contacts (nominally in the center region),
respectively. A Keithley 2400-C source meter was connected with the probes and used to
generate the I-V curves. Under either forward or reverse voltage, only the leakage current can
travel through the device.

Figure 6.3: The device structure for measuring the leakage current.
6.3. Laser-Induced Degradation of Surface Electrical Properties
6.3.1. Degradation of Surface Drift Mobility and Conductivity
The surface drift mobility and conductivity are the direct parameters to evaluate carrier transport
properties after laser processing. Their dependencies on laser fluences were measured using an
equilibrium charge extraction by linearly increasing voltage (CELIV) method. Figure 6.4.a
shows that the current saturation time (Tmax) increased with laser fluence, indicating a decreased
surface drift mobility. Moreover, the extracted current density (Δj) decreased with increasing
laser fluence, which suggests a decreased surface conductivity due to defect-assisted scattering
and recombination of carriers.
The extracted surface drift mobility data from CELIV measurements are shown in Figure
6.4.b. The starting p-doped wafer showed a mobility of 238.4 cm2/(V·s), and this value matches
with the measured Hall mobility of 241.7 cm2/(V·s), which confirms the data validity. With
increasing laser fluence (F), the surface drift mobility (μ) dropped nearly exponentially and the
trend was fit by:
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F

μ = −13 exp(0.83) + 257 .

(6.3)

The exponential drop is possibly because the dislocation density increases roughly exponentially
with laser fluence. The induced defects played two roles: scattering the carriers during their
movement; and providing the recombination sites, which lowered the drift mobility.

(a)

(b)

Increasing tmax, decreasing Δ j

(c)

Figure 6.4: (a) CELIV (charge extraction by linearly increasing voltage) curves at various
laser fluences. (b) Surface drift mobility and (c) surface conductivity as a function of laser
fluence. The data were extracted from the CELIV measurements, and the drift mobility data
of starting wafers were calibrated using Hall Effect measurement.
Similarly, the extracted surface conductivity from CELIV measurements is shown in Figure
6.4.c. The starting wafer showed a surface conductivity of 0.71 Ω-1cm-1 which matches with the
manufacturer provided wafer resistivity of approximately 1 Ω-cm. The decreasing surface
conductivity (σ) after laser processing was also exponential and fitted using:
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F

σ = −0.07 exp(0.82) + 0.783,

(6.4)

where F is the laser fluence. Since the conductivity is proportional to the drift mobility, the
induced defects imposed similar effect on the surface conductivity.
6.3.2. Degradation of Surface Carrier Lifetime and Leakage Current
The carrier lifetime is the direct measure for evaluating defect-induced recombination after laser
processing. The surface carrier lifetime was determined by near-surface photoconductance decay
(ns-PCD). Figure 6.5.a shows the degradation of surface carrier lifetime (τ) defined by an
exponential relationship via:
F

τ = −150 exp(0.87) + 1390,

(6.5)

where F is the laser fluence. The carrier lifetime has been reported to affect the open circuit
voltage (Voc) in a logarithmic relationship [155], which suggests that the increasing laserprocessing fluence (0.4 - 2 J/cm2) would degrade the open circuit voltage of Si solar devices
roughly in a linear relationship.
The leakage current can reveal the influences from induced defects on the junction. To
measure the leakage current, we created a simple device structure with two 2 mm diameter Al
contacts on the p-type Si surface. The calculated Schottky junction barrier height between Al
contact and p-type Si wafer is 0.85 eV. The leakage current can be observed only when the
defect energy level exists within the Si band gap, which provides the leakage channel in the
junction. The dark current-voltage curves showing the leakage current under various laser
processing fluences are shown in Figure 6.5.b. As shown, the magnitude of leakage current
increased from 10-5 A to 10-4 A, after the laser fluence increased from 1.28 J/cm2 to 1.60 J/cm2.
The leakage current at 0.7 V for various laser fluences was fitted to an exponential relationship
as shown in Figure 6.5.c. Interestingly, the increase of leakage current at 0.4 - 1 J/cm2 laser
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fluences is not as much as the degradation of other surface electrical properties (Figure 6.4.b,
6.4.c, and 6.5.a). At this laser fluence regime, laser-induced point defects are the major defect
type; but the point-defect energy states do not likely satisfy the junction barrier requirement for
current leakage, which explains the degradation difference.

(b)

(a)

(c)

Figure 6.5: (a) Surface carrier lifetime as a function of laser fluence. (b) Leakage current after
laser processing under various fluences, and (c) the leakage current at 0.7 V plotted against
laser fluence.
6.3.3. Loss Mechanism Analysis
In order to reveal the influences of laser-induced defects on surface electrical properties, the
relative values for surface carrier lifetime, surface drift mobility, and surface conductivity are
plotted as a function of laser-induced dislocation density.
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As shown in Figure 6.6, the degradation of surface electrical properties is below 20% when
the laser-induced dislocation density is around 106 cm-2. Above 106 cm-2, all three surface
electrical parameters degrade quickly. According to the laser-induced dislocation density versus
the laser fluence data (Figure 4.6.a), the laser-processing fluence should be chosen near the Si
melting regime in order to minimize the induced dislocation density and surface property
degradation during laser processing of Si solar cells.
To determine the critical limits of surface electrical properties for achieving 20.5% efficient
Si solar cells (state-of-art of industrial solar cells [156]), we discuss the various loss mechanisms
in controlling device performance as summarized in Table 6.1. The surface carrier lifetime (τ) is
directly related to the carrier recombination process and mainly affects the open circuit voltage
through Voc =

2kT
q

J ×τ

sc
ln(qn
) [157], where Jsc is the short circuit current density, W is the wafer
W
i

thickness, ni is the intrinsic carrier density of silicon, k is Boltzmann's constant, q is electronic
charge, and T is the temperature. Based on achieving Voc of 0.66 V, Jsc of 39.19 mA/cm2, and
wafer thickness of 200 μm for 20.5% efficiency [156], the carrier lifetime limit is identified to be
236 μs. This value suggests, for a starting 1.2-ms-lifetime silicon wafer, 80% degradation of
carrier lifetime and 5×107 cm-2 dislocation density are acceptable in the laser-processed solar
cells and still 20.5% efficient cells could be achieved. Note that this tolerated degradation limit is
only true when a recombination mechanism is considered in terms of laser-induced defects and
there are other recombination mechanisms such as metal and emitter interface.
The surface drift mobility (μ) is directly related to the carrier scattering process and would
affect the short circuit current (Isc) when the carrier lifetime is low [158]. According to the
literature [158], the mobility limit is ~24 cm2/(V.s) to achieve 20.5% photovoltaic efficiency
using a 100-μs-lifetime silicon wafer. This limit allows 90% degradation of surface mobility
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after laser processing, and a higher efficiency can be attained through improving the μτ product.

Figure 6.6: Surface electrical properties of laser-processed silicon as a function of induced
dislocation density: (a) surface carrier lifetime, (b) surface drift mobility, and (c) surface
conductivity.
The surface conductivity (σ) determines the series resistance (Rs) and would affect the fill
I 2 Rs
,
oc Isc

factor (FF) through FF = Vm

where Im is the maximum photovoltaic current. The required

series resistance (Rs) in the 20.5% efficient cell is 2.257 mΩ [156]. If it is assumed that the
resistance of laser-processed surface region (Rsurf) and the resistance of bulk region (Rbulk) are
Lsurf

connected in series, the equivalent series resistance would be R s = R surf + R bulk = σ

surf

Lbase −Lsurf
σbase A

A

+

, where wafer thickness (Lbase) is close to 200 μm and area A is 242 cm2 used in the

20.5% efficient cell [156]. The bulk conductivity of the starting wafer is 0.71 Ω-1cm-1, and laserheated depth is ~10 μm based on the reported modeling results [152]. Thus, the surface
conductivity limit is 0.002 Ω-1cm-1, which allows 99.7% degradation of surface conductivity
after laser processing. Note that this calculation does not take into account the contact resistance
between metal contact and the silicon wafer and also the resistance of metal contacts, the latter of
which is very small. Also, note that the fill factor can also be adversely affected by a high level
of defects in the junction region of a solar cell leading to recombination involving coupled defect
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levels. This leads to ideality factors > 2 over a wide voltage range and thus reduced fill factors
[159].
Table 6.1: Critical limits of surface electrical properties for achieving 20.5% efficient solar cells
(Voc=0.66 V, Jsc=39.19 mA/cm2, Rs=0.009 mΩ/cm2, wafer thickness=200 μm [156]).
Surface electrical
Minimum
Starting wafer
Acceptable Allowed dislocation
properties
values
values
degradation
density
Carrier lifetime [μs]
236
1240
80%
5×107 cm-2
Drift mobility
24
238
90%
>108 cm-2
[cm2/(V.s)]
Conductivity [Ω-1cm-1]
0.002
0.71
99.7%
~108 cm-2
Similar analysis was carried out to reveal the critical limits of surface electrical properties for
achieving 25 % high efficient Si solar cells. As shown in Table 6.2, the requirements of drift
mobility and conductivity do not change much as compared to the 20.5 % efficient Si solar cells,
and the allowed degradation is still >80%. In contrast, the carrier lifetime requires a high
minimum value of ~700 μs, which requires a degradation tolerance of <55% if a 1.2-ms-carrierlifetime silicon wafer is used. It suggests laser-processed silicon solar cells could achieve a 25%
high efficiency if the laser-induced defects are sufficiently controlled. For example, the
dislocation density should be controlled to <4×106 cm-2, which is close to the initial value of
1×106 cm-2 in the starting wafer. Moreover, it is inferred that high-quality, high-carrier-lifetime
(>1.2 ms) wafers may push the critical limit to a relatively higher value. With the advancement
of silicon wafer technology, the tolerance of laser-induced defects would be even higher.
To confirm the calculations for the critical limits of electrical properties, PC1D and PC2D
simulations were performed for modeling front-junction and back-contact solar cells,
respectively. The minimum values of carrier lifetime, drift mobility, and conductivity for
achieving 20% and 25% efficient solar cells (Table 6.1 and 6.2) were used for simulating the
open circuit voltage (Voc), short circuit current (Jsc), and total conversion efficiency. For
simulating the 20% efficient solar cells (Table 6.1), it is found that the front-junction and back81

contact structures yield similar device performance with the minimum values of electrical
properties presented in Table 6.1. The simulated Jsc is 39 mA/cm2, the simulated Voc is 0.66 V,
and the simulated conversion efficiency is ~21%. However, for simulating the 25% efficient
solar cells (Table 6.2), it turns out that the back-contact structure can achieve the 0.705 Voc and
25.1% efficiency using the minimum values of electrical properties presented in Table 6.2, while
interestingly, the front-junction structure cannot achieve a high device performance using the
same values of electrical properties. The simulated Jsc is 41 mA/cm2, the simulated Voc is 0.67 V,
and the simulated conversion efficiency is 22.8%.
Table 6.2: Critical limits of surface electrical properties for achieving 24.4±0.7% efficient solar
cells (Voc=0.70 V, Jsc=41.95 mA/cm2, wafer thickness=230 μm [11]).
Surface electrical
Minimum Starting wafer
Acceptable
Allowed
properties
values
values
degradation
dislocation density
Carrier lifetime [μs]
683
1240
55%
4×106 cm-2
Drift mobility
40
238
83%
>108 cm-2
[cm2/(V.s)]
Conductivity [Ω-1cm-1]
0.004
0.71
99.4%
~108 cm-2
6.4. Conclusions
Laser processing of silicon induces surface damage in terms of generation of dislocations,
points defect formation, and phase changes. These defects influence carrier lifetime, mobility,
and hence conductivity and leakage current. This study provides the relationship between
structural defects and electrical properties. The impact of laser-induced defects on surface
electrical properties were evaluated using various surface characterization methods. The
degradation of surface drift mobility, surface conductivity, surface carrier lifetime, and leakage
current were governed by an exponential relationship with laser fluence, similar to dislocation
generation. Through the loss analysis of device performance, a laser processing fluence near the
Si melting regime was identified as the best value for minimizing laser-induced defects and
degradation of surface electrical properties.
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CHAPTER VII: LASER ANNEALING OF LASER-INDUCED DEFECTS
A part of the chapter was published as: Z. Sun and M. C. Gupta, "Laser annealing of silicon
surface defects for photovoltaic applications," Surface Science, vol. 652, pp. 344-349, 2016.
Section 7.4 contains part of the manuscript published as: Z. Sun and M. C. Gupta, "A study of
laser-induced surface defects in silicon and impact on electrical properties," Journal of Applied
Physics, 2018 (In press).
7.1. Introduction and Motivation
The laser-induced defects and amorphous phases can dramatically decrease the photovoltaic
device efficiency due to the deterioration of electrical properties and particularly the higher
charge carrier recombination rate. It is necessary to minimize or eliminate these laser-induced
defects and obtain single-crystalline phase. The control of laser-induced defects can be achieved
through two approaches: minimization of their generation by proper choice of laser-processing
parameters; and post annealing of the induced defects. To attain surface-selective heating, laser
surface annealing becomes a very promising alternative technique providing an easier method for
integration with laser-based solar cell fabrication process.
Previous research over the last decades has well studied the use of conventional furnace and
rapid thermal annealing (RTA) for making high efficiency solar cells [160]. Recently, laser
annealing has attracted considerable attention due to its selective, localized, and potentially costeffective traits. Researchers have explored laser annealing of ion implanted silicon [161].
However, laser annealing of defects in silicon after the high-power laser processes is not well
understood and requires further investigations. Therefore, it is essential to explore the laser
annealing for a wider acceptance of the laser-based photovoltaic technology.
In this chapter, we demonstrate the laser annealing behavior to minimize surface defects and
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especially dislocations in crystalline silicon after high-power laser processes. Also, we present
the results on the crystallization of laser-induced amorphous phase. Moreover, we quantify the
dislocation density and evaluate the surface carrier lifetime after laser annealing.
7.2. Experimental Details
7.2.1. 1064 nm Wavelength, 50 ns Pulse-Width Laser Annealing
All the investigated samples were polished p-type boron-doped single-crystalline silicon wafers
(FZ), with an orientation of <100>, a thickness of 300 µm, and a resistivity of ~1 Ω-cm. The
wafer surface was first cleaned by a standard procedure: HCl and diluted HF to remove any ionic
contaminants, high concentration HNO3 to remove any organic contaminants, and diluted HF to
dissolve away the surface oxide.
A pulsed fiber laser with a wavelength of 1064 nm and a pulse duration of 50 ns was used to
process the wafers. The full laser power was 30 W at 100% set point and the repetition rate in
this work was 30 kHz. The details of laser experimental setup can be found in Section 3.2.1.
The laser experiments were divided into two stages: laser processing under high fluences and
post laser annealing under low fluences (using the same laser). The reason to choose high laser
fluences for the initial processing was that most laser-based silicon solar cell processing requires
the silicon melting. Two energy doses were selected to create two different defect characteristics:
1.28 J/cm2-fluence and 1.60 J/cm2-fluence (ablation with large amount of defects). The visible
marking of silicon started at 1.28 J/cm2 laser fluence and the surface roughness became
significant at 1.6 J/cm2 laser fluence.
Afterward, the 1064 nm laser-processed samples were annealed using the same laser under
various low laser fluences. To understand the influences of laser parameters on the annealing
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behavior, we studied four different low energy doses: 0.19 J/cm2, 0.38 J/cm2, 0.57 J/cm2, and
0.76 J/cm2.
7.2.2. 1070 nm Wavelength, 300 μs (Long) Pulse-Width Laser Annealing
In order to investigate the effect of pulse width for laser annealing, the 1064 nm wavelength, 50
ns pulse-width laser-processed samples were also annealed using a laser of 1070 nm wavelength
and 300 μs (long) pulse-width. The long-pulse-width laser annealing was carried out using a 150
W, 1070 nm wavelength pulsed ytterbium fiber laser system (model YLR-150/1500-QCW-AC,
IPG Photonics) with a pulse width of 300 μs. The laser beam was focused to a spot size of 3.2
mm and was operated at a repetition rate of 500 Hz. A galvanometer scanner with a scan speed
of 600 mm/s was used to achieve area annealing on the sample. The laser fluence was fixed at
0.38 J/cm2 to anneal all laser-processed samples.
For comparison, a furnace annealing was conducted at 800 °C for 30 min using a tube furnace
(MRL Industries).
7.2.3. Evaluation of the Effect of Laser Annealing on Defect Removal
In order to evaluate the effect of laser annealing on defect removal, photoluminescence (PL)
measurements were performed for the band-to-band and dislocation-induced emission. Also, an
X-ray diffractometer (XRD, PANalytical X'Pert PRO MRD) was used to study the internal strain.
Moreover, the dislocation etch was carried out to determine the dislocation density. Finally, the
near-surface photoconductive decay (ns-PCD) method was used to evaluate the charge carrier
lifetime after laser annealing. The experimental details of these techniques can be found in
Section 4.2.2.
7.3. Effect of 50 ns Pulse-Width Laser Annealing on Defect Removal
7.3.1. Photoluminescence after Laser Annealing
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The photoluminescence emission peak at 1340 nm wavelength arises due to the presence of
dislocations [162] and emission at 1160 nm wavelength is from band-to-band transition. The PL
spectra due to dislocation-induced emission and band-to-band emission after laser annealing at
different fluences are shown in Figure 7.1 and Figure 7.2, respectively. The dislocation energy
state is located between the valence band and conduction band, thus less number of defects
(dislocations) after annealing lead to more band-to-band carrier recombination and higher
photoluminescence emission.
As shown in Figure 7.1, the initial peak intensity at 1340 nm for 1.60 J/cm2-fluence processed
samples is 3 times higher than 1.28 J/cm2-fluence processed samples, indicating a much higher
dislocation density induced by the significant melting and ablation. The dislocation
photoluminescence peak for 1.60 J/cm2-fluence processed samples (Figure 7.1.a) shows
decreased intensity from the initial value of 60 (arbitrary units) to a value of 15 after laser
annealing at 0.38 J/cm2. This significant drop of dislocation peak intensity indicates the decrease
of dislocation density and demonstrates the laser annealing behavior for defect minimization.

(b)

(a)

Figure 7.1: Photoluminescence due to dislocation-induced emission after laser annealing at
different fluences: (a) 1.60 J/cm2-fluence processed samples, and (b) 1.28 J/cm2-fluence
processed samples.
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By comparing the results under different laser annealing fluences, we find that a low fluence
of 0.19 J/cm2 is not sufficient to remove dislocations. If the fluence is increased as high as 0.57
J/cm2, the dislocation peak starts to increase again, indicating the laser energy is high enough to
induce defects. Thus, annealing at 0.38 J/cm2 fluence shows the best results for removing
dislocations.
As shown in Figure 7.1.b, the 1.28 J/cm2-fluence processed sample also shows a drop of
dislocation peak after laser annealing, but the decrease of peak intensity is limited due to the
small amount of dislocations in the initial sample.
As shown in Figure 7.2.b, the PL due to band-to-band emission increases by a factor of 2 after
the laser annealing at 0.38 J/cm2 fluence for 1.28 J/cm2-fluence processed samples. Since the
band-to-band peak can reflect the overall concentration of defects, this increase in peak intensity
again demonstrates the annealing behavior at 0.38 J/cm2 laser fluence. However, the peak
increase is only observed in 1.28 J/cm2-fluence processed samples which should have a much
greater amount of amorphous phase than 1.60 J/cm2-fluence processed samples. Thus, the reason
for this peak increase is mainly contributed by the crystallization of amorphous phase.
(b) Start wafer: 1000 counts in intensity

(a)

Starting wafer: 1000 counts in intensity

Figure 7.2: Photoluminescence due to band-to-band emission after laser annealing at
different fluences: (a) 1.60 J/cm2-fluence processed samples, and (b) 1.28 J/cm2-fluence
processed samples.
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7.3.2. Dislocation Density after Laser Annealing
The etch pits after laser annealing under various fluences are observed in the SEM images, as
shown in Figure 7.3 for 1.60 J/cm2-fluence processed samples and in Figure 7.4 for 1.28 J/cm2fluence processed samples. The corresponding dislocation density is summarized in Table 7.1.
After 0.38 J/cm2-fluence annealing of 1.60 J/cm2-fluence processed samples, the number of
dislocations decreases dramatically as observed by comparison of Figure 7.3.a and 7.3.b, and
quantitatively, the dislocation density drops by 3.7 times after laser annealing. This result
matches with the photoluminescence dislocation-peak decrease by 4 times.
(b)

(a)

Etch pits

20 μm

20 μm

(d)

(c)

20 μm

20 μm

Figure 7.3: SEM images for 1.60 J/cm2-fluence processed samples showing etch pits: (a)
Initial sample, (b) 0.38 J/cm2-fluence annealing, (c) 0.57 J/cm2-fluence annealing, and (d)
0.76 J/cm2-fluence annealing.
The dislocation density of 1.28 J/cm2-fluence processed samples is initially 5 times lower
than 1.60 J/cm2-fluence processed samples. Although the initial low dislocation density limits
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the influence of laser annealing, it still drops to half after laser annealing at 0.38 J/cm2-fluence.
When the laser annealing fluence increases higher than 0.57 J/cm2, the dislocation density is
observed to slightly increase. This behavior is true for both groups of processed samples, and it
also matches the photoluminescence results. The best annealing performance of 0.38 J/cm2
fluence is again demonstrated, so this parameter is chosen as the standard annealing condition.

(a)

(b)
Etch Pits

20 μm

20 μm

(c)

(d)

20 μm

20 μm

Figure 7.4: SEM images for 1.28 J/cm2-fluence processed samples showing etch pits: (a)
Initial sample, (b) 0.38 J/cm2-fluence annealing, (c) 0.57 J/cm2-fluence annealing, (d) 0.76
J/cm2-fluence annealing.
Table 7.1: Summary of dislocation density after laser annealing under various fluences.
After laser annealing under various fluences
Before laser
annealing
0.38 J/cm2
0.57 J/cm2
0.76 J/cm2
1.60 J/cm2-fluence
10.6×106 cm-2
2.85×106 cm-2 2.96×106 cm-2 4.08×106 cm-2
processed samples
1.28 J/cm2-fluence
2.17×106 cm-2
1.01×106 cm-2 1.08×106 cm-2 1.27×106 cm-2
processed samples
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7.3.3. Internal Strain after Laser Annealing
The XRD patterns of silicon were investigated to study the change of internal stress after laser
annealing. As shown in Figure 7.5.a, the XRD silicon peak shows a right shifting of 0.08°
(resolution: 0.002°) after the starting wafer is processed under 1.60 J/cm2 laser fluence. This
right shifting is due to the compressive stress generated by laser processing. After the laser
annealing under 0.38 J/cm2, 0.57 J/cm2, and 0.76 J/cm2 fluences, we find the silicon peak shifts
towards the position for the starting wafer. A similar behavior is also observed in 1.28 J/cm2fluence processed samples, as shown in Figure 7.5.b, but the shifting is smaller than 1.60 J/cm2fluence processed samples. This is because a smaller internal stress is induced during 1.28 J/cm2fluence processing.
Moreover, the difference of XRD peak shifting between 0.38 J/cm2 and higher laser annealing
fluences is very small. This behavior indicates a higher low-power laser annealing fluence does
not significantly affect internal stresses, thus 0.38 J/cm2 fluence again shows to be the best laser
annealing condition due to its smaller energy usage.

(b)

(a)

Figure 7.5: XRD patterns showing the silicon peak shifting after laser processing and
annealing: (a) 1.60 J/cm2 -fluence processed samples, and (b) 1.28 J/cm2-fluence processed
samples.
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7.3.4. Carrier Lifetime after Laser Annealing
The carrier lifetime was determined by a near-surface photoconductance decay (ns-PCD) method.
The ns-PCD curves after laser annealing are shown in Figure 7.6. The photoconductance decay is
divided into two stages: surface decay and later the bulk decay. The exponential fitting is applied
for the surface decay to calculate the carrier lifetime where the laser energy is absorbed. The
surface lifetime before and after laser annealing are summarized in Table 7.2. As shown, the
surface lifetime of 1.28 J/cm2-fluence processed samples increases to 920 μs after laser annealing.
This value is comparable to the initial value of 1240 μs, indicating the success of laser annealing
to achieve a lower carrier recombination.
For 1.60 J/cm2-fluence processed samples, the surface carrier lifetime after laser annealing
also increases by 5 times, but the absolute value is still low. This behavior suggests that even
though the dislocation removal is excellent for 1.60 J/cm2-fluence processed samples, other
factors such as laser induced polycrystalline phases can dominate in determining the carrier
lifetime.
Surface
lifetime
Bulk

Surface
lifetime
(a)

Bulk

(b)

Figure 7.6: Near-surface photoconductance decay (ns-PCD) curves after laser annealing: (a)
1.60 J/cm2 -fluence processed samples, (b) 1.28 J/cm2-fluence processed samples.
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Table 7.2: Summary of charge carrier lifetime before and after laser annealing.
Laser processed
After laser annealing at
Starting wafer
sample
0.38 J/cm2
1.60 J/cm2-fluence
1240 μs
10 μs
54 μs
processed samples
1.28 J/cm2-fluence
1240 μs
720 μs
920 μs
processed samples
7.4. Effect of 300 μs (Long) Pulse-Width Laser Annealing on Defect Removal
We investigated the long pulse-width laser and furnace annealing approaches to mitigate the
laser-induced defects. The Figure 7.7 shows the effect of laser and furnace annealing of surface
defects

on

1.28-J/cm2-laser-fluence

processed

silicon

semiconductor

surface

using

photoluminescence. After long pulse-width (300 μs) laser annealing at 0.38 J/cm2 fluence or
furnace annealing at 800 °C for 30 min, the band-edge photoluminescence intensities (Figure
7.7.a) are recovered to ~400 from the original value of ~50 in the laser-processed samples, while
the dislocation-induced peak at 0.924 eV (Figure 7.7.b) disappeared. These data suggest that the
laser-induced dislocations can be completely eliminated using either furnace or long pulse-width
laser annealing. However, the band-edge photoluminescence did not recover to the value of ~600

(a)

Dislocation-induced PL
intensity [arb. units]

Band-edge PL intensity
[arb. units]

in the starting wafer, which indicates the amorphous/polycrystalline phase generation.

Starting wafer: ~600

Photon energy [eV]

(b)

Photon energy [eV]

Figure 7.7 (a) Band-edge photoluminescence (PL) and (b) dislocation-induced photoluminescence
spectra after furnace or long-pulse-width (300 μs) laser annealing of 1.28 J/cm2-fluence processed
silicon.
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7.5. Conclusions
The laser annealing is demonstrated to be effective in lowering the surface defects of crystalline
silicon after the initial high-power laser processing. The 0.38 J/cm2 laser fluence is found to be
the best annealing parameter for removing crystal defects. For 1.28 J/cm2-fluence processed
samples, the dislocation density is decreased from the initial value of 2.17×106 cm-2 to 1.01×106
cm-2 after laser annealing, along with the crystallization of amorphous phase and a decrease of
internal strain. These annealing results show an excellent surface carrier lifetime of 920 μs,
which is approaching to the value for starting wafer of 1240 μs. For 1.60 J/cm2-fluence processed
samples, the dislocation density is decreased by 4 times from the initial value of 10.6×106 cm-2 to
2.85×106 cm-2 after laser annealing, and the internal strain is also dramatically decreased,
resulting in the improvement of surface carrier lifetime by 5 times.
The long pulse-width (300 μs) laser annealing exhibits a stronger ability to remove laserinduced defects as compared with the short pulse-width (50 ns) laser annealing, and a
comparable ability with the furnace annealing. The dislocations are completely removed under
the long pulse-width laser annealing or furnace annealing.
This work demonstrates that structural defects can be significantly eliminated under laser
annealing, allowing the suitability of laser-processing method for high-efficiency low-cost
silicon photovoltaic, microelectronic, and optoelectronic device fabrication.
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CHAPTER VIII: LASER PROCESSING OF SOL-GEL TiOx FILM FOR
PASSIVATING SILICON SURFACE
This chapter was published as: Z. Sun, X. Deng, J. J. Choi, and M. C. Gupta, "Silicon surface
passivation by laser processing a sol–gel TiOx thin film," ACS Applied Energy Materials, vol. 1,
pp. 5474-5481, 2018. This work was in collaboration with Xiaoyu Deng and Prof. Joshua J. Choi.
8.1. Introduction and Motivation
High-efficiency silicon solar cells require to passivate surface defects and reduce surface
recombination. On non-passivated silicon surfaces, surface recombination occurs due to dangling
bonds from the disruption of its periodic atomic structure. The dangling bonds form unfavorable
electronic states within the silicon band gap where electrons and holes can recombine, resulting
in a severe deterioration in cell efficiency. This problem becomes increasingly important when
solar cell technology moves to thinner wafers and uses back-contact solar cells since light
induced charge carriers must diffuse through the bulk to the rear side. Hence, passivation with
surface recombination velocity (SRV) below 25 cm/s [163] is required to minimize surface
recombination losses and achieve high conversion efficiency.
Current surface passivation strategies involve employing a thin dielectric layer on the silicon
surface. While the existing dielectrics of silicon oxide (SiOx), silicon nitride (SiNx), and
aluminum oxide (AlOx) have succeeded in delivering good passivation performance, they are
often associated with high-temperature processes. Titanium oxide (TiOx) has the potential to
function as antireflection coating and passivation layer simultaneously [165-167]. However, it
fails to provide efficient surface passivation due to the lack of chemical bonding between TiOx
film and silicon surface. Atomic layer deposited (ALD) TiOx films bring back the resurgence of
TiOx passivation with a very low SRV = 0.8 cm/s [167-169]. Chemical vapor deposited (CVD)
TiOx has also been explored, and this technique provides a SRV value of ~30 cm/s [170]. The
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current approaches require special deposition systems, vacuum systems, above-roomtemperature processes, and complex, time-consuming steps. Therefore, it will be beneficial to
develop a simple room-temperature surface passivation process that can provide very low SRV
values. Sol-gel TiOx, as a solution coating technique, has attracted the attention [171]. Up to date,
the best TiOx passivation result generated of SRV of ~38.8 cm/s after light-soaking [171].
In this chapter, we demonstrate laser processing can effectively enhance the passivation of
surface defects using sol-gel TiOx films to realize SRV below 10 cm/s. The sol-gel TiOx films
were prepared by Xiaoyu Deng in Prof. Joshua J. Choi's research group in Chemical Engineering
department at the University of Virginia. Moreover, we explain the passivation mechanism of
laser processing through structural and electrical analysis. Lastly, we show the antireflection
behavior of our laser-processed TiOx film through optical reflection and refractive index
measurements.
8.2. Experimental Details
8.2.1. Fabrication of Sol-Gel TiOx Film on Silicon Wafer
Double-side polished n-type (phosphorous-doped) FZ c-Si wafers were used, with thickness of
280 µm, orientation of <100>, and resistivity of 2 Ω-cm. They were purchased from Topsil
Global Wafers and had a certified bulk lifetime of >2 ms. The wafers were carefully cleaned
before TiOx films were deposited. First, the native oxide layer was removed by 2% HF for 10
minutes. Afterward, all wafers were cleaned by 3% HCl and 2% HF for 10 minutes to react with
the ionic contaminants, 65% HNO3 for 10 minutes to remove any organic contaminants, and
finally 2% HF for 10 minutes to dissolve the formed silicon oxide from the use of high
concentration HNO3.
TiOx thin films on bare Si wafers were prepared using a sol-gel process: titanium
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diisopropoxide bis(acetylacetonate) (Ti(OiPr)2(AcAc)2, 75 wt% in isopropanol) and butanol
(anhydrous, 99.8%) were purchased from Sigma-Aldrich [172]. Ti(OiPr)2(AcAc)2 and butanol
were mixed at the ratio of 1:5.5. The solutions were then spin-coated onto silicon wafers at 2000
RPM for 30 seconds. The resulting film thickness was 60 nm and the value was confirmed via
spectroscopic ellipsometry (M-2000, J. A. Woollam Co., Inc.).
8.2.2. Laser Processing of Sol-gel TiOx Film on Silicon Wafer
Laser processing of sol-gel TiOx samples was conducted with a 150 W, 1070 nm wavelength
pulsed ytterbium fiber laser system (model YLR-150/1500-QCW-AC, IPG Photonics) with a
pulse duration of 100 μs. A schematic showing the laser process is given in Figure 8.1. The laser
beam was focused onto the sample with a spot size of 1.5 mm and was operated at a repetition
rate of 500 Hz. A galvanometer scanner was used to achieve large-area processing on the sample.
Note that the scan speed of 600 mm/s and the X-direction shifting of 1.125 mm determined a
small pulse overlapping in both directions, resulting in consistent processing of the sample. The
laser fluences were intentionally chosen to be smaller than the Si ablation threshold fluence of
1.68 J/cm2 where laser marking started to appear on the sample surface as observed under
scanning electron microscope (SEM, Quanta 650, FEI).

Figure 8.1: Schematic showing laser processing of the sol-gel TiOx film on silicon wafer.
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8.2.3 Structural, Optical, and Electrical Characterization
Carrier lifetime measurements were carried out using Quasi-Steady-State Photoconductance
(QSSPC) method (Sinton WCT-120). In this standard lifetime technique, the light flash induces
excess carriers in the silicon sample and the conductance of the sample is increased. After the
flash, the decay time of photon-induced conductance is measured by the RF sensor, which
provides the carrier lifetime value. This technique requires the passivation films on both surfaces
of the sample (symmetric), otherwise the unpassivated surface would affect the evaluation of the
passivated surface. Thus, a symmetric test structure was created through spin-coating and laser
processing TiOx films on both sides of samples. The effective surface recombination velocity
(SRV) was calculated by
W 1
1
SRV  （
- ),
2  eff  b

(8.1)

where τeff is the effective carrier lifetime, τb is the bulk lifetime, and W is the wafer thickness
[169]. Moreover, the implied saturation current density (J0) can be extracted from
J0 ≈

qn2i W 1
2 ∆n τeff

,

(8.2)

where Δn is the excess carrier concentration, ni is the intrinsic carrier concentration in silicon,
and q is the electric charge [173]. Furthermore, the implied open circuit voltage (iVoc) can be
extracted from
iVoc =

kT
q

ln[

Δn (NA + Δn)
n2i

+ 1],

(8.3)

where NA is the dopant concentration, k is Boltzmann constant, and T is the temperature [174].
The structural evolution of TiOx samples after laser processing were evaluated by X-ray
photoelectron spectroscopy (XPS, PHI 5000 VersaProbe) and a Thermo Scientific Nicolet 6700
Fourier Transform Infrared spectrometer equipped with SensIR Technologies DuraScope
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Attenuated Total Reflectance unit (ATR-FTIR). Additionally, the fixed charge and interface state
density were determined through the capacitance-voltage (C-V) measurements using a HP
4275A multi-frequency LCR meter at high-frequency of 1 MHz and low-frequency of 20 kHz.
Furthermore, optical reflection of the laser processed TiOx films with silicon substrate was
measured using a UV/Vis/NIR spectrometer equipped with an integrating sphere (Lambda 950 S,
Perkin Elmer). Finally, refractive index of TiOx films on the silicon wafer after laser processing
was measured with a rotating spectroscopy ellipsometer (M-2000, J. A. Woollam Co., Inc.) at
incidence angle of 60°. A Tauc-Lorentz-type generalized oscillator (Gen-Osc) model was used
for the calculation of refractive index.
8.3. Effective Carrier Lifetime after Laser Processing
Figure 8.2 shows the effective carrier lifetime (τeff) as a function of the injection level (Δn) data
after laser processing at different fluences. The bare silicon wafer, presented in Figure 8.2.a,
showed an effective carrier lifetime of 2.70 μs. After deposition of 60 nm TiOx films, as shown
in Figure 8.2.b, the effective lifetime was 7.81 μs indicating little improvement in the passivation
performance. After laser processing at 1.11 J/cm2 fluence, as shown in Figure 8.2.c, the TiOx
improved surface passivation performance with an effective lifetime of 865 μs and a SRV of
9.82 cm/s. After the laser fluence was increased to 1.19 J/cm2, the best passivation performance
of 1.11 ms effective lifetime and 6.25 cm/s SRV was demonstrated as shown in Figure 8.2.d.
Note that the achieved SRV is lower than the previously reported 38.8 cm/s value in literature
[171].
Moreover, as given in Table 8.1, the laser-processed samples at 1.19 J/cm2 fluence showed a
decreased saturation current density (J0) of 26.7 fA/cm2 as compared to the value of 2.84 × 105
fA/cm2 in the bare silicon wafer. The implied open circuit voltage (iVoc) increased to 0.695 V

98

after laser processing, with the initial value of 0.547 V for the bare silicon wafer.
Additionally, the degradation of passivation quality was observed at above 1.19 J/cm 2 laser
fluences as indicated in Figure 8.2 and Table 8.1. At 1.68 J/cm2 fluence, the silicon containing
TiOx film got ablated. Between 1.28 J/cm2 and 1.68 J/cm2 fluences, the Si melting could affect
the Ti-O-Si bonding and also induce the defects in Si, which explains the carrier lifetime
degradation in this regime.
SRV=6.25 cm/s

Figure 8.2: Injection-level-dependent effective lifetime for (a) bare silicon wafers, (b) silicon
wafers with as-deposited 60 nm thin TiOx films, and (c-e) laser processed silicon wafers
passivated by sol-gel 60 nm thin TiOx films (c) at 1.11 J/cm2 fluence, (d) at 1.19 J/cm2
fluence, and (e) at 1.28 J/cm2 fluence.
Table 8.1: Summary of surface recombination velocity (SRV) at injection level of 1014 cm-3,
saturation current density (J0), and implied open circuit voltage (iVoc) after laser processing solgel 60 nm thin TiOx films on silicon substrate.
SRV [cm/s]

J0 [fA/cm2]

iVoc [V]

Bare wafer

5178.82

2.84 × 105

0.547

As deposited

1786.21

8.45 × 104

0.556

9.82

34.6

0.682

6.25

26.7

0.695

17.45

46.6

0.680

Laser processed at 1.11
J/cm2 fluence
Laser processed at 1.19
J/cm2 fluence
Laser processed at 1.28
J/cm2 fluence
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In summary, it is demonstrated that the laser processing approach can boost the effective
lifetime for as-deposited films from the range of 7 - 13 μs to millisecond range.
8.4. Structural Analysis of TiOx Film
In order to explain the mechanism of surface passivation by laser processing of TiOx films,
XPS analysis on 60 nm TiOx films processed at 1.19 J/cm2 laser fluence is shown in Figure 8.3.
In the Ti (2p) spectra, presented in Figure 8.3a-b, two spin orbit peaks of Ti (2p3/2 and 2p1/2) were
observed. Each peak was fitted with three subpeaks: Ti4+ at bonding energies 459.05 ± 0.27 eV
and 464.80 ± 0.10 eV, Ti3+ at 457.34 ± 0.16 eV and 463.45 ± 0.04 eV, and Ti2+ at 455.67 ± 0.02
eV and 461.87 ± 0.11 eV, which correspond to a decreasing oxygen coordination number in the
Ti-O system [175,176]. The peak areas for these results before and after laser processing are
summarized in Figure 8.4. As shown, after laser processing, the peak areas for the Ti2+ motif
dropped dramatically, especially the 2p3/2 component, while the Ti4+ motif appreciably increased.
The data indicate that the Ti2+ motif significantly evolved to the Ti4+ motif which corresponds to
fully-stoichiometric TiO2. Similarly, the O (1s) peaks, presented in Figure 8.3c-d, were fitted into
two subpeaks: TiO2 and TiOx, the oxygen-deficient Ti-O structures [176]. As shown in Figure
8.4, after laser processing, the peak area for the TiOx motif decreased while the TiO2 motif
greatly increased, which also proves the evolution from oxygen-deficient Ti-O structure to TiO2.
It is noted that some amount of Ti3+ motif still existed after laser processing. Moreover, the C (1s)
peak, presented in Figure 8.3.e, was observed before laser processing and this peak disappeared
after laser processing, which demonstrates laser processing can effectively remove the organic
residues and carbon, and further accelerate the sol-gel reaction to obtain a pure TiOx passivation
layer.
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Figure 8.3: XPS spectra taken from TiOx film surface before and after laser processing: (a) Ti
(2p) before laser processing, (b) Ti (2p) after laser processing, (c) O (1s) before laser
processing, (d) O (1s) after laser processing, (e) C (1s) before and after laser processing.
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Figure 8.4: Summary of XPS Ti and O subpeak areas before and after laser processing.
8.5. Structural Analysis of the TiOx/Si Interface
To investigate the formation of Ti-O-Si bonds after laser processing, which can indicate the
chemical passivation, XPS measurements at the interface of TiOx film and silicon wafer were
carried out. As shown in Figure 8.5.a, in the Si (2p) spectra, the typical doublet peaks at bonding
energies 99.20 ± 0.02 eV and 99.63 ± 0.01 eV attribute to the two spin orbits of Si (2p3/2 and
2p1/2) and the subpeak at 102.62 ± 0.01 eV attributes to SiOx. More interestingly, a new subpeak
at 101.00 ± 0.01 eV appeared, which corresponds to the Ti-O-Si bond. Our observation of Ti-OSi bond formation is in good agreement with the XPS measurements by Sahasrabudhe et al. [177]
and Liu et al. [178] The formation of the new Ti-O-Si bonding is highly likely due to the reaction
between TiOx film and the dangling bond at the Si surface, which is activated by the laser energy.
Moreover, in Figure 8.5.b, the Ti (2p) spectra at the interface also shows a new subpeak at
460.19 ± 0.01 eV corresponding to Ti-O-Si bonds, which matches with the results reported by
Benito and Palacio [175]. Additionally, the Ti+ motif, at 454.45 ± 0.02 eV and 461.12 ± 0.04 eV,
appeared unlike the spectra taken on the film surface (Figure 8.3.b). The Ti4+, Ti3+, Ti2+, Ti+
motifs are roughly in similar amount. This behavior matches with the mixed oxide model at the
interface of TiOx film on the Si wafer in Benito and Palacio's work [175].
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Figure 8.5: XPS spectra taken of the interface between TiOx film and Si wafer after laser
processing: (a) Si (2p), and (b) Ti (2p).
To further confirm the formation of Ti-O-Si bonds, ATR-FTIR was carried out on samples
processed under different laser fluences, and the spectra are shown in Figure 8.6. The bare
silicon wafer exhibited a weak peak at 831 cm-1 and a broad strong peak at 1030 cm-1, which are
verified from RRUFF database. In the as-deposited 60 nm TiOx films on silicon, no structural
changes were observed. After laser processing the film, the Ti-O-Si peak at 934 cm-1 [179]
begins to appear at 1.11 J/cm2 laser fluence and becomes strong at 1.19 J/cm2. As the laser
processing fluence increases above 1.19 J/cm2, the Ti-O-Si peak becomes weak. This
observation matches with the carrier lifetime degradation above 1.19 J/cm2, which confirms that
the Si melting at this laser fluence regime could affect the Ti-O-Si bonding.
(e)
(d)
Ti-O-Si

(c)
(b)

Si

Si

(a)

Figure 8.6: ATR-FTIR spectra of laser processed 60 nm TiOx samples under different
fluences: (a) bare silicon wafer, (b) 1.11 J/cm2, (c) 1.19 J/cm2, (d) 1.28 J/cm2, (e) 1.34 J/cm2.
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The observation of Ti-O-Si bond formation from XPS and ATR demonstrates the chemical
passivation by laser processing and explains the excellent carrier lifetime, extremely low
saturation current density, and high implied open circuit voltage at 1.19 J/cm2-fluence.
8.6. Fixed Charge and Interface State Density Investigations
The combined high-frequency (1 MHz) and low-frequency (20 kHz) capacitance-voltage
measurements [166,180,181] were carried out to evaluate the fixed charge and interface state
density of laser processed TiOx film. A metal-insulator-semiconductor (MIS) structure was
fabricated. The front side of TiOx coated Si wafer was deposited with a 3.9 mm diameter
aluminum contact using e-beam evaporation and photolithography lift-off process, and the back
side was covered with evaporated aluminum in the whole area [180]. The capacitance-voltage
characteristics at high frequency of 1 MHz are shown in Figure 8.7. First, the flat-band
capacitance, which can evaluate the minimum capacitance within the film, is calculated by
C fb =

C A  Cd
C A + Cd

,

(8.4)

where CA is the capacitance measured in the accumulation region at 1 MHz and Cd is the
depletion capacitance on the silicon surface, which is determined to be 36 nF based on
parameters given in the literature [181]. The as-deposited film showed an extremely low flatband capacitance of 1.90 × 10-12 F. After laser processing, the flat-band capacitance increased to
6.12 × 10-9 F, which indicates the enhanced field-effect passivation. This behavior is also
demonstrated by the distinctive negative shift of flat-band voltage as shown in Figure 8.7.
Next, we further quantify the total fixed charge density through the equation
Q=

- (Vfb − Vwf )  C A
q A

104

,

(8.5)

where Vfb is the flat-band voltage, which is extracted from the calculated flat-band capacitance
Cfb, Vwf is the work function difference between silicon and aluminum contact, q is the electron
charge, and A is the contact area [181]. A total negative charge density of 5.87 × 1011 cm-2 was
achieved after laser processing, as compared to the 2.50 × 108 cm-2 value in the as-deposited film.
The current reported negative charge density is 1.16 × 1011 cm-2 for electron-beam processed
TiOx [166], which is slightly lower than our laser processed TiOx. This again demonstrates the
excellent field-effect passivation with laser processed TiOx.
Accumulation region
Negative shift
Laser
processed
As deposited

Figure 8.7: Capacitance-voltage characteristics of laser processed TiOx film at a high
frequency of 1 MHz.
Finally, the interface state density is determined through equation
D=

1 C A  CLF
C C
(
− A HF ) ,
q C A − CLF C A − CHF

(8.6)

where CLF and CHF are the capacitances at low frequency and high frequency, respectively [181].
After laser processing, the interface state density is 4.52 × 1010 cm-2eV-1, which is lower than the
reported 4.77 × 1011 cm-2eV-1 value for the electron-beam processed TiOx [166]. The small
amount of interface state density can indicate the minimum interface traps and an improved
chemical passivation in our laser processed TiOx.
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8.7. Optical Reflection and Refractive Index
To confirm our laser processed TiOx films can provide both excellent passivation and
antireflection, the optical reflection spectra were measured using a spectrophotometer with an
integrating sphere and the results are shown in Figure 8.8. The weighted-average reflection
(WAR) value is calculated based on the equation
WAR =

 2 [ R( )  I1.5G ( )]d
1

 2 [ I1.5G ( )]d

%,

(8.7)

1

where R(λ) is the measured reflectance at wavelength λ, I1.5G(λ) is the spectral irradiance at Air
Mass 1.5, and dλ is the wavelength interval [182]. The bare Si wafer shows a high WAR value of
32.5%. After spin-coating 60 nm TiOx films, the reflectance drops dramatically in the
wavelength range of 400 - 1100 nm where the majority of solar spectral irradiance exists. The
WAR value drops to 11.8% after TiOx coating, which is lower than the literature [182] reported
13.8% value using the state-of-art SiNx antireflection layer.
After laser processing of the 60 nm TiOx film at 1.19 J/cm2 fluence, the reflectance in the
wavelength range of 400 - 1100 nm slightly increased in comparison with as-deposited samples,
while it greatly decreases in the wavelength range of 200 - 400 nm. This decrease could be due
to enhanced absorption in the UV spectral range. The WAR value after laser processing is 17.6%.
Note this can be further minimized if Si wafer surface is microtextured causing light trapping
and TiOx film thickness optimization.
To further understand the antireflection performance of laser processed TiOx films, the
refractive index was measured using ellipsometry. As shown in Figure 8.9, at wavelength of 500
nm, the as-deposited TiOx film has a refractive index of 1.75 and it increases to 1.96 after laser
processing. This increase in index is likely due to laser densification of TiOx film. As a reference,
the refractive index for amorphous TiO2 is 2.27 and the crystalline (anatase) TiO2 is 2.63 [183].
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Figure 8.8: Reflection spectra for (a) bare wafer, (b) as-deposited 60 nm TiOx film, (c) laser
processed 60 nm TiOx film at 1.19 J/cm2 fluence.
The antireflection performance of TiOx film was determined by two factors, the refractive
index and the film thickness. The optimum refractive index (n1) for antireflection coating can be
calculated by n1 = √n0 × n2 , where n0 is the refractive index of air and n2 is the silicon
refractive index of 3.85 at near λ=500 nm. This gives the optimum refractive index of 1.96 for
antireflection condition at 500 nm wavelength, where the maximum solar irradiance occurs. The
refractive index increased from 1.75 in the as-deposited TiOx film to 1.96 after laser processing,
which suggests the advantage of laser processing towards the obtainment of antireflection
properties.
λ

The optimum thickness (t) for antireflection condition is t = 4×n , where λ is the wavelength
1

of incident light at which minimum reflection is desired. This gives an optimum film thickness of
64 nm at 500 nm wavelength for antireflection condition. The 60 nm film used in this work
would shrink after the laser processing, which explains the slight increase of reflection after laser
processing. However, the optimization of TiOx film thickness and Si surface microtexturing can
further minimize the WAR value.
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Figure 8.9: Refractive index dependence on wavelength for (a) as-deposited 60 nm TiOx
film, (b) laser processed 60 nm TiOx film at 1.19 J/cm2 fluence, (c) amorphous TiO2 film
[183], (d) crystalline (anatase) TiO2 film [183].
8.8. Conclusions
The laser processing was carried out for sol-gel TiOx thin films on silicon wafers to passivate
silicon surface defects. This room-temperature approach is demonstrated to be feasible in
inducing chemical passivation in addition to the intrinsic field effect passivation, resulting in an
excellent passivation performance of above 1 ms effective carrier lifetime giving a 6.25 cm/s
surface recombination velocity. Structural analysis shows that laser processing is distinctively
able to minimize organic residues and accelerate the sol-gel reaction while maintaining a pure
TiOx film with a negative charge density of 5.87 × 1011 cm-2. More importantly, laser processing
can form the Ti-O-Si bonds at the TiOx/Si interface, which contributes to chemical passivation.
Moreover, the laser-processed 60 nm TiOx film at 1.19 J/cm2 showed a refractive index of
1.96 at 500 nm wavelength and a weighted-average reflection of 17.6%, which can be further
minimized by surface microtexturing and optimization of TiOx film thickness. Thus, the laser
processed TiOx films are demonstrated to function as antireflection and excellent passivation
layer simultaneously. The laser processing concept is proved to be viable for high-performance,
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low-cost, room-temperature, non-vacuum passivation of silicon surface and a promising
approach for high-efficiency silicon solar cells.
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CHAPTER IX: LASER PROCESSED SILICON SOLAR CELLS AND
LASER ANNEALING
Part of this chapter was published as: Z. Sun and M. C. Gupta, "Laser annealing to enhance
performance of all-laser-based silicon back contact solar cells," Proceedings of 44th IEEE PVSC,
pp. 937-939, 2017. Also, Section 9.2 contains part of the manuscript published as: Z. Sun and M.
C. Gupta, "A study of laser-induced surface defects in silicon and impact on electrical
properties," Journal of Applied Physics, 2018 (In press). Section 9.3 was published as: Z. Sun, U.
Nsofor, N. Ahmed, U. Das, S. Hegedus, and M. C. Gupta, "Direct laser isolation for
interdigitated back contact heterojunction solar cells," Proceedings of WCPEC-7, 2018; and this
work was done in collaboration with Ugochukwu Nsofor, Nuha Ahmed, Dr. Ujjwal K. Das, and
Prof. Steven Hegedus in at the Institute of Energy Conversion at the University of Delaware.
9.1. Introduction and Motivation
Laser technology plays a significant role in reducing the silicon photovoltaic manufacturing cost
[17]. Due to the ability to deliver non-contact energy at localized positions, the laser processing
methods can greatly reduce the fabrication complexity, avoid multiple patterning steps, and
potentially replace high-temperature or high-vacuum processes. The laser-based processes have
been developed for device fabrication in the areas of laser transfer doping [20,22-27], lasertransferred metal contacts [26-30], laser-fired contacts [31-34], laser ablation of metals,
amorphous silicon, and dielectric layers [35-38], laser microtexturing [39,40], laser-generated
passivation [180,184], and laser annealing [26,27,66,67].
In this chapter, we explore the laser transfer doping and laser-transferred metal contacts in alllaser-based back contact solar cells and demonstrate laser annealing to enhance the solar cell
efficiency. Moreover, we investigate laser ablation of metals for contact isolation in
heterojunction back contact solar cells and emphasize the minimization of laser-induced damage
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in these laser-based processes. For fabrication of heterojunction back contact solar cells, we
collaborated with Ugochukwu Nsofor, Dr. Ujjwal K. Das, and Prof. Steven Hegedus at the
Institute of Energy Conversion at the University of Delaware.
9.2. All-Laser-Processed Back Contact Solar Cells and Laser Annealing
The interdigitated back contact solar cells (without heterojunction or passivating contacts) have
shown a high efficiency of 24.4% [11]. The major challenge for IBC solar cells is their extremely
complicated fabrication process, since both p+ and n+ doping regions, together with their contact
regions, exist on the rear side. In Australian National University's study [11], the fabrication
process includes 16 steps of photolithography and etching procedures in order to pattern doping
and contact regions. Furthermore, 7 steps rely on high-temperature furnaces and vacuum
evaporators for making SiO2 masks, diffusing dopants, and depositing metal contacts. Therein,
laser processing becomes attractive in fabricating IBC cells in order to achieve efficient, costeffective, and high-throughput cells.
9.2.1. Device Fabrication
Our all-laser-based IBC solar cell design is based on the common design of back-contact solar
cell that has achieved an efficiency as high as 24.4% using multiple photolithography steps [11].
Figure 9.1.a shows the device structure with the SiO2 passivation (~15 nm) and SiNx ARC layer
(~70 nm) on the microtextured front surface and the interdigitated aluminum emitter and
phosphorus BSF doping on the rear side. The aluminum (Al) and titanium (Ti) metal contacts
cover the p+ emitter and n+ BSF regions, respectively. The cell has an active area of 1×1 cm2.
Figure 9.1.b shows the fabrication sequence. The starting wafers were n-type singlecrystalline silicon (FZ) with orientation of <100>, thickness of 200 μm, and resistivity of ~1 Ωcm. The native oxide was removed by diluted HF. The saw damage was etched using 25% KOH

111

solution at 60 ℃ for 30 min. Afterward, the wafers went through a standard cleaning procedure
to remove any organic and ion contaminations. The wafer's front side was microtextured using 2%
TMAH solution at 80 ℃ for 30 min.
(a)

(b)

Figure 9.1: (a) Design structure and (b) fabrication sequence of all-laser-based IBC solar cells.
The p+ aluminum and n+ phosphorus doping were achieved by the laser transfer doping as
shown in Figure 9.2.a. A 532 nm wavelength, 1 ns pulse-width laser was used for laser transfer
doping. To precisely pattern the doping regions, the samples were fixed in a holder and the
movement was limited within ~30 μm. The transferred region was inspected by a high-resolution
digital camera. Following laser doping, the dopant residues were removed by diluted HF.
Afterward, the laser annealing for dopant diffusion and activation, denoted by "1st step"
annealing, was carried out. A 1070 nm wavelength, 300 μs (long) pulse-width laser was used for
annealing. Next, the surface was passivated by the thermally grown 15 nm SiO2 layer.
The metallization was achieved by laser-transferred metal contacts using the same 532 nm
wavelength, 1 ns pulse-width laser (Figure 9.2.a). A high scanning speed of 300 mm/s together
with a laser repetition rate of 20 kHz was chosen to generate less number of shots for avoiding a
significant damage to the doped region. Another long pulse-width laser annealing step, denoted
by the "2nd step" annealing, was applied aiming to remove the defects. To further improve light
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absorption, an anti-reflection coating (ARC) of 70 nm SiNx was deposited through PECVD. To
improve the metal contact quality and decrease the contact resistance, the electroplating and
forming gas annealing were carried out.
9.2.2. Laser Transfer Doping and Effect of Laser Annealing
Figure 9.2.a shows the laser transfer doping processes for aluminum and phosphorus. The dopant
films were deposited on a low-cost glass. The aluminum doping source was the evaporated
aluminum film, and the phosphorus doping source was the phosphorus spin-on dopant (SOD).
The glass was placed on the silicon wafer with the dopant film closely contacting with silicon.
The 532 nm, 1 ns laser light can transmit through the glass and was absorbed mainly by the
dopant film. Thus, the dopant film was selectively ablated from the glass by the laser irradiation
and transferred to the silicon surface. Afterward, the subsequent laser pulses can further melt the
underlying silicon and the dopant atoms were driven into the molten silicon by diffusion. The
doping in the silicon crystal was achieved after re-solidification.
In order to achieve the optimum conditions, we have studied the effects of dopant film
thickness, film-silicon gap distance, laser fluence, number of laser pulses, and post laser
annealing. The dopant film thickness and gap distance play important roles in achieving
continuous and effective doping. Preliminary results showed that if a 200 nm aluminum film was
used and the glass was placed freely, the doping area was not continuous and dopant particles
were scattered in an area much larger than the laser spot. This is because the laser transfer
process relies on the vaporization of a small portion in the dopant film, and then the
vaporization-induced gas pressure pushes the remaining films for achieving the transfer. Thus, in
a thin 200 nm film, the whole portion is likely to be vaporized leading to the observed particles.
After optimization, a 500 nm film thickness was used and a 500 g weight was placed on top of
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the substrate to minimize the gap distance. The laser-transferred doping regions were confirmed
to exist in the continuous area via EDS mapping.
(a)

(b)
Laser transfer doping

(c)

Laser-transferred contacts

(d)

Figure 9.2: (a) Laser transfer doping of phosphorus (P) and aluminum (Al) for emitter doping
and back surface field formation; and laser-transferred metal contacts of aluminum and
titanium (Ti) for contact formation in p+ and n+ regions. (b-c) Sheet resistance of laser-doped
(b) phosphorus and (c) aluminum samples, and their values after long pulse-width laser
annealing. (d) Sheet resistance after laser transfer doping of aluminum under different number
of pulses on each spot.
The laser fluence should not be too large or too small. Preliminary results showed a small
laser fluence cannot ablate the film from the glass, or the silicon substrate did not melt and the
transferred dopants sit on silicon substrate surface, failing to create the effective doping. If a
large laser fluence was used, the silicon together with the transferred dopants started to be
ablated. As shown in Figure 9.2.b and 9.2.c, a laser fluence at 1.60 - 1.65 J/cm2 is the optimum
114

fluence for transferring aluminum, and a laser fluence around 1.75 J/cm2 is the optimum fluence
for transferring phosphorus.
The number of laser pulses on each doped spot was controlled by the scanning speed with the
repetition rate of 20 kHz. As shown in Figure 9.2.d, three laser pulses are necessary for better
diffusion of transferred dopants, which is indicated by the low sheet resistance.
Additionally, the sheet resistance was measured to evaluate the laser annealing effect on
laser-doped samples. As shown in Figure 9.2.b and 9.2.c, the sheet resistance of laser-doped
phosphorus and aluminum samples both decreased after laser annealing. Especially, the sheet
resistance of laser-doped phosphorus samples (Figure 9.2.b) dropped to ~50 Ω/□ from the initial
values of 100-230 Ω/□. The decreased sheet resistance demonstrates an improved conductivity
and mobility after laser annealing of laser-doped samples.
9.2.3. Laser-Transferred Metal Contacts
As shown in Figure 9.2.a, evaporated aluminum and titanium were coated on glass. The glass
was placed on top of silicon with a SiO2 passivation layer. The laser energy was absorbed by the
metal film and local heating created the vaporization pressure at the interface. The metal was
then ablated from the glass and penetrated through the dielectric layer forming the contact.
The effects of laser fluence and overlapping of laser pulses were studied. Preliminary results
showed that a high laser-transferring fluence will lead to the scattered metal particles which
could become the source of shunt. If a low laser-transferring fluence is used, it could either fail
to ablate the metal from glass or fail to penetrate through the dielectric layer. Thus, a laser
fluence which is just above the penetration threshold was chosen.
Preliminary results also showed that if overlapping is applied, the subsequent pulse will affect
the previously transferred contact. Thus in this study, we only had below ~5% overlapping and
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afterward we carried out the electroplating to fill the gaps between transferred metals. Under the
optimized conditions, smooth contact films of laser-transferred aluminum and titanium were
obtained as shown in Figure 9.3.
(

(

Figure 9.3: SEM and EDS images for laser-transferred metal contacts: (a) Aluminum, (b) Titanium.

9.2.4. Device Performance and Effect of Laser Annealing
The device performance after laser and furnace annealing was evaluated as shown in Figure 9.4.
Two annealing steps were applied: the annealing after laser doping, denoted by "1st step"
annealing; and the annealing after laser-transferred metal contacts, denoted by the "2nd step"
annealing.
The laser-annealed devices with a single "1st step" annealing showed the increased open
circuit voltage (Voc, Figure 9.4.a) and higher shunt resistance (Rsh, Figure 9.4.b) as compared to
the unannealed devices. The increased Voc suggests that the "1st step" laser annealing can
remove the defects induced by laser doping and decrease the carrier recombination near the
junction. It is noted that the laser doping involved the Si melting and could induce the defects
near the junction. As the laser induced defects were removed, the shunting channels were
eliminated with the observed increase of shunt resistance. However, the Voc and Rsh values were
not further improved when the two-steps laser annealing or additional forming gas annealing
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(FGA) were utilized, which suggests the "1st step" laser annealing is the most critical step for the

Ω-cm2

(a)

Ω-cm2

(c)

(b)

(d)

(e)

Figure 9.4: (a) Open circuit voltage, (b) shunt resistance, (c) fill factor, (d) series resistance,
and (e) total efficiency for (1) unannealed devices, (2) "1st step" laser-annealed devices with
a single laser-annealing step after laser doping, (3) "2nd step" laser-annealed devices with a
single laser-annealing step after laser-transferred metal contact formation, (4) two-step laserannealed devices, (5) two-step laser-annealed and forming-gas-annealed devices, and (6) twostep furnace-annealed and forming-gas-annealed devices.
defect removal at the junction where carriers require to be separated before recombination.
The laser-annealed devices with a single "2nd step" laser annealing showed the increased fill
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factor (FF, Figure 9.4.c) and decreased series resistance (Rs, Figure 9.4.d) as compared to the
unannealed devices. The laser-transferred contact process was optimized to gently deposit metal
contacts on the silicon surface without affecting the silicon surface, and the laser-induced defects
from this process were mainly at the silicon-metal interface. The decreased series resistance
indicates the "2nd step" laser annealing can remove the induced interface defects and improve
the conductivity in the device. The Rs and FF values were further improved if the additional
forming gas annealing (FGA) was performed at 400 ℃ for 4 min, since the FGA can also
decrease the contact resistance. With the contributions from two-step laser annealing and
additional forming gas annealing, the total efficiency showed a continuous improvement as
shown in Figure 9.4.e.
Lastly, the laser and furnace annealing processes were compared. The furnace annealed
devices showed relatively poor performance. This is likely because the furnace annealing
requires bulk processing and the defects would diffuse downward to the bulk region under high
temperature [185]. In contrast, the laser annealing is a surface processing technique, so some of
the dislocations and point defects can diffuse out of the silicon surface.
9.3. Direct Laser Isolation for Heterojunction Back Contact Solar Cells
Interdigitated back contact heterojunction (IBC-HJ) silicon solar cells have achieved the world
record efficiency of 26.7% by Kaneka Corporation [7]. In this architecture, the IBC structure
eliminates optical shading from surface grids and provides low contact resistance, while the aSi/c-Si HJ structure provides excellent surface passivation. With these advantages, IBC-HJ solar
cells are the promising option for high-efficiency commercial solar cells [7-9].
To fabricate back contact solar cells with interdigitated doped a-Si layers and contacts in a
high throughput manufacturing environment, a high-speed and precise patterning process is
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crucial [9]. However, the current patterning method highly relies on extremely complicated
photolithography procedures with etching steps or with masking using deposition [7,9]. Hence,
laser isolation becomes attractive in defining the metal contacts and forming the IBC structure.
This technique can achieve the localized selective patterning at a high throughput, which can
greatly simply the fabrication process and decrease the manufacturing cost.
Successful patterning requires optimizing a variety of criteria: obtaining high isolation
resistance; minimizing damage to underlying Si and surface passivation; and having negligible
effect on the surrounding region. Among these properties, the laser-induced damage is the main
challenge and the damage could degrade the passivation layer and deteriorate the cell
performance. Thus, laser parameters for isolation should be optimized to achieve excellent
isolation while minimizing laser-induced damage.
9.3.1. Laser Isolation Experiments and Device Structure
The laser isolation experiments were carried on a simplified device structure as shown in Figure
9.5.a. We investigated laser patterning of two e-beam deposited metal stacks of the same
thickness: either 65 nm Ni or 5 nm Ti / 50 nm Sb / 10 nm Ni, which were provided by University
of Delaware. The metal stacks were deposited on the a-Si/SiN/SiC dielectric passivation stack
which was deposited by PECVD on semi-polished silicon wafer pieces. The goal is that the laser
isolation process should only remove the nickel or metals without affecting the dielectric layers.
A 355 nm UV laser (Coherent MATRIX 355-8-50) with 25 ns pulse width was used to ablate
metals under different laser powers. The 8 W full power was set at 100%. The IBC pattern was
laser scribed on the metal contact surface as shown in Figure 9.5.b. After laser isolation and
patterning, the I-V curves were measured via placing probes on the two bus bars. The optical
microscope, scanning electron microscope (SEM), and Zygo optical profilometry were carried
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out to investigate the quality of laser ablated lines. Finally, the photoluminescence (PL) and
surface recombination velocity (SRV) were measured at University of Delaware to evaluate the
induced damage after laser isolation. SRV was obtained from the effective lifetime.
(a)

(b)

n contact region

p contact region
Laser ablated line
Figure 9.5: (a) Device structure for laser isolation of metal contacts. The symmetric structure
was formed for carrier lifetime measurements. (b) Optical image showing the well-patterned
ablation lines for separating n and p contact regions.
9.3.2. High Shunt Resistance and Limited Damage after Direct Laser Isolation
For Ni-coated samples, as shown in Figure 9.6, the lateral resistance on the metal surface before
any laser processing showed a value of 20 ohms. After laser isolation at 26% power, the
resistance starts to increase slightly. Surprisingly, a complete isolation is observed at 27% power,
showing a extremely high resistance of 2 × 108 ohms. When laser power is further increased, the
complete isolation continues but passivation layers are increasingly damaged.
The laser scribed line at the optimum condition of 27% power were characterized as shown in
Figure 9.6.b-d. The optical microscope image (Figure 9.6.b) shows that our laser ablation can
remove the 65 nm Ni metal while leaving some nitride (blue color), demonstrating less damage
to dielectric layers. At higher powers, the damage to blue-colored nitride was observed.
A closer inspection using SEM (Figure 9.6.c) shows very clear Ni ablated lines with no Si
melting at 27% power. Moreover, the Zygo optical profilometry image (Figure 9.6.d) confirms
only the ablation of thin Ni layers, avoiding the crater appearance observed at high laser powers
indicating the damage to dielectric layers. Thus, I-V, optical, and morphological characterization
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demonstrate that 27% laser power can successfully achieve the complete isolation on 65 nm Ni
with negligible damage to the dielectric layers.
Similar results were found on Ti/Sb/Ni samples. As shown in Figure 9.6.a, the resistance of
the metal surface without any laser processing shows a value of 114 ohms. After laser patterning
at 25% power, the resistance increases slightly. At 25.5% power, a complete isolation is
observed, showing a high resistance of 2.4 × 105 ohms. When laser power is slightly increased,
the complete isolation is still observed. The large isolation resistance suggests negligible Sb
doping of the Si which could lead to the formation of shunts.
(a)

(b)

(c)

(d)

Figure 9.6: (a) Resistance after laser isolation of Ti/Sb/Ni or Ni-coated Samples. (b) Optical,
(b) SEM, (c) Zygo images of laser ablated line under 27% power of Ni-coated samples.
The photoluminescence measurements on Ti/Sb/Ni samples have revealed high emission with
no darkening from the laser patterning at 25.5% power, which directly demonstrates negligible
damage. SRV was measured to be a very low 5 cm/s value before and after laser patterning. This
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data demonstrates that careful adjustment of laser power enables complete isolation with
negligible damage to passivation layer in laser isolation of heterojunction back contact solar cells.
9.4. Conclusions
All low-temperature laser-processed silicon solar cells were successfully fabricated using laser
transfer processes for doping and metal contact formation. Laser transfer doping was successful
to obtain continuous and effective doping regions for both aluminum and phosphorus. The
optimization for achieving high-quality doping conditions was carried out. In order to avoid the
generation of dopant particles and their scattering, the dopant film thickness should be relatively
thick and the film-silicon gap distance should be as small as possible. The number of laser pulses
on each doped spot should be around 3-4 in order for better diffusion of dopants using the later
pulses. The laser fluence should be in the range below severe silicon ablation while above dopant
film ablation threshold. Long pulse-width laser annealing is demonstrated to be effective in
enhancing dopant diffusion and removing junction defects.
Laser transferred contacts of aluminum and titanium were successfully demonstrated. The
optimization for achieving high-quality contacts was carried out. A laser fluence which is just
above the penetration threshold was chosen. The laser parameters are designed to generate less
damage on silicon while transferred metal penetration through the dielectric layer on silicon.
The control of laser-induced defects in all-laser-processed Si solar cell devices was
demonstrated through post laser or furnace annealing. Through two-step laser annealing for
removal of junction defects and silicon-metal interface defects, the open circuit voltage, fill
factor, shunt resistance, and series resistance were considerably improved, resulting in an
increased photovoltaic efficiency.
In addition, the direct laser ablation approach was demonstrated to achieve excellent isolation
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and minimal increase in effective SRV on both Ni-coated and Ti/Sb/Ni-coated heterojunction
back contact solar cells. The isolation resistance was as high as 2 × 108 ohms and the effective
SRV was kept as low as 5 cm/s at the optimum laser processing conditions.
In summary, the concept of high-power laser processing with low-power laser annealing was
demonstrated to be viable to fabricate high-efficiency low-cost silicon solar cells.
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CHAPTER X: CONCLUSIONS AND FUTURE WORK
10.1. Conclusions and Key Findings
In this work, high-power laser processing for silicon solar cell fabrication was investigated to
achieve low-cost, high-efficiency solar cells due to their low-temperature, non-vacuum, and
photolithography-free benefits. We successfully demonstrated laser processing for selective
doping, selective transferred contacts, diffusion of dopants, ablation of films, and annealing,
which provide avenues for laser-based fabrication of IBC or heterojunction IBC silicon solar
cells.
To overcome the challenges of laser-induced defects, we carried out the fundamental studies
on defect formation and phase transformation in laser-processed single-crystal silicon. We
observed dislocations, point defects, grain boundaries, oxygen incorporation, internal strain, and
amorphous phase under certain laser processing conditions and quantified their densities and trap
levels. Also, we identified the laser processing conditions under which defect formation is
minimal and single-crystalline phase is retained.
We find that the single-crystalline phase can be retained through a laser-ablation process by a
532 nm wavelength, 1 ns pulse-width laser. Point defects and oxygen incorporation mainly occur
between laser melting and ablation threshold, whereas dislocations and strain are primarily
generated above laser ablation. Laser-induced dislocation density and strain are found to increase
exponentially with laser fluence, while a maximum in point-defect concentration is observed
with increasing laser fluence. These experimental results were in good correlation with the
simulation work done by Miao He in Prof. Leonid V. Zhigilei's research group.
Moreover, we have assessed the influence of laser-induced surface defects on carrier
recombination and charge transport in the laser-processed silicon. The correlation between laser-
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induced defect generation with electrical property degradation was established to improve the
understanding of loss mechanism for laser-based silicon devices. We find that the laser-induced
defects degrade electrical properties and an exponential relationship with laser fluence was
observed, suggesting that laser-processing fluences near the silicon melting threshold should be
carefully chosen for minimizing defects and electrical property degradation.
More importantly, a post laser annealing technique was demonstrated to remove the laserprocessing-induced defects, and this technique was integrated with the laser-based solar cell
fabrication process. We find that a low-power long-pulse-width laser annealing process can
effectively eliminate the dislocations and point defects and crystallize the amorphous phase
induced by high-power laser processing.
Additionally, we demonstrated the laser processing of a sol-gel TiOx thin film to successfully
passivate silicon surface. We find that laser processing can produce the chemical bonding at the
TiOx/Si interface and lead to excellent surface passivation with a low surface recombination
velocity of 6.25 cm/s.
Finally, we fabricated interdigitated back contact silicon solar cells based on low-cost laserbased processes and demonstrated laser annealing can considerably improve the conversion
efficiency. Thus, we demonstrated a novel and viable concept of high-power laser processing
with low-power laser annealing to achieve high-efficiency low-cost silicon solar cells. This
concept can be applied to various solar cell designs such as passivated emitter and rear cell
(PERC), interdigitated back contact (IBC), and heterojunction, as well as other optoelectronic
devices.
The key findings are summarized:
1. An improved understanding of the generation of crystal defects (dislocations, point defects,
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oxygen incorporation, and internal strain) in single-crystal silicon under different laser
processing conditions;
2. Identification of laser irradiation conditions leading to the formation of amorphous or
polycrystalline phases in the surface layer;
3. Verification of the simulation work done by Miao He in Prof. Leonid V. Zhigilei's research
group to provide insights into the mechanisms of the laser-induced crystal defect generation
in silicon;
4. Identification of the correlation between laser-induced defect generation and degradation of
electronic properties of silicon;
5. Demonstration of a relatively low-power laser annealing process to be an effective method
for the removal of laser-induced defects;
6. Demonstration of laser-processed sol-gel TiOx thin films to provide excellent passivation on
the silicon surface;
7. Successful demonstration of selective doping and metallization using laser transfer processes;
8. Demonstration of high-power laser processing with low-power laser annealing to be a viable
approach for the fabrication of low-cost and high-efficiency silicon solar cells.
10.2. Future Work
10.2.1. Doping Profile of Laser-Doped Regions and Post Laser Activation
The laser doping information has been inferred by the sheet resistance from four-point probe
measurement. However, the sheet resistance is influenced by both doping concentration and
doping depth. Further characterization of the doping profile after the laser transfer is necessary.
The doping profile can be obtained using secondary ion mass spectrometry (SIMS). In this
technique, the sample is exposed to a high energy ion beam, and the detection of ejected
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secondary ions provide information about the doping concentration. The resolution is extremely
high at the level of parts per million (ppm) or even lower. The detection depth is small in the
range of ~0.3-1 nm. The doping depth can be obtained by ion-beam etching the sample.
10.2.2. Effect of Shaping of Laser Beam Profile
The 532 nm wavelength laser-processed samples only showed amorphous particles near the laser
processed region. We conclude that this observation is due to the low laser energy regime from
the Gaussian beam profile. Thus, if the beam is modified to a flat-top shape, amorphous particles
could be avoided.
This is attainable through a beam shape converter. Raman line mapping can be carried out to
evaluate the phase changes. In doing this, the validation of hypothesis about the effect of the
beam profile can be demonstrated.
10.2.3. Laser Transfer of Multiple-Layers
The laser transfer of multiple-layers is a novel technique. A direct ablation process for multiple
layers is complex. Thus the use a sacrificial layer can be investigated. The laser energy will be
mostly absorbed by this sacrificial layer and would lead to the vaporization which can transfer
the multiple layers without damaging them. The use of a sacrificial layer has been demonstrated
to transfer silver nanowires [186].
10.2.4. High-Efficiency Laser-Processed Silicon Solar Cells
We have demonstrated the laser annealing can enhance the conversion efficiency of laserprocessed silicon solar cells. However, it is still difficult to achieve a high efficiency above 20%.
The potential challenge is a good passivation layer to reduce the surface recombination in the
device. The newly-purchased atomic layer deposition (ALD) technique in the clean room of
University of Virginia provides a promising opportunity in combining laser-processed silicon
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cells with excellent ALD passivation.
Also, it is possible to produce very high quality passivation layers by optimizing the laser
annealing of sol-gels. For example, this can be achieved by using a long-pulse UV laser or
starting with SiOx or AlOx sol-gels or using forming gas atmospheres or H-rich organic top
layers during the laser processing of sol-gels to provide a source of hydrogen for superior
passivation of the interface.
These methods can be further applied to various solar cell designs such as passivated emitter
and rear cell (PERC), interdigitated back contact (IBC), and heterojunction, as well as other
optoelectronic devices.
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