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Abstract

This thesis aims to apply laser doping (LD) to textured surfaces at room temperature
to fabricate high-efficiency solar cells. To achieve this purpose, the influence of surface
formation on the quality of LD-generated emitters was evaluated first. Furthermore, textured
surfaces were double-doped to improve emitter quality. Next, the substrate wettability was
modified from hydrophobic to hydrophilic using chemical processes to reinforce the interface
between phosphor-silicate glass (PSG) and substrate. Finally, the LD process was applied to
new precursor layers, including a silicon nanoparticle and a polyboron film (PBF). A
high-efficiency solar cell structure acting as a selective emitter was generated by LD-enabled
local doping of PBE.

In Chapter 2, the influence of surface formation on emitter property after LD was
investigated, and the ability of double-scan LD to increase doping homogeneity using
textured samples was evaluated. First, surface improvements were attempted by additional
pre-LD etching. Surface voids observed after LD were considered to originate from the
existence of a void at the PSG-silicon interface. Because of additional etching, improved
surfaces after LD exhibited enhanced photovoltaic characteristics, such as open-circuit
voltage (Vo), short-circuit current density (J.), and fill factor (FF). Second, LD was applied
to textured substrates and surface formation improvements were attempted by a double laser
scan. Irregular rough surfaces were formed after a single LD scan while surface formation
was improved by a double scan. Double-scan LD reduced electric defects and achieved deep

doping depths and high surface dopant concentrations. Consequently, this surface



modification ameliorated the current—voltage (I-V) characteristics.

In Chapter 3, Si substrates were chemically transformed into hydrophilic surfaces to
reinforce PSG—substrate interfacial adhesion. The difference in chemical states of crystalline
silicon surfaces between hydrophobic and hydrophilic provided control over the interface
nanostructure. The LD process reduced surface holes and considerably increased doping
depth in hydrophilic samples. Moreover, hydrophilic surfaces showed enhanced diode
characteristics, especially emitter leak current. These samples exhibited higher V. and Jg
values than their hydrophobic counterparts. These results suggested that the interface
nanostructure considerably influenced the electric properties of laser-doped regions.

In Chapter 4, silicon nanoparticle and PBF precursor layers were subjected for the
first time to the LD process. PBF was used for formation of locally laser-doped region as a
selective emitter for high-efficiency solar cells. Silicon nanoparticles directly absorbed the
laser energy and enhanced the reproducibility of the experiment. High photovoltaic
characteristics were observed in samples formed using a high energy laser. On the other hand,
the organic polymer-based doping precursor PBF improved interface adhesion, enabling a
homogeneous introduction of impurities. Textured surfaces mostly remained intact even after
LD. Photovoltaic characteristics were improved by combining selective emitter formation
using PBF and optimum laser energy. Additional doping by metal contact reduced the reverse
saturation current. Consequently, the selective emitter formed by LD showed increased V.

and FF values, boosting solar cell efficiency.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Background

Chronic and unavoidable issues related to energy supply have been continually
plaguing society worldwide. Since the industrial revolution, our civilization has been
sustained by fossil fuels and nuclear energy. Transportation, electricity, and industries rely on
energy sources, such as oil, coal, or nuclear resources, which exist in limited quantities. These
resources are extracted from earth but this extraction has become increasingly difficult with
the decreasing amount of fossil fuel beneath the Earth’s surface. For example, reserve—
production ratio of oil amounts to approximately 53 years," suggesting that the exhaustion of
all fossil fuels will occur in the near future. Furthermore, the consumption of these resources
poses additional environmental issues. Burning materials, such as oil and coal, generates
several pollution gasses, such as CO,, SOy, and NOy, which cause acid rain, abnormal climate
trends, and ecosystem destruction related to global warming. On the other hand, nuclear
energy produces radioactive waste, which require over 10,000 years to lose their

radioactivity.” Moreover, nuclear plants are vulnerable to disasters, as exemplified by the
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Fukushima Daiichi nuclear plant accident. Therefore, alternative energy supply systems are
highly desirable.

Almost all current technology depends on computing and electrification. Most
importantly, future energy systems rely on the development of electricity sources. Electricity
has typically been generated by thermal power plants. New electrical generation systems are
expected to combine various complementary energy sources. A promising source, solar
energy is unlimited from the perspective of energy consumption. The energy of solar radiation
reaching the Earth’s surface approximates 9 x 10" kW,” which is 5000-fold higher than
human energy consumption, making it highly attractive. The number of solar energy
conversion systems has greatly increased in recent years. Figure 1.1 shows cumulative solar
cells installations worldwide.” The global photovoltaic installation reached 136 GW in 2013.
However, a 10-fold increase in photovoltaic installation is necessary to cover a large part of
the global electricity generation. Such an increase requires low-cost production of solar
generation systems. The cost per generated electric power equaled 37 yen/kWh in 2013,”
exceeding that of other conventional electricity generation systems. The target cost
recommended by the New Energy and Industrial Development Organization in its “PV
Roadmap 2030™ amounted to 14 and 7 yen/kWh in 2010 and 2030, respectively, for solar cell
production. Therefore, further technological developments are necessary to reduce the cost of

solar cell systems.
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Figure 1.1 The world cumulative photovoltaic (PV) installations after 2000
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1.2 Laser Doping Process

1.2.1 Laser Processing for Fabrication of Crystalline Silicon Solar

cell

Solar cell development currently relies on various components, such as composite,6)
organic,” and organic—inorganic hybrid materials,” which are expected to be useful for
numerous solar cell applications. However, crystalline silicon (c-Si) solar cells prevail at the
production stage. As shown in Figure 1.2, Si-based solar cells exceed 90% of the overall solar
cell production.” This predominance of silicon results from several facts. First, the second
most abundant element in the Earth’s crust after oxygenlo) is silicon, which is also the most
prevalent material in solar cell substrates. It is easily dug as a silica stone but requires high
electric power to convert to its pure crystalline form. However, various studies and efforts
have gradually lowered energy costs.'” Second, c-Si device fabrication processes have been
developed for many years. The first wafer-based c-Si solar cell was produced in 1954." Since
the invention of Si devices, c-Si wafers have been implemented in all electronic components,
making Si transistor fabrication processes very easy to transpose to their c-Si solar cell
fabrication equivalents. The application of conventional c-Si device fabrication processes to

solar cell production has boosted the number of installed photovoltaic systems, as mentioned
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above. However, this rapid growth of the solar cell industry results from political pressure and
a certain global movement, making it easy to influence. The cost per watt of the output power
is an important criterion for achieving a sustainable prevalence of solar generation system.
This cost per watt has recently dramatically decreased but remains higher than that of thermal
power plants. Cost reduction is necessary for further progress.

The fabrication cost of photovoltaic modules encompasses cell material expenses,
module material expenses, and process cost. Photovoltaic production costs approximately 176

yen/W overall."”

Cell material expenses are reduced by the growth of new silicon materials,
such as high-quality multicrystalline'” and monocrystalline-like silicon.'” Module material
expenses are decreased by mass production or business efforts while process cost is lowered
by technical development. In particular, cell efficiency enhancements dramatically reduce
actual costs from the perspective of cost per watt. However, manufacturing complex
structures requires several additional methods, such as high temperature, vacuum, and wet
chemical processes,'® which generate higher costs than conventional cell processes and
consequently cannot lower cell process costs. Hence, laser processing has attracted significant
attention because its exhibits a highly controllable process area at high speed using simple
equipment. Laser grooved buried contact, the first laser processing approach for crystalline
silicon solar cell fabrication, was proposed by M. A. Green et al. in 1984."7 1t reduced series

resistances of solar cells by formation of three-dimensional structure of front metallization

with grooving of substrate by laser. Lasers operate under ambient atmosphere and at room
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temperature without any vacuum or thermal equipment. They are found in many solar cell
fabrication processes without requiring additional equipment and chemical steps. Many
processes, such as laser edge isolation,lg) laser-based foil—metallization,lg) laser texturing,zo)
and laser contact opening,”” have been developed recently (Fig. 1.3). Furthermore, these
processes are applicable to thinner substrates, which are required to reduce solar cell thickness,
and thus wafer material expenses amount to approximately 30% of the total module
production cost. However, thinner substrates decrease yields because of thermally and
chemically induced transformation and breakage. Therefore, laser processing can facilitate the
production of thinner solar cells because it avoids thermal and chemical processes. Another
important laser processing application, laser doping (LD), the main topic of this thesis,
generates impurity-doped regions on c-Si surfaces. The resulting impurity doping profiles

determine the electric property of solar cells and provide high-efficiency cell structures.

1.2.2 Laser Doping Process

LD was developed by J. M. Fairfield and G. H. Schwuttke in 1968.”” Because it
works under ambient atmosphere at room temperature, LD facilitates low cost and
high-throughput processing during c-Si solar cell fabrication, offering an attractive alternative
to conventional methods.” In this approach, only the irradiated area is heated and impurities

diffuse in the substrate without thermal damage. Laser irradiation is controlled at the micron
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Figure 1.3 Laser processing during c-Si solar cell fabrication
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scale and high speed using a transfer sample stage or an optical system. Doping depth profiles
are tuned by changing the laser output power.”” Impurities diffuse in the liquid phase during
melting—recrystallization, causing doping layers to form very quickly. Monocrystalline silicon
solar cells fabricated by LD have shown efficiencies reaching 18.9%.> Moreover, LD easily
produces two-dimensional structures necessary for high-efficiency c-Si solar cells, such as

% and interdigitated back-contact’” solar cells. The fabrication of

selective emitters (SEs)
these structures by conventional furnace processing requires costly and time-consuming
photolithography. In contrast, LD readily forms a selective doping area, giving
high-efficiency solar cells at low cost and high throughput without needing photolithography.
To manufacture these structures, LD is performed on textured surfaces. It has previously been
applied to textured surfaces using a gas source or vacuum process to improve
reproducibility.zg) However, the spin-on dopant (SoD) layer, which acts as a cost-reducing
doping precursor in industrial processes, may cause aggravated interface adherence between

precursor and textured surface. Therefore, doping mechanisms involving LD-processed

textured surfaces and SoD as a doping precursor remain unclear.
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1.3 Purpose and Outline of this Thesis

Crystalline silicon solar cells require cost-effective manufacturing approaches and
high conversion efficiency. LD exhibits many advantages applicable to high-efficiency solar
cell structures such as passivated emitter with rear locally diffused (PERL) cells. Its
implementation in the fabrication of these devices hinges on the evaluation of its adaptability
to textured structures. A textured surface structure is formed on the c-Si substrate to increase
incident light absorption. This surface structure (1) reduces the surface reflection of incident
light, (2) expands the light path length in the c-Si substrate, and (3) reduces transmission loss
(Fig. 1.4).*

This thesis aims to develop a LD process for textured Si substrates. Experiments
focus on applying LD to textured surfaces and understanding the related melt—
recrystallization mechanism. Passivation, anti-reflection coating (ARC) using SiOy or SiNy,
and any other process designed to improve cell efficiency are not conducted in this study.
Nonetheless, this study will enable to improve efficiency in solar cells fabricated through
these processes. Doping precursor layers are deposited by spin coating, a single-step low-cost

technique that provides uniform films at room temperature.

-10 -
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)
®

Figure 1.4 Schematic model of optical management on a textured surface. (1) Reduction of
surface reflection of incident light, (2) expansion of light path length in c-Si substrate, and (3)

reduction of transmission loss
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Specifically, dopant materials dispersed in organic solvents are spread on surfaces by spinning
before solvent evaporation, and a precursor layer is formed by low temperature heating or
prebake (<200 °C). Spin coating is necessary for future industrial applications of LD.
However, its combination with LD for the production of solar cells with textured surfaces
raises several issues, making the influence of this combination on the electric characteristics
of impurity-doped areas of textured surfaces worth investigating. This thesis assesses and
attempts to resolve these problems.

Chapter 1 describes research background, purpose, and contents.

Chapter 2 investigates the influence of surface unevenness on emitter properties after
LD, and shows that double-scan LD improves the doping homogeneity of textured samples.
The LD process is considered to follow the melt-recrystallization mechanism. When
phosphorus silicate glass (PSG) acts as a doping precursor, the incident laser light
(wavelength: 532 or 355 nm) penetrates the precursor before being absorbed by the Si
substrate. The absorbed laser energy is converted into heat, melting the substrate and creating
thermal conduction from the molten silicon to PSG. This causes impurities to spread into the
substrate via liquid phase diffusion.®” This mechanism suggests that the PSG-substrate
interface plays an important role in the LD process. Voids may appear on substrates exhibiting
surface roughness. Therefore, PSG is deposited on surfaces presenting different
configurations, and the influence of the PSG-substrate interface on the LD process is

evaluated. In addition, interface adhesion is improved by double-scan LD. The first scan

-12 -
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enhances interface adhesion by melting the substrate and PSG, which may contribute to

homogeneous dopant introduction during the second laser scan. Surface appearance after LD

and electric properties are evaluated along with phosphorus doping profiles and current—

voltage (I-V) characteristics. The melt-recrystallization process associated with laser

irradiation-induced impurity doping is discussed.

In Chapter 3, the hydrophobic Si substrate is chemically modified into a hydrophilic

surface. The PSG-substrate interface significantly influences LD processes, making it

important to control. The wettability of textured surfaces is changed from hydrophobic to

hydrophilic to reinforce the interface adhesion between PSG and substrate. The influence of

interface adhesion on the LD process is evaluated. Surface formation after LD, doping

profiles, and photovoltaic characteristics are analyzed.

Chapter 4 deals the application of silicon nanoparticles and a poly boron film (PBF)

as precursor layers in the LD process. A selective emitter is produced by local LD involving

PBE. The strengthening of the PSG-substrate interface adhesion improves the electric

characteristics of LD-generated impurity-doped areas (Chapter 3). Therefore, stronger

interfaces may provide better control over crystal defects and inhomogeneous introduction of

dopant impurities during LD. Interface conditions that are more suitable for LD are achieved

using new precursor layers and LD mechanisms are discussed. Silicon nanoparticles absorb

laser energy and are sintered to the substrate after melt-recrystallization. Therefore, Si

nanoparticles may cancel the influence of interface adhesion and enhance repeatability. On the

-13-
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other hand, an organic polymer-based doping precursor, such as PBF, improves interface

adhesion. Strong interface adhesion may promote the homogeneous introduction of impurities

and result in high-quality doped areas. In addition to interface adhesion, surface formation

after LD, doping profiles, and photovoltaic characteristics are evaluated.

Chapter 5 summarizes the main findings of this research and discusses future

outlook.

-14 -
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Chapter 2

Emitter Quality Improvement after Laser Doping by

Surface Structure Control

2.1 Introduction

Previous studies on LD have addressed smooth surfaces but solar cell efficiency
enhancement requires textured surfaces. In these previous experiments, LD use on samples
showing as-cut surfaces altered surface structures, generating many voids on these surfaces.
In addition, the resulting samples exhibited significantly lower solar cell efficiency than those
with smooth surfaces.” An as-cut surface displays unevenness compared to its smooth
counterpart polished by chemical mechanical planarization (CMP, Fig. 2.1), affecting the LD
process because of the generation of voids at the interface between doping precursor and
substrate. As-cut wafers are usually utilized for solar cell fabrication to reduce production
costs, while CMP-treated wafers are typically used for large-scale integration. A previous
application of LD to multi crystalline silicon (mc-Si) solar cells resulted in photovoltaic
characteristics. However, LD-processed mc-Si substrates showed lower electric performance

than LD-processed monocrystalline silicon because they presented as-cut surfaces.
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Figure 2.1 Surface morphology of Si wafers. (a) As-cut surface and (b) CMP-treated smooth

surface
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In this chapter, the influence of surface structure on LD-generated emitter quality
was evaluated. Double-scan LD was applied to textured surfaces to improve emitter quality.
LD was performed using a 532 nm continuous wave (CW) laser on mc-Si substrates to
produce emitters. mc-Si surface structures were modified by chemical etching, and their
relationship with the electric properties of the LD-processed surfaces was analyzed. Moreover,
LD-treated textured surface structures were evaluated. The minority carrier inhomogeneity
was improved by double-scan LD using the 532 nm CW laser. Surface topography, doping

profiles, and electric characteristics were assessed.

2.2 Experimental Procedure

2.2.1 Laser Doping Set Up

The laser system (Fig. 2.2) consisted of a 532 nm CW Nd**:YVO, laser (Coherent,
Verdi/V-5), a mechanical shutter operated using a Model F116 controller (SURUGA SEIK]I),
reflective mirrors, and a collective lens (Nikon, CF plan, 5x/0.35, working distance: 20.5 mm).
Samples were scanned on an x—y stage equipped with a controller unit (SHOT T-202, SIGMA
KOKI) connected to a personal computer. The laser spot was a circle and displayed a

Gaussian distribution (TEMgy-mode) R
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Stage controller Laser head Shutter Mirror
Shutter controller :

Computer for stage control

x-y stage

Collective lens

Figure 2.2 Laser system of LD, (left) stage control system and (right) overview of laser

system
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2.2.2 Laser Doping Procedure

Monocrystalline silicon wafers were used as substrates to investigate the origin of
surface structure changes (Section 2.3.1), and mc-Si wafers were utilized to evaluate the
effect of chemical modification (Sections 2.3.2-2.3.4). These wafers were cut into 1.1 cm X
1.1 cm squares, subjected to RCA cleaning (Table 2.1), and etched using an acidic solution
with HF (55%) and HNOj; (60%) and CH3;COOH (99%) in a ratio of 2:15:5 to remove
cutting-saw damage. Next, the dopant precursor was deposited on substrate surfaces by spin
coating (Table 2.2), and samples were subsequently baked on a hotplate at 100 °C for 15 min
to give PSG as a solid-phase diffusion layer. The entire PSG-coated sample surface was
exposed to CW laser irradiation at room temperature in air to form the emitter (Fig. 2.3).
Laser conditions were previously optimized for monocrystalline silicon solar cells.” The
output power was maintained at 5 W, and the laser spot diameter was condensed to 12 pm on
the sample surface. The doped area was formed by moving the x—y stage during laser
irradiation. An xy-translation in the x-direction moved the stage from one sample edge to the
other at a scanning speed of 6 cm/s before shifting it by 6 um in the y-direction. This cycle
was repeated and the remaining PSG was removed by HF cleaning. To evaluate the p—n
junction properties, metal contacts were deposited by thermal evaporation. Ti/Ag and Al
electrodes acted as front side grid and back contacts, respectively. Photovoltaic properties

were measured using a solar simulator. Surface structures were examined by scanning

222



Chapter 2. Emitter Quality Improvement after Laser Doping by Surface Structure Control

electron microscopy (SEM), while surface minority carriers were observed by electron beam

induced current (EBIC) analysis.
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Table 2.1 RCA cleaning procedure

Process Chemicals Conditions
1. SPM1 H,SO, (97%) 80 °C 5Smin
2. SPM2 H,S04 (97%):H,0, = 1:1 80 °C 10min
3. Rinse Deionized water 20 °C
4. HF HF (5%) 25 °C 3min
5. Rinse Deionized water 20 °C
6. APM NH; (27%):H,0:H,0, = 1:5:1 80 °C Smin
7. Rinse Deionized water 20 °C
8. HF HF (5%) 25 °C 3min
9. Rinse Deionized water 20 °C
10. HPM HCI (27%):H,0:H,0, = 1:5:1 80 °C 5min
11. Rinse Deionized water 20 °C
12. HF HF (5%) 25°C 3min
13. Rinse Deionized water 20 °C
14. Dry N, gun blow

Table 2.2 Spin-coating conditions and phosphorus silica glass precursor composition

Layer Chemical Spin coat
OCD-T-1(P-59250) 3000 rpm
PSG
CH;CO,C,Hs: TOK., LTD 20s
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Solid phase
doping precursor
(PSG: Phosphor-

Silicon Silicate Glass)
substrate
Nd: YVO, laser
Wavelength 532 nm
Continuous Wave
Output power: 5.0 W

Spot diameter: 12 um

xy-translation stage
Scanning speed:
6 cm/s

Figure 2.3 Laser conditions and schematic viewing of laser doping

-25-



Chapter 2. Emitter Quality Improvement after Laser Doping by Surface Structure Control

2.3 Influence of Surface Roughness on Laser Doping

The influence of surface structure on emitter properties was investigated. First,
LD-processed monocrystalline silicon substrate structures were evaluated by SEM. Next,
emitter properties of mc-Si substrates were evaluated by SEM—EBIC and I-V measurements

in the dark and under illumination.

2.3.1 Surface Structure Evaluation after Laser Doping

The origin of voids on LD-processed substrate surfaces was investigated using
monocrystalline silicon surfaces presenting different coatings. Substrates consisted in
300-um-thick p-type, Czochralski (Cz), (100)-oriented monocrystalline silicon wafers
exhibiting a resistivity of 0.1-2 Qcm. The PSG layer was formed by spin coating and
subsequent prebake using a hotplate. Therefore, interface adhesion between PSG and
substrate may be aggravated during PSG formation. During the emitter fabrication by LD,
PSG characteristics, such as composition and PSG-substrate interface, may affect structural
changes in substrate surfaces. Here, the Cz monocrystalline silicon substrates were polished
by CMP on one side. Four samples (1-4, Fig. 2.4) were produced through different

approaches (Fig. 2.5). In sample 1, PSG was formed on the smooth surface by prebake only
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Phosphor— silicate
glass(PSG)

*

c—Si

(a) PSG (b) anneal

Sio, PSG

é\—

c—Si c—Si

(c) SiO, (d) as-cut

Figure 2.4 Schematic representation of surface structures, (a) spin-coated and prebaked PSG
on a smooth surface; (b) spin-coated, prebaked, and annealed PSG; (c) spin-coated and
prebaked SiO; on a smooth surface; and (d) spin-coated and prebaked PSG on an as-cut

surface
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RCA cleaning
(a),(d) (b) (c)
I I |
Spin—coating Spin—
(PSG) coating(SiO,)

Prebake (100 °C15 min)

Anneal
(400 °C15 min)

Laser irradiation

Y Y Y
HF cleaning

Figure 2.5 Sample preparations for surface structure evaluation

Table 2.3 Spin-coating conditions and SiO; precursor composition

Layer Chemical Spin coat
OCD-T-2(Si-59000) 3000 rpm
Si02
CH3CO:2C2Hs: TOK., LTD 20 sec

-28-



Chapter 2. Emitter Quality Improvement after Laser Doping by Surface Structure Control

(Fig. 2.4a). In sample 2, the formed PSG layer was subjected to additional annealing at

400 °C for 60 min in a furnace after prebake to enhance its rigidity. In sample 3, PSG was

replaced by SiO, (Table 2.3) In sample 4, PSG was generated on the as-cut surface by the

same method as for sample 1 to evaluate the influence of surface structure. All samples were

exposed to laser irradiation, as described in Section 2.2, and their surfaces were examined by

SEM.

Figure 2.6 shows superficial SEM images of laser irradiated monocrystalline silicon

substrates 1-4. These images correspond to top (left) and tilted views (right). When PSG was

formed by prebake only, the smooth surface became slightly rougher on laser irradiation (Fig.

2.6a). Surface structures did not change after laser irradiation for samples 2 and 3 (Figs. 2.6b

and c). In laser irradiated sample 2, the annealed PSG layer strongly adhered to the substrate,

suggesting that the generation of a rough surface may enhance adhesion at the PSG—substrate

interface. Similarly, the laser irradiated sample 3, in which the dopant only contained SiO,,

exhibited a flat surface (Fig. 2.6¢), indicating that the presence of phosphorus affects surface

structure. Nonetheless, surface structure changes observed in Fig. 2.6a were little, implying

that surface roughness stems from other reason than the presence of phosphorus. When PSG

was formed on the as-cut surface, laser irradiation significantly altered the surface structure

(Fig. 2.6d). The top and tilted views showed voids and their rims, respectively, demonstrating

that as-cut surfaces formed by wafer cutting promoted the appearance of voids during the

laser-induced melt-recrystallization process.
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Figure 2.6 Surface morphologies after LD using (a) standard PSG, (b) annealed PSG, (c¢) SiO,

formed on a smooth surface, and (d) standard PSG formed on an as-cut surface.
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2.3.2 Surface Structure Improvement after Laser Doping

Surface structure improvements were assessed using 300-um-thick p-type cast-grown
mc-Si wafers exhibiting a resistivity of 0.78 Qcm. Experimental procedures are shown in Fig.
2.7. After RCA cleaning, front and back surfaces of mc-Si substrates were etched by
approximately 25 pm using a 2:15:5 HF (55%)/HNO; (60%)/CH3;COOH (99%) mixture to
remove any cutting-saw damage. This typical damage removal process maintains the surface
roughness. Therefore, the resulting surfaces were called “as-cut.” In this experiment, the
LD-processed surface was improved by additional chemical etching. In this additional step,
front and back surfaces of mc-Si substrates were planarized by approximately 50 pum using a
1:10 HF (55%)/HNO; (60%) mixture.” Surface structures and electric properties of as-cut and
planarized samples were compared.

Figure 2.8 shows three-dimensional images of (left) as-cut and (right) planarized
mc-Si sample surfaces before laser irradiation. As-cut mc-Si substrates exhibited rough
surfaces because of saw damage. In contrast, additional etching significantly decreased the
surface roughness. The arithmetic average of absolute values (Ra) was calculated to
quantitatively describe the surface roughness. As-cut and planarized samples displayed Ra

values of 0.40 and 0.11 pm, respectively.
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Figure 2.7 Schematic representation of the LD process including additional etching
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Figure 2.8 Surface morphologies of samples with as-cut and planarized surfaces
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Different as-cut and planarized surface structures were processed by LD. Figure 2.9
shows (left) SEM and (right) EBIC images of the resulting silicon surfaces. Fig. 2.9a and Fig.
2.9b show the samples after LD with and without additional etching, respectively. As shown,
as-cut sample surfaces displayed numerous voids after LD (Fig. 2.9a), which may derive from
void formation at the PSG-substrate interface. On the other hand, planarized samples
presented smooth surfaces (Fig. 2.9b). The surface electric property of the LD-processed
mc-Si substrate was obtained by EBIC analysis. In this technique (Fig. 2.10), charge carriers
generated by the microscope electron beam are collected by an electric field within the
specimen and detected as a current in an external circuit. When employed as an SEM video
signal, this collected current image reveals inhomogeneity in the electrical properties of the
specimen.6) As-cut sample images showed a black area at the edges of surface voids (Fig.2.9a).
These EBIC measurements were conducted using an electron accelerating voltage of 20 kV,
and minority carriers were excited to a maximum depth of 4.7 um.” Phosphorus doping
depths ranged from 1.5 to 3 um, which is lower than the electron penetration depth. Therefore,
these measurements analyzed electric property for the entire doped region but did not provide
bulk properties. The black area observed in Fig. 2.9a was attributed to electric defects that
prevent the collection of minority carriers excited by the electron beam in the doped region,
suggesting that surface voids become minority carrier recombination centers. Therefore, this
surface structure reduces the open circuit voltage (V) and the short circuit current density

(Jsc). Even worse, it may prevent contact with metal electrodes. This surface structure needs to
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Figure 2.9 SEM surface morphologies and EBIC electrical characteristics of (a) as-cut and (b)

planarized substrates after LD
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Figure 2.10 Schematic representation of EBIC measurements
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be mo dified to improve photovoltaic characteristics for solar cell fabrication. Planarized

samples showed a homogeneous surface electric property (Fig. 2.9b), demonstrating that the

decrease in surface voids enhance the electronic properties of laser-doped emitters.
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2.3.3 Emitter Property Improvement by Surface Structure

Control

Dark I-V characteristics of LD-processed mc-Si solar cells using as-cut surfaces
were compared with those using planarized surfaces (Fig. 2.11). Solar cells typically exhibit
series and shunt resistances. In dark -V measurements, high series resistance limits the
current increase in the forward bias high-voltage region. A low parallel resistance increases
the current in the forward bias low-voltage region and the reverse bias saturation current.”
Therefore, higher series resistance and lower parallel resistance aggravate Ji. and Vo,
respectively. Planarized samples showed lower reverse bias saturation current and low-voltage
forward bias current but higher high-voltage forward bias current than as-cut samples with
surface. These findings suggest that we achieved improvement of sheet resistance and parallel
resistance.

Photovoltaic properties were investigated through illuminated I-V measurements.
The solar cell efficiency is defined as the ratio of the photovoltaically generated electric

output of the cell to the incident luminous power. It is written as follows:

_ ImVm _ FFIscVoc

(2.1)
Plight Plight
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Figure 2.11 Dark I-V characteristics of as-cut and planarized samples
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where P 1s the luminous power and I, and V,, are the current and voltage at the optimal
operating point, respectively. The open circuit voltage V,. is obtained when no current is
drawn from the solar cell. The short circuit current I,. is measured if the solar cell is short
circuited, i.e., no voltage is detected at the cell. The fill factor (FF) represents the area
underneath the I-V characteristic filled by the rectangle V1, relative to the rectangle VOCISC,%
Figure 2.12 compares illuminated -V characteristics of LD-generated mc-Si solar cells
displaying as-cut and planarized surfaces. Solar cells involving planarized surfaces presented
higher FF, Ji, and V. values than those with as-cut surfaces, consistent with dark -V
measurements. Photovoltaic characteristics were improved by reducing surface voids,

highlighting the importance of surface structure in optimizing these characteristics.
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Figure 2.12 [lluminated -V characteristics of solar cells presenting as-cut and planarized

surfaces

Table 2.4. Photovoltaic characteristics obtained from individual I-V curves shown in Figure

2.8

Voo (mV) | T (mA/ecm®) | FF (%) Eff (%)
As-cut 417 14.5 54.0 33
Etching 485 17.3 61.0 5.1
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2.3.4 Laser Doping Melt—Recrystallization Mechanism

This section discusses the origin of voids during LD. LD-induced surface structure
changes observed for monocrystalline silicon substrates revealed that the presence of
phosphorus in PSG and the PSG—substrate interface influence the generation of surface voids
by LD. As-cut surface structures dramatically affected these changes and appeared to be the
main factor for these surface voids. When LD was applied to smooth substrate surfaces
obtained, no surface voids appeared even after melt-recrystallization. The origin of surface
voids is discussed below assuming that as-cut surface structure plays a main factor in this
phenomenon. Figure 2.13 shows a mechanistic representation for the generation of surface
voids. The PSG-substrate interface of as-cut surfaces, in which the dopant precursor
contained phosphorus, displayed voids. Air and silica exhibit refractive indices of
approximately 1 and 1.46, respectively.'” The reflectivity locally depends on the presence of
voids at the PSG—substrate interface. At the laser wavelength used here (532 nm), it increases
with the presence of air at this interface. If it varies locally because of voids, the laser energy
transferred to the substrate and the melt depth also change significantly in local areas. In
general, molten silicon recrystallizes with epitaxial growth during LD.'"” However, locally
different laser energy may cause random nucleation. Shallowly melted regions absorb lower

laser energy and show higher cooling rate than their deeply melted counterparts. In addition,
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nucleation may occur in lower temperature areas in molten silicon.'” Therefore, the boundary
between deeply and shallowly melted regions may initiate nucleation. Molten silicon
recrystallizes along the direction of crystal nuclei. Voids may form according to this
mechanism. Random nucleation'” and different recrystallization rates'® in the crystal growth
area may generate defects, explaining the appearance of the edges of voids as electric defects

by EBIC measurements (Fig. 2.9a).
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Figure 2.13 Mechanism showing the generation of voids by spin coating
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2.4 Reduction of Surface Electric Defects by Double-Scan Laser

Doping

2.4.1 Double-Scan Laser Doping Procedure

The double-scan LD procedure was conducted using 180-pm-thick alkali-textured
p-type Cz silicon wafers (1.1 cm x 1.1 cm) presenting a resistivity of 1.5 Qcm as substrates.
After RCA cleaning, the PSG precursor was spin-coated on the substrate and prebaked on a
hotplate at 100 °C to obtain the dopant layer. The entire surface of the PSG coated samples
was scanned with the 532 nm Nd:YVO,4 CW laser under similar conditions as in Section 2.2.2.
Some samples were exposed to laser irradiation again with the remaining PSG to improve the
doping homogeneity (Fig. 2.14). Finally, the remaining PSG was removed by HF cleaning,
and front (Ti/Ag) and back (Al) side electrodes were deposited on the sample by evaporation.
Samples were analyzed by secondary ion mass spectroscopy (SIMS), SEM, EBIC, and

illuminated -V characteristic measurements.
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Figure 2.14 Schematic representation of the double-scan LD process
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2.4.2 Surface Structure and Electric Properties after Double-Scan

Laser Doping

Figure 2.15 shows the alkali-textured surfaces (a) before laser treatment and (b) after
single- and (c) double-scan LD. Superficial and cross-sectional images are displayed on the
left- and right-hand sides, respectively. The silicon substrate was subjected to a standard
texturing process with alkaline solution and presented micron-sized pyramids (Fig. 2.15a ). It
exhibited irregular rough surface after LD. Many irregular protrusions reaching 10 pm in
height appeared in the surface after single-scan LD (Fig. 2.15b). These protrusions resulted
from the melt-recrystallization process occurring during this first laser scan. Regions
presenting strong PSG-substrate interface adhesion showed deeper melting, while those
displaying interfacial voids exhibited shallower melting and formed crystal nuclei. This
nucleation mechanism is consistent with the mechanism discussed in Section 2.3.4. The
nucleation started at the pyramids and molten silicon in other region aggregated on these
crystal nuclei. In solar cell fabrication, these protrusions may prevent metal contact formation
and increase series resistance. Figure 2.15¢ shows that these rough surfaces became smooth

after the second laser scan, which caused melt-recrystallization again.
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Figure 2.15 Surface appearances of substrates which were alkali-textured (a) before laser scan,
(b) after a single laser scan, and (c) after a double laser scan. Superficial and cross-sectional

images are shown on the left- and right-hand sides, respectively.
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Figure 2.16 compares SEM images of textured silicon surfaces after single (a) and

double laser scans (c) as well as their corresponding EBIC measurements (b and d,

respectively). Single-scan LD formed a rough surface (Fig. 2.16a) displaying many black

areas by EBIC (Fig. 2.16b). These black areas correspond to electronic defects that may

collect minority carriers in silicon solar cells, indicating that surface protrusions became

minority carrier recombination centers. Double-scan LD formed smoother surfaces than a

single-scan LD (Fig. 2.16¢) and reduced the black areas (Fig. 2.16d). Figure 2.17 compares

EBIC line scans obtained after first (Fig. 2.16b) and second laser scans (Fig. 2.16d) and

averaged over ten line scans. These lines were randomly drawn in the lateral direction of the

EBIC image. The EBIC image intensity increased after the second laser scan, indicating that

double-scan LD reduced the number of minority carrier recombination centers.

Dopant profiles of samples obtained after single and double laser scans are shown in

Fig. 2.18. Samples exhibited more concentrated and deeper dopant profiles after double-scan

LD than after a single laser scan. The interface between the dopant precursor and the silicon

substrate plays an important role in the LD process. In the first scan, phosphorus atoms dope

silicon in an inhomogeneous manner and in small amounts because of low interface adhesion.

At the same time, this scan improved the interface by suppressing voids and strengthening

adhesion. Consequently, during the second laser scan, the silicon surface melted again and

dopant atoms moved to deeper regions at higher concentrations.
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Figure 2.16 SEM surface morphologies and EBIC electrical characteristics after (a) single-

and (b) double-scan LD
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Figure 2.18 Dopant profiles after single- and double-scan LD
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[lluminated I-V characteristics were measured to evaluate the LD-generated p—n

junction (Fig. 2.19). Samples produced by double laser scan displayed higher J., V., and FF

values than those obtained after a single laser scan. The double laser scan reduced the number

of minority carrier recombination centers, as shown by EBIC images, increasing Js. and V.

Furthermore, it homogenized the surface and improved contact with metal electrodes.

Therefore, the resulting samples exhibited lower series resistance and higher FF. Despite an

increase, Ji and V. values remained low. Laser conditions will be optimized in future studies

to improve these parameters.
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Figure 2.19 [lluminated -V curves after single- and double-scan LD

Table 2.5 Photovoltaic characteristics extracted from Figure 2.15

Voo (mV) | Ji (mA/ecm®) | FF (%) | Eff (%)

Single scan 306 7.7 47.9 1.1
Double scan 327 94 53.8 1.7
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2.5 Summary

Emitter structures were generated by LD for c-Si solar cell fabrication. The
relationship between surface structure and emitter quality after LD was evaluated. First, the
surface structure was improved by additional chemical etching, suggesting that surface voids
appeared after LD because of the existence of voids at the PSG-silicon interface. In addition,
electric properties of LD-processed emitters were assessed. Photovoltaic characteristics of
chemically etched and as-cut samples were compared. EBIC measurements demonstrated that
surface voids caused electric defects. Dark -V characteristics revealed that surface structure
improvements achieved by chemical etching decreased the series resistance and increased the
shunt resistance. [lluminated I-V characteristics showed that these improvements enhanced J,
Vo, and FE. Overall, the surface structure significantly affected photovoltaic properties in c-Si
solar cell fabrication using LD.

Furthermore, surface electric properties of LD-processed textured c-Si substrates
were determined, and surface structure improvement was attempted by double-scan LD.
Irregular rough surfaces were formed after single-scan LD, whereas homogenous surfaces
were obtained after the second LD scan. Rough surfaces obtained by single-scan LD showed
numerous electric defects, which became minority carrier recombination centers. Double-scan
LD reduced these electric defects and produced heavy doping. Specifically, it increased the

phosphorous concentration and the depth of the doped region. This heavy doping depends on
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the improvement of interface adhesion during the first laser scan and the migration of dopant

atoms toward deeper regions at high concentration during the second laser scan. Illuminated

I-V characteristics indicated that double-scan LD increased Jsc and FF values by

homogenizing surfaces and reducing minority carrier recombination centers.
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Chapter 3

Interface Control by Chemical Surface Modification

3.1 Introduction

In previous chapters, spin-coated PSG was used as a doping precursor because of its
low cost and high throughput. Consequently, surface defects were reduced by chemically
etching substrate surfaces, improving photovoltaic characteristics. Voids may appear at PSG—
substrate interfaces in LD-processed crystalline silicon (c-Si) substrates exhibiting rough
surfaces, affecting heat conduction and impurity diffusion. Phosphorus diffusion is caused by
thermal conduction from the substrate. Therefore, interfaces between PSG and c-Si substrate
play a crucial role in this doping method. However, textured surfaces are necessary to increase
light absorption in c-Si solar cells. Here, textured c-Si substrates were processed by LD using
a diode-pumped solid-state (DPSS) laser and spin-coated PSG as a doping precursor. Before
spin coating, the hydrophobic substrate surface was chemically turned hydrophilic to
reinforce its interface with PSG. Substrate surface structures were evaluated before and after
LD. In addition to doping profiles, photovoltaic characteristics were evaluated using a solar

simulator after metallization.
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3.2 Experimental Procedure

3.2.1 Laser Doping Set Up

The laser system comprised a 355 nm Q-switched Nd:YVO, laser (Coherent,
MATRIX-355), reflective mirrors, and a collective lens. Samples were mounted on an x-—y
stage operating using a controller unit (Mark-202, SIGMA KOKI) connected to a personal
computer (Fig. 3.1). The laser spot was a circle and presented a Gaussian distribution

(TEMO0-mode). Laser pulses lasted approximately 25 ns."

3.2.2 Sample Preparation

Experiments were performed using 180-um-thick p-type (100) alkali-textured c-Si
wafers showing a resistivity of 1-10 Qcm. These wafers were cleaved into 1.1 cm x 1.1 cm
squares to fabricate solar cells. All samples were subjected to RCA cleaning. Some samples
were dipped into a 1:1 H,SO4 (96%)/H,0; (30%) mixture for 10 min to change their surfaces
from hydrophobic to hydrophilic.z) Subsequent sample preparation steps are shown in Fig. 3.2.
PSG was formed by spin coating and prebake. The dopant precursor, which contained ethanol

as the main solvent, was deposited dropwise on the substrates, spread by spinning at
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Stage controller
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Figure 3.1 Laser doping system. (a) Stage control system, (b) x—y stage, and (c) laser system

overview
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3000 rpm for 30 s and baked at 300 °C for 15 min to evaporate the organic solvent. Schematic

representations of PSG—substrate interfaces are shown in Fig. 3.3. PSG adhered to hydrophilic

surfaces more tightly than their hydrophobic analogues because of the hydrophilicity of

ethanol. Next, the entire surface was irradiated using the 355 nm Nd:YVO, pulsed laser under

ambient atmosphere at room temperature (Fig. 3.4). Laser beams were mechanically scanned

by moving the x—y sample stage from edge to edge in the x-direction at a scanning speed of 3

cm/s before a 30-pum shift in the y-direction. This cycle was repeated until the entire surface

was irradiated, and residual PSG was removed by dipping the sample into a 1:10 HF/water

mixture for 3 min. Ti/Ag and Al contacts were deposited by thermal evaporation to front and

back sides of the substrate, respectively. Surface morphologies were examined by SEM after

LD. Doping profiles were measured by SIMS. Photovoltaic characteristics were evaluated

using a solar simulator (AM 1.5) after metallization.
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void

(a) Hydrophobic substrate

(b) Hydrophilic substrate

Figure 3.3 Schematic representations of PSG—substrate interfaces involving (a) hydrophobic

and (b) hydrophilic substrates
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Figure 3.4 Laser doping conditions and process
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3.3 Emitter Quality Improvement by Chemical Modification

Textured p-type c-Si substrate surfaces were turned hydrophilic by chemical
treatment to improve emitter properties. These hydrophilic surfaces strongly adhered to PSG
because the dopant solvent was also hydrophilic. The PSG-substrate interface and the
LD-processed surface structure were analyzed by SEM and reflectivity measurements. Next,
emitter properties were evaluated by SIMS as well as dark and illuminated -V

measurements.

3.3.1 Surface Structure Improvement after Laser Doping

Figure 3.5 shows SEM images of the PSG—substrate interface (Figs. 3.5a) and the
surface formed by LD at a laser power of 0.7 W (Fig. 3.5b) using hydrophobic substrates. The
white line appearing near the bottom of Fig. 3.5a was formed when the substrate was cut.
Hydrophobic c-Si substrates were dipped into HF before spin coating. Because interface
adhesion was poor during the spin-coating step, PSG shrunk when the organic solvent was
evaporated, generating many spaces, such as cracks, in the PSG—substrate interface (Fig. 3.5a).
Several holes were formed on the substrate surface after LD (Fig. 3.5b). Laser irradiation
melted the textured surface, and the substrate supplied heat to PSG by thermal conduction.

Dopant atoms were produced by photolysis or pyrolysis of the solid PSG phase. These
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phosphorus impurities are incorporated into molten Si during laser irradiation by liquid phase
diffusion.”’ When the laser beam was moved away, the substrate containing phosphorus
impurities recrystallized by natural cooling.” Samples exhibiting inhomogeneous adhesion at
the PSG—substrate interface displayed many superficial holes by LD after recrystallization, as
discussed in Section 2.3.4.

Figure 3.6 shows SEM images of the PSG—substrate interface (Figs. 3.6a) and the
surface formed by LD at a laser power of 0.7 W (Figs. 3.6b) using hydrophilic substrates. The
PSG-substrate interface displayed a homogeneous adhesion and no cracks were detected (Fig.
3.6a). These surfaces were chemically turned hydrophilic before spin coating, and the PSG
precursor also presented a hydrophilic dipole moment. Therefore, these hydrophilic substrate
surfaces strongly adhered to the dopant precursor, resulting in uniform PSG layers after spin
coating and prebake. Consequently, fewer surface holes formed during LD compared with
samples with hydrophobic surfaces (Fig. 3.6b). The homogeneous PSG—substrate interface
generated uniform heat transfer and allowed the substrate to recrystallize at a uniform speed
over the entire surface. The textured surface was smoothed to some extent, but the textured

sturcutre was preserved even after LD.
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Figure 3.5 PSG—substrate interface (a) and surface morphologies obtained after LD (b) for

samples exhibiting hydrophobic surfaces
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Figure 3.6 PSG—substrate interface (a) and surface morphologies obtained by LD (b) for

samples exhibiting hydrophilic surfaces
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The reflectivity was measured through two different experiments at laser outputs

varying from 0.4 to 0.7 W. Figures 3.7 and 3.8 show the reflectivity of LD-processed

hydrophobic and hydrophilic textured surfaces, respectively. The reflectivity increased with

increasing laser output power for hydrophobic silicon substrates (Fig. 3.7). The surface

melting depth was shallow and the surface texture remained intact during low energy LD.

Surfaces were melted more deeply and the surface texture was destroyed during high energy

LD. Hydrophilic substrates exhibited similar reflectivity trend to their hydrophobic

counterparts (Fig. 3.8). However, the reflectivity increased monotonously with increasing

laser energy, suggesting that the melting depth changed more uniformly with respect to laser

energies in these samples.
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3.3.2 Emitter Property Improvement by Control of Interface

Chemical State

SIMS phosphorus distributions are shown in Figs. 3.9 and 3.10 for hydrophobic and
hydrophilic surfaces, respectively. SIMS measurements were conducted during LD at
different laser outputs. Actual doping depths were not calculated because of the textured
surfaces. Hence, the horizontal axis shows the measurement time, which is proportional to the
doping depth. However, doping depths can be estimated by comparing these phosphorus
profiles to SIMS data for smooth surfaces. A SIMS measurement of 1,000 s is nearly
equivalent to a doping depth of approximately 500 nm. SIMS phosphorus profiles were
determined at the same time as hydrogen distributions but were not affected by these
measurements. Figure 3.8 shows phosphorus doping profiles of LD-processed hydrophobic
substrates. Phosphorus concentration and doping depth increased with increasing laser output
power, suggesting that melting depth and doping concentration depend on the laser energy
density in LD. However, these increases were relatively small in hydrophobic samples.
Surface phosphorus concentrations exceeded 10*° cm™ for all samples (Fig. 3.9), but the
doping depth only doubled when the laser energy increased from 0.4 to 0.7 W at a phosphorus
concentration of 10" cm™. On the other hand, phosphorus concentration and doping depth
increased considerably with increasing laser energy density in hydrophilic samples (Fig. 3.10).

Moreover, the number of phosphorus atoms in hydrophilic substrates surpassed that in their
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hydrophobic counterparts at high laser energies. The surface phosphorus concentration
amounted to approximately 5 x 10" cm™ at 0.4 W and increased beyond 10°° cm™ at higher
laser energies (Fig. 3.10). The doping depth at a phosphorus concentration of 10" cm™
approximately quadrupled when the laser energy increased from 0.4 to 0.7 W. These SIMS
results can be used to predict the interfacial nanostructure between PSG and the substrate.
Here, thermal energy caused phosphorus to diffuse from PSG to the substrate. The laser
energy penetrated the PSG layer before being absorbed by the c-Si substrate. In turn, PSG was
heated by thermal conduction from the c-Si substrate. These results suggest that the interface
nanostructure plays an important role for phosphorus diffusion. The presence of voids at the
PSG-substrate interface prevents thermal conduction and phosphorus diffusion, resulting in
inhomogeneous melting and doping during laser irradiation. Figures 3.9 and 3.10 do not
provide the actual phosphorus profiles because they were acquired over a large area of the
textured surface. Deteriorated -V characteristics suggested that the actual doping profiles
were inhomogeneous (see below). The PSG—substrate interface displayed uniform adhesion at
the nanoscale in hydrophilic samples, facilitating phosphorus diffusion. Therefore,
laser-induced melting and doping became deep and homogeneous. The doping depth was
successfully controlled by the laser power.

The deep and homogeneous doping observed in hydrophilic samples improved -V

characteristics. Photovoltaic characteristics were evaluated by I-V measurements in the dark
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and using a solar simulator. Dark I-V characteristics of hydrophobic and hydrophilic samples
are shown in Figs. 3.11 and 3.12, respectively. All hydrophobic samples presented similar
dark I-V characteristics (Fig. 3.11), in which no trend was detected with respect to the laser
output power. Reverse currents were quite high and the emitter region exhibited significant
leakage, indicating that phosphorus doping was inhomogeneous on hydrophobic textured
substrates. Hydrophilic samples showed different I-V characteristics in the 0.4-0.7 W LD
energy range (Fig. 3.12). Their reverse current was higher than for hydrophobic samples at
low energy before decreasing at higher energies. This indicates that emitter leakage was
higher at low energy because of inhomogeneous phosphorus doping. This leakage decreased
at higher energy because strong PSG-substrate interface adhesion provided homogeneous
phosphorus doping.s)

Photovoltaic characteristics were measured using the solar simulator. Figures 3.13—
3.15 show V., Ji, and FF plots, respectively, for hydrophobic and hydrophilic surfaces.
Open-circuit voltage values slightly increased with rather large fluctuations when the laser
energy increased for hydrophobic samples. This suggests that the phosphorus concentration
depends on the laser energy and PSG adhesiveness to the textured substrate surface. On the
other hand, V. values increased monotonically with increasing laser energy for hydrophilic
samples, implying that strong interface adhesion allows each local point of the textured
surface to uniformly absorb laser energy. In general, J,. decreases with increasing surface

reflectivity for solar cells.” Hydrophobic and hydrophilic samples exhibited decreasing Jy.
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values when the laser energy increased, showing a high correlation with surfa ce reflectivity.
This decrease may result from the destruction of the textured structure at high energy.
However, ARC may reduce the reflectivity,” lowering Js. by depositing on the substrate. The
FF displayed a similar trend to that of V.. (Fig.3.15). This result may stem from the
homogeneity of doping in the laser-doped region. Inhomogeneous doping region caused high
leakage current and decreased the parallel resistance, reducing FE® -V curves of
LD-processed hydrophobic and hydrophilic surfaces were compared to a sample fabricated by
conventional thermal diffusion (Fig. 3.16). Photovoltaic characteristics (Table 3.1) were
evaluated at a laser output power of 0.7 W to maximize efficiency for hydrophobic and
hydrophilic substrates. Hydrophilic samples exhibited higher V,. values than hydrophobic
samples, which presented comparable values to those of the sample fabricated by thermal
diffusion. The reduction of LD-generated surface voids improved V.. values. Laser-doped
hydrophobic surfaces displayed numerous holes (Fig. 3.5), acting as minority carrier
recombination centers that reduce V.. (Chapter 2). The number of surface electric defects
diminished because of the reduction in surface voids in hydrophilic samples. Furthermore,
hydrophilic samples showed higher J. values than hydrophobic samples but lower values than
that obtained by thermal diffusion. Therefore, in addition to increasing minority carrier
lifetime, the reduction in surface voids prevented the formation of discontinuous metal
contacts on the textured surface. However, textured surfaces inevitably melt during LD and

suffer damage to some extent. Consequently, surface reflectivity was increased and J;. was
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decreased in LD-processed samples compared to the sample fabricated by thermal diffusion.

Finally, the solar cell efficiency increased by approximately 2% in hydrophilic samples

compared to their hydrophobic counterparts. However, this efficiency remained lower than

that of samples manufactured by thermal diffusion, suggesting that laser conditions need to be

optimized more precisely.
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Table 3.1 Photovoltaic characteristics obtained from individual I-V curves shown in Fig. 3.15

Voo (mV) | J (mA/cm®) | FF (%) Eff (%)
Hydrophobic 426 22.5 44.4 4.3
Hydrophilic 541 26.3 52.8 7.5
Thermal diffusion 559 30.8 57.5 9.9
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3.4 Summary

The interface structure between the doping precursor and substrate was addressed for
LD-processed textured silicon substrates. These processes involved a spin-coated dopant and
a 355 nm pulsed laser. Surface and interface topographies before and after LD, doping
profiles, and photovoltaic characteristics were evaluated to clarify the interfacial influence on
the properties of the doped region. The c-Si substrate was chemically changed from
hydrophobic to hydrophilic, providing control over the interface nanostructure between
doping precursor and substrate. The number of surface voids decreased in LD-processed
hydrophilic samples compared to their hydrophobic equivalents. Moreover, SIMS phosphorus
profiles showed that hydrophilic samples exhibited higher doping depth and phosphorus
concentration than the hydrophobic counterparts. These results originated from the strong
interfacial adhesion between PSG and hydrophilic substrate at the nanoscale. Finally, the
electric properties of these samples were compared with those of a sample fabricated by
conventional thermal diffusion. Hydrophilic samples showed higher V.. and Ji than
hydrophobic samples. Overall, the control of the nanoscale interface structure significantly

impact electric properties in laser-doped regions.

- 80 -



Chapter 3. Interface Control by Chemical Surface Modification

References of Chapter 3

1y

2)

3)

4)

5)

6)

7)

8)

Operator’s Manual, MATRIX-355 Diode-Pumped Q-Switched Lasers (Coherent, USA,
2007).

M. Grundner and H. Jacob: Appl. Phys. A 39 (1986), p. 73.

T. Sameshima and S. Usui: Jpn. J. Appl. Phys., 26 (1987), L1208.

M. Hirose: Advanced ULSI Process Technology (Realize Inc., Tokyo, 2000) 1% ed., p.
319.

S. Kishino: Modern Basic of Semiconductor Device (Ohmsha, Tokyo, 2012) 1% ed., p-
78.

M. A. Green: Solar Cells (Prentice-Hall, Inc., New South Wales, 1982) 1* ed., p. 86.

Y. Liu, O. J. Guy, J. Patel, H. Ashraf, and N. Knight: Microelectronic Engineering 110
(2013), pp. 418-421.

A. Luque and S. Hegedus: Handbook of Photovoltaic Science and Engineering (Wiley,

Chichester, 2011) 2" ed., p. 119.

-81 -



Chapter 4. Local Impurity Doping and High-Efficiency Structures using Novel Precursor Layers

Chapter 4

Local Impurity Doping and High-Efficiency

Structures using Novel Precursor Layers

4.1 Introduction

Previous chapters demonstrated that the doping precursor—substrate interface played
an important role in LD. However, if silicon particles are used as doping precursor for LD,
this influence of interface is low because these particles directly absorb laser energy and melt.
The fabrication of high-efficiency structures, such as selective emitters and back contact solar
cells, requires two-dimensional patterning processes. Printing offers a cost-effective
alternative to spin coating and vacuum processes such as chemical vapor deposition because it
enables material savings. Silicon nano-ink consists of silicon nanoparticles dispersed in an
organic solvent. NanoGram® nano-ink has been applied to printing processes, such as ink-jet
and screen printing. This study was performed with collaboration with Teijin Corporation
which produces NanoGram.

On the other hand, interface adhesion can be improved using organic polymer-based

doping precursors. Strong interface adhesion may facilitate the homogeneous introduction of
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impurities and produce high-quality doped regions. Therefore, PBF was used as a precursor
layer in the fabrication of selective emitter solar cells. Selective emitters are attractive
high-efficiency crystalline silicon (c-Si) solar cell structures. Conventional homogeneous
emitters present problems regarding the trade-off between Auger recombination and series
resistance. Heavily doped emitters increase the Auger recombination and aggravate
short-wavelength light absorption, whereas their shallow-doped analogues decrease the Auger
recombination but increases series resistance. A selective emitter structure can solve these
issues by formation of a heavily doped area underneath metal contacts and shallow-doped
area on other area which absorbs incident light. However, selective emitter fabrication by
conventional thermal processes needs additional heating and a photolithography process
comprising a chemical step. These processes involve elevated additional costs and decrease
yields, especially in the case of thin substrates. LD provides selective emitters in a single step
in ambient air at room temperature, enabling the high-throughput fabrication of

high-efficiency solar cells at low cost and high yield.

4.2 Experimental Procedures

NanoGram® (Teijin Corporation), which contained a phosphorus concentration of 1
x 10*! atoms/cm’, and PBF (Tokyo Ohka Kogyo) were used as precursor layers for LD. The

laser system which was used in Section 4.2 was equipped with a 532-nm Q-switched
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Nd:YVOq laser, which were installed in Kataoka Corporation. Another laser system which
was used in Section 4.3 was equipped with a 355-nm Q-switched Nd:YVOy laser, as detailed
in Section 3.2. A schematic model of the LD set up is shown in Fig. 3.3 along with laser

conditions. The laser output power varied from 0.4 to 1.0 W (1.25-3.13 J/cm?).

4.2.1 Laser Doping Procedure using Silicon Nanoparticles

Experiments were performed on 280-pum-thick p-type mirror polished Cz c-Si wafers
presenting a resistivity of 1-5 Q/cm. Wafers were cleaved into 1 cm X 1 cm squares and
subjected to RCA cleaning. Silicon nano-ink was deposited on the wafers by spin coating and
prebake at 85 °C for 5 min to form 200-nm-thick silicon nanoparticle layers. SEM images of
silicon nanoparticles are shown in Fig. 4.1. Next, local silicon nanoparticle-coated areas under
the metal contacts were irradiated using a 532-nm Nd:YVO; pulsed laser. Silicon
nanoparticles underwent laser-induced melt-recrystallization and were absorbed through the
substrate (Fig. 4.2). Remaining silicon nanoparticles were removed by dipping the substrate
into a 1:10 HF/water mixture for 3 min. Al and Ti/Ag metal contacts were deposited by
thermal evaporation on front and rear sides of the substrate, respectively. Samples were not
subjected to any surface passivation or ARC. Surface structures after LD were observed by
SEM. Phosphorus doped regions were evaluated by SIMS. Electronic characteristics were

determined by dark I-V measurements. Photovoltaic characteristic were assessed using a
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Figure 4.2 SEM images of silicon nanoparticles deposited on c-Si substrates before (a) and

after LD (b)
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solar simulator (AM 1.5).

4.2.2 Selective Emitter Fabrication using Polyboron Films

Selective emitters were produced using 200-um-thick n-type alkali textured c-Si
wafers displaying a resistivity of 1-10 /cm. Wafers were cleaved into 1.1 cm x 1.1 cm
squares and subjected to RCA cleaning. Schematic models depicting selective emitter
fabrication processes are shown in Fig. 4.3. The SoD PBF was generated on these samples by
spin coating and prebake at 100 °C for 15 min. Homogeneous p+ emitters were formed on all
samples by thermal diffusion at 900 °C for 30 min. Next, local PBF-covered surface areas
under the metal contacts were irradiated using a 355-nm Nd:Y VO, pulsed laser. Residual PBF
and boron rich layer (BRL) were removed by oxidization using a furnace at 600 °C for 60 min
and subsequent acid treatment in a 1:10 HF/water mixture for 10 min to decrease the minority
carrier recombination rate at emitters.” The Al and Ti/Ag metal contacts were deposited by
evaporation on front and rear sides of the substrates. These samples did not undergo any
surface passivation or ARC. Interfaces between PBF and substrate and LD-processed surface
structures were examined by SEM. Boron doped regions were evaluated by SIMS. Electronic
characteristics were assessed by dark -V measurements. Photovoltaic characteristic were

determined using a solar simulator (AM 1.5).
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Figure 4.3 Schematic representation of selective emitter fabrication processes
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4.3 Laser Doping using Silicon Nanoparticles

LD was conducted using silicon nanoparticles as doping precursors and a 532 nm
pulsed laser. Figures 4.4a—c show SEM images of surface structures processed with laser
power outputs of 0.4, 0.6, and 0.8 W, respectively. Droplet-like silicon clusters appeared on
the surface at low energy. At low energy, the laser melted the silicon nanoparticles but not the
substrates. While a portion of molten silicon nanoparticles recrystallized with the substrate,
the other portion formed droplets and crystallized in this form. In contrast, a high energy laser
melted substrates, causing nanoparticles to completely fuse with substrates. Theoretically, a
large part of incident beam with 532 nm in wavelength is absorbed into silicon within 1 pm.”
Silicon nanoparticles absorb incident beam with a high absorption coefficient at 532 nm.
Therefore, large part of the laser energy is absorbed by the precursor layer. The precursor
layer and the substrate are simultaneously melted by incident beam, resulting in mixing if the
laser energy is sufficiently high. If the laser energy is very low to melt the entire precursor
layer, remaining nanoparticles may become crystal cores and form droplet-like silicon
clusters.

Fig. 4.5 shows SIMS phosphorus doping profiles of substrates processed using
silicon nanoparticles as dopant precursors. Higher surface concentration and doping depth

were obtained at 0.4 W than at 0.6 W. However, a large amount of precursor remained on the
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Figure 4.4 Surface morphologies of c-Si substrates processed using silicon nanoparticles as

dopant precursors at laser energies of 0.4 (a), 0.6 (b), and 0.8 W (c)
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surface after LD (Fig. 4.4a). SIMS measurements revealed that a large area (approximately 60
um x 60 pm) contained numerous droplets. Therefore, the phosphorus doping profile was
expected to be inhomogeneous, and the surface phosphorus concentration did not contribute
to forming p—n-junction at 0.4 W. Droplets measured approximately 100 to 200 nm high, and
SIMS surface profiles are not reliable for depths below 200 nm in the case of 0.4 W. On the
other hand, similar doping profiles were observed at higher laser energies (0.6 and 0.8 W).
Surface phosphorus concentrations approximated 3 X 10" atoms/cm’, which is lower than
that observed at 0.4 W. Phosphorus concentrations increased to 8 x 10" atoms/cm’ at depths
of 300 and 400 nm for energies of 0.6 and 0.8 W, respectively. The dopant pileup mechanism
near the maximum melt depth was proposed by K. K. Ong et al.”’ Dopant pileup depends on
the ratio between solid and liquid solute concentrations at the liquid—solid interface, or
segregation coefficient. Therefore, phosphorus profiles revealed that silicon nanoparticles
were completely melted at high laser energy. Phosphorus pileup has previously been observed
using a pulsed laser at high energy density.* The laser energy caused silicon nanoparticles to
easily blend with the substrate, producing box-like phosphorus doping profiles.

Table 4.1 shows the sheet resistances of substrates processed at different laser
energies using silicon nanoparticles as doping precursors. Sheet resistances decreased with
increasing laser energy, consistent with phosphorus doping profiles. At low energy, high
surface concentrations did not contribute to sheet resistance because the surface was covered

with silicon droplets. On the other hand, high laser energies formed homogeneous doped
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Figure 4.5 SIMS phosphorus profiles of doped regions formed at different laser energies

Table 4.1 Sheet resistances of doped regions formed at different laser energies

Laser power Sheet resistance (£2/cm)
04W 116
0.6 W 67
0.8 W 50
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regions. Therefore, phosphorus profiles contributed to sheet resistance. The highest laser
energy (0.8 W) provided the lowest sheet resistance because deeper doping profiles accounted
for a large number of phosphorus atoms.”

Figure 4.6 compares dark I-V characteristics of samples processed at different laser
energies. The reverse bias current and the low voltage region of the forward bias current
decreased with increasing energy. These currents depend on carrier recombination at the
depletion layer in solar cell devices. The reverse current was much higher at low energy than
at high energy because most silicon nanoparticles formed droplet-like clusters on the surface
during LD, and phosphorus atoms were insufficient to produce an appropriate p—n-junction.
Diode characteristics recorded at 0.6 W improved from those measured at 0.4 W but the
reverse current exceeded that obtained at 0.8 W. Although this phenomenon is unclear,
shallow-doped p—n-junctions may influence diode characteristics. The doped region at 0.6 W
was approximately 100 nm shallower than at 0.8 W. Therefore, laser-induced defects may
readily influence depletion layers located in shallower regions. On the other hand, the sample

fabricated at 0.8 W exhibited the lowest reverse current because of its deep depletion layer,

which avoids laser damage at the surface.
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Figure 4.6 Dark I-V characteristics of solar cells processed at various laser energies
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Figure 4.7 shows illuminated I-V curves of samples fabricated at different laser
energies, and Table 4.2 list the corresponding photovoltaic characteristics. Samples fabricated
at 0.4 W exhibited lower photovoltaic characteristics than those processed at high energy. The
difference was small for Ji. and V. values but significant for FF. Illuminated I-V curves
provide insight into the degradation of FF at low energy. The current gradient corresponds to
parallel (Rp) and series resistances (Rs) near the vertical and horizontal axes, respectively.”
High FF values require high R, and low R,. The sample obtained at 0.4 W exhibited lower R,
and higher R than those manufacture at 0.6 and 0.8 W, explaining its low FF. A large portion
of silicon nanoparticles did not fuse with the substrate and remained on the surface in
droplet-like configuration (Fig. 4.4a), suggesting that the number of phosphorus atoms
contributing to the p—n-junction is lower than observed by SIMS and the p—n-junction was
inhomogeneous. The lack of phosphorus impurities enhanced R;. The inhomogeneity of the
p—n-junction caused leak current generation and reduced R, contributing to the degradation
of FF. On the other hand, samples obtained at 0.6 and 0.8 W presented higher FF values. Dark
I-V measurements suggested that high laser energies produced appropriate p—n-junctions and
the resulting samples exhibited high R, and low R,. Consequently, the conversion efficiency
of solar cells fabricated at 0.8 W reached 7.0%, which is comparable to p—n-junctions formed

by conventional thermal diffusion.
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Figure 4.7 Illuminated I-V characteristics of solar cells manufactured at different laser

energies

Table 4.2 Photovoltaic characteristics extracted from illuminated I-V curves shown in Fig. 4.7

Laser power Vo (mV) Jse (mA/cmz) FF (%) Eff. (%)

04W 518 19.7 39.5 4.0
0.6 W 568 21.1 55.7 6.7
0.8 W 568 19.3 64.2 7.0
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4.4 Selective Emitter Formation by Laser Doping using Textured

Substrates

Selective emitters were manufactured by LD on n-type textured c-Si substrates using
a polymer-based SoD and a DPSS laser. Dopant—substrate interface, LD-processed surface
structure, doping profiles, and photovoltaic characteristics were evaluated. As comparison to
the sample fabricated by thermal diffusion, Dark I-V characteristics showed that the reverse
saturation current decreased and illuminated -V characteristics revealed improved V. and FF,
which is consistent with the formation of selective emitters by laser irradiation. The LD
process generated a homogeneous boron-doped region under the metal contacts and stopped
the current leakage.

Figures 4.8 and 4.9 shows the interface adhesion between PBF and the textured
substrate and an angled top view image of the textured surface after LD. The polymer-based
dopant tightly adhered to the substrate and no void was observed at the interface. The
polymer-coated textured surface was homogeneous and exhibited no detectable defect. The
surface structure showed no marked change upon processing. In contrast, the surface structure
of samples using PSG as a doping precursor changed dramatically and displayed voids after
laser irradiation because of poor precursor—substrate adhesion (Fig. 3.6b). Moreover, the

dopant profile became inhomogeneous because of the presence of numerous voids.
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Figure 4.8 Interface adhesion between PBF and the textured substrate

Figure 4.9 Surface morphology after LD using PBF as a dopant
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When PBF acted as a dopant, the strong interface adhesion facilitated a homogeneous
absorption of the laser energy by the textured surface, which melted shallowly and
recrystallized by incorporating boron atoms. Consequently, boron atoms doped the substrate
without damaging the textured structure, which may produce a homogeneous doping profile.

The reflectivity of doped regions formed on textured surfaces by thermal diffusion
and additional LD was measured for laser outputs varying from 0.4 to 1.0 W (Fig. 4.10). The
reflectivity remained low at high energy. Samples using PBF as a precursor layer exhibited
significantly lower reflectivity than those using PSG (Fig. 3.8) for the same energy. The
silicon present in PSG may be sintered into the substrate during the melt-recrystallization
process, whereas the PBF precursor layer does not contain any silicon. Therefore, textured
structures were not smoothened by melt-recrystallization during the LD procedure.

Boron doping profiles were measured by SIMS using flat substrates. Figure 4.11
compares SIMS boron profile of samples fabricated by thermal diffusion and LD at different
energies. Thermal diffusion produced a specific gradient in the boron profile, which displayed
a surface concentration exceeding 10* atoms/cm’® at a junction depth of 600 nm.
Unexpectedly, the surface boron concentration increased with increasing energy in
LD-processed samples, reaching 10*!" atoms/cm” at the highest laser energy density. At 0.4 W,
boron distribution profiles showed similar surface concentration and gradient for samples
produced by LD and thermal diffusion. The laser fluence did not reach the threshold at which

the c-Si substrate temperature increases to the melting point. In this study, BRL was removed
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Figure 4.10 Reflectivity of doped region formed by thermal diffusion (TD) and additional LD

with different laser energy
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from the substrate surface by oxidation and HF cleaning before SIMS measurements. The
thermally diffused area was exposed to the laser before BRL removal. Therefore, high dopant
concentrations in laser doped samples were attributed to the redistribution of BRL boron
atoms. While a laser pulse lasted 25 ns, surfaces underwent melt-recrystallization within 100
ns.¥ The boron diffusion coefficient is below 107'° and 2.4 x 10~ cm?s in solid and liquid
silicon, respectively.g) The boron doping profile (Fig. 4.11) that was obtained within a short
time using the diffusion coefficient of the liquid phase confirmed that LD redistributed the
BRL boron atoms by liquid phase diffusion. Higher dopant concentrations reduced the series
resistance while enhancing FF and conversion efficiency, as discussed for illuminated I-V
characteristics.

Sheet resistances of doped regions formed by thermal diffusion and additional LD at laser
energies ranging from 0.4 to 1.0 W are shown in Fig. 4.12. These resistances were measured
by the four-point probe method.'? At low energy, the sheet resistance was the same as after
thermal diffusion because the number of boron atoms did not change from that observed after
thermal diffusion. At 0.6 and 0.8 W, sheet resistances decreased from the values obtained by
thermal diffusion because of LD-induced additional boron doping (Fig. 4.11). However,
samples processed at 1.0 W exhibited higher sheet resistance than at 0.8 W. Sheet resistances
measured by the four-point probe method strongly depend on surface features, such as crystal
defects and surface roughness.'” High laser energies may cause substantial damage,

increasing the sheet resistance.
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Figure 4.13 shows dark -V curves of samples fabricated by thermal diffusion and
additional LD at different energy densities. Laser irradiation reduced the saturation current
under the reverse voltage at 0.6 W. It induces additional boron doping from BRL (Fig. 4.11),
which may improve the homogeneity of the p—n-junction. In addition, PBF tightly adhered to
the substrate (Fig. 4.8), facilitating a homogeneous absorption of the laser energy over the
entire substrate surface. Diode characteristics were also evaluated by Suns—Voc measurements.
Parallel resistance losses were calculated using V. and pseudo fill factor (pFF) measured by
Suns—Voc.'? The difference between the ideal fill factor (FFy) determined from V,. and pFF
provides the ratio of R, losses in the reduction of FF relative to FF, ¥ Figure 4.14 compares
R, losses in FF for samples fabricated by thermal diffusion and selective emitters obtained by
LD at different laser power outputs. Solar cells fabricated by thermal diffusion displayed
considerably high R, losses because of the difficult formation of homogeneous boron-doped
regions on textured surfaces. Additional boron-doped regions underneath metal contacts
formed by LD at 0.6 W decreased the emitter leak current, suggesting that PBF induce boron
doping by LD without extensive photo-damage at optimum laser power.

[Nluminated I-V characteristics were measured for homogeneous emitters obtained by
thermal diffusion and selective emitter formed by additional LD at different energies (Fig.
4.15). Resulting photovoltaic characteristics of best-performing samples were compared with
averages acquired for all samples (Table 4.3). The selective emitter formed by LD at 0.6 W

showed higher V. and FF values than its homogeneous counterpart fabricated by thermal
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Figure 4.13 Dark I-V characteristics of homogeneous emitters formed by thermal diffusion
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Figure 4.14 R, losses calculated from Suns—Voc measurements of homogeneous emitters

obtained by thermal diffusion (TD) and selective emitters formed by additional LD at various

energies
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diffusion. This V. increase originated from the reduction of reverse saturation currents in the

dark I-V measurements (Fig. 4.13), while FF enhancement resulted from the reduction of

series resistance and increase of shunt resistance caused by additional boron doping. Dark and

illuminated I-V measurements revealed the existence of a critical optimum of laser energy

value for selective emitter formation. At low energy, the number of boron atoms did not

increase because of the lack of heat energy. At high energy, the laser produced severe damage

on the substrates. Additional LD processing did not improve the photovoltaic characteristics

of the sample fabricated by thermal diffusion only.
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Figure 4.15 Illuminated -V characteristics of homogeneous emitters produced by thermal

diffusion (TD) and selective emitters formed by additional LD at different energies

Table 4.3 Photovoltaic characteristics extracted from illuminated I-V curves comparing

best-performing samples with averages obtained for all samples

Voe av. Ve Jec av. Je FF av. FF n av.m
(mV) | (mV) | (mA/cm?) | (mA/ecm?) | (%) (%) (%) (%)
TD 534 548 279 25.5 53.9 48.9 8.0 6.9
04W | 555 530 25.7 259 54.3 53.4 7.7 7.3
0.6 W | 563 563 28.6 28.4 67.7 64.5 109 | 10.3
0.8W | 553 546 26.2 24.7 53.6 49.9 7.8 6.7
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4.5 Summary

Local impurity doping and high-efficiency solar cell structures were achieved by LD
using silicon nanoparticles and PBF as new precursor layers to achieve repeatability.
Photovoltaic property evaluations exhibited high-quality results.

Silicon nanoparticles were deposited on silicon substrates as a doping precursor layer
for LD. Surface structures after LD and boron doping profiles were determined along with
dark and illuminated I-V characteristics. Samples formed by LD at high energy exhibited
high photovoltaic characteristics. High energies enabled the nanoparticles to completely fuse
with the substrates. Nanoparticles absorbed the laser energy and subsequently melted. At high
energy, heat conduction from these nanoparticles also melted the substrates. Molten silicon
nanoparticles and substrates mixed in the liquid phase and phosphorus impurities doped the
substrate by recrystallization. Consequently, silicon nanoparticles produced high-quality p—
n-junctions. A conversion efficiency of 7.0% was achieved without any additional structure,
back surface field, passivation, or ARC, comparable to data obtained for p—n-junction
obtained by conventional thermal processes.

Moreover, the fabrication of n-type c-Si solar cells consisting of a LD-generated
selective emitter structure was addressed using PBF as SoD. PBF-substrate interface and

surface topography were examined in addition to boron doping profiles and dark and
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illuminated I-V characteristics. Selective emitter formation at an optimum laser energy

enhanced the photovoltaic characteristics of the samples. Interfaces between PBF and

hydrophobic substrates adhered tightly, and surfaces structures mostly remained intact after

LD. Additional boron doping from the laser irradiated BRL was detected by SIMS

measurements. Dark -V characteristics suggested that additional boron doping under the

metal contacts reduced the reverse saturation current. LD formed homogeneous boron-doped

regions on the textured surfaces. Photovoltaic characteristics of selective emitters formed at

different laser energies were compared. Selective emitters formed at 0.6 W showed higher

values in V,. and FF than the sample without selective emitters, which represents

approximately 3% improvement in solar cell efficiency.

- 107 -



Chapter 4. Local Impurity Doping and High-Efficiency Structures using Novel Precursor Layers

References of Chapter 4

1y

2)

3)

4)

5)

6)

7)

8)

9)

S. P. Phang, W. Liang, B. Wolpensinger, M. A. Kessler, and D. Macdonald: IEEE Journal
of Photovoltaics 3 (2013), p. 261.

P. Wurfel: Physics of Solar Cells (Wiley, Germany, 2009) 2" ed., p. 71.

K. K. Ong, K. L. Pey, P. S. Lee, A. T. S. Wee, X. C. Wang, Y. F. Chong: Appl. Phys. Lett.
89 (2006), p. 172111.

A. Safiei, R. Bleidiessel, R. Khandelwal, T. M. Pletzer, H. Windgasse, and H. Kurz: Proc.
of 26" European Photovoltaic Solar Energy Conf. (2011), p. 1229.

A. Ogane, K. Hirata, K. Horiuchi, Y. Nishihara, Y. Takahashi, A. Kitiyanan, and T.
Fuyuki: Jpn. J. Appl. Phys. 48 (2009), p. 0721201.

M. A. Green: Solar Cells (Prentice-Hall, Inc., New South Wales, 1982) 1* ed., p. 145.

Y. Hamakawa: Solar Energy Engineering (Baifukan, Tokyo, 1997) 4™ ed., p. 46.

G. Poulain, D. Blanc, B. Semmache, Y. Pllegrin, and M. Letimi: Energy Procedia 8
(2011), p. 587.

H. Kodera: Jpn. J. Appl. Phys. 2 (1963), p. 212.

10) M. Yamashita, S. Yamaguchi, and H. Enjoji: Jpn. J. Appl. Phys. 27 (1988), p. 869.

11) K. S. Wang, B. S. Tjahjono, J. Wong, A. Uddin, and S. R. Wenham: Sol. Energy Mater.

Sol. Cells 95 (2011), p. 974.

12) S. Bowden, V. Yelundur, and A. Rohatgi: Proc. of 29" IEEE Photovoltaic Specialist Conf.

- 108 -



Chapter 4. Local Impurity Doping and High-Efficiency Structures using Novel Precursor Layers

(2002), p. 371.
13) U. Jager, F. Fertig, P. Oesterlin, A. Biichel, R. Ullmann, H. U. Ziihlke, and R. Preu: Proc.

of 26" European Photovoltaic Solar Energy Conf. (2011), p. 1377.

- 109 -



Chapter 5. Summary and Outlook

Chapter 5

Summary and Outlook

5.1 Summary

This study applied LD to the fabrication of high-efficiency solar cell structures, such
as textured surfaces and selective emitters. LD readily enables impurity doping by
two-dimensional patterning in a single step at room temperature under ambient atmosphere.
However, emitter properties after LD depend on substrate surface structure and doping
precursor conditions. Therefore, several approaches were prosed to form high-quality doped
regions.

Chapter 2 describes the investigations of the influence of surface roughness on
emitter properties. Moreover, double-scan LD improved the reproducibility of
homogeneously doped regions in textured substrates. Surface appearance and electric
properties after LD were evaluated along with phosphorus doping profiles and -V
characteristics.

The influence of surface unevenness was determined using unpolished and flat

surfaces formed by additional chemical etching. Laser doped surface appearance suggested
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that surface unevenness generated voids at the PSG—substrate interface during spin coating,

leading to crater-like surface defects. These defects were controlled by additional surface

chemical etching, improving photovoltaic characteristics, especially V.. As expected, LD of

textured surfaces produced electric defects on the surfaces. Doping homogeneity

improvement and electric defect control were attempted using double-scan LD on textured

surfaces. The resulting surface structure appeared smooth but covered by ARC. In addition,

surface electric properties were improved, as indicated by EBIC measurements, and higher

phosphorus doping concentration and depth were observed because of the enhanced doping

homogeneity. Consequently, double-scan LD increased the photovoltaic characteristics (Jc,

Voo, and FF).

In Chapter 3, the influence of PSG—substrate interface adhesion on emitter properties

was investigated in LD-processed textured c-Si substrates. Interface adhesion among PSG and

substrate, surface structure after LD, doping profiles, and photovoltaic characteristics were

evaluated. Before spin coating, the hydrophobic substrate surface was chemically turned

hydrophilic to reinforce interface adhesion. Photovoltaic characteristics were determined

using a solar simulator after metallization.

The hydrophobic-to-hydrophilic change in surface wettability provided control over

the interface nanostructure between doping precursors and substrates. Laser doped

hydrophilic samples displayed a reduction in surface voids compared to their hydrophobic

counterparts. They also exhibited a greater doping depth and a higher phosphorus
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concentration by SIMS. These observations originated from the strong interface adhesion

between PSG and substrates at the nanoscale. Hydrophilic samples showed higher V. and J,

than their hydrophobic equivalents. Overall, interface structure control at the nanoscale

influences electric properties in laser-doped regions to a great extent.

In Chapter 4, the LD process was conducted using a silicon nanoparticle and PBF as

doping precursor layers for the first time. Locally doping was also applied to manufacture

high-efficiency solar cell structures such as selective emitters. The doping precursor—substrate

interface adhesion may be ignored when silicon nanoparticles act as doping precursors

because nanoparticles absorb laser energy directly and melt. On the other hand, it may be

improved using organic polymer-based doping precursors such as PBE. Strong interface

adhesion may result in the homogeneous introduction of impurities and high-quality doping.

Therefore, PBF was exploited for the fabrication of selective emitter solar cells.

When silicon nanoparticles were deposited as a doping precursor layer in the LD

process, they absorbed the laser energy and melted. Heat conduction from these nanoparticles

also melted the substrates at high laser energy. Molten nanoparticles and substrates fused in

the liquid phase and phosphorus impurities doped the substrates by recrystallization.

Consequently, silicon nanoparticles provided high-quality p-n-junctions. A conversion

efficiency of 7.0% was achieved, comparable to that of p—n-junctions manufactured by

conventional thermal processes.

Next, n-type c-Si solar cells presenting a selective emitter structure were fabricated
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by LD using PBF as SoD. Photovoltaic characteristics improved when selective emitters were

formed at optimum laser energy. The dopant tightly adhered to hydrophobic substrates, and

surface structures remained almost intact after LD. Laser irradiation induced additional boron

doping from BRL, as shown by SIMS measurements. Dark I-V characteristics suggested that

additional boron doping under the metal contacts reduced the reverse saturation current. LD

provided homogeneous boron-doped regions on the textured surface. The selective emitter

formed by LD at 0.6 W showed increased V, and FF values, which corresponds to

approximately 3% improvement in solar cell efficiency.
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5.2 Outlook

The application of LD to industrial c-Si solar cell fabrication processes hinges on

further research as described below.

1.

Laser irradiation conditions, such as laser pulse duration and number irradiating the c-Si

substrate surface, require more precise optimization in order to fabricate high-quality p—

n-junction and achieve reproducibility. In this thesis, the irradiation was performed using

nanosecond pulses but shorter pulses of the order of picosecond or femtosecond may be

used. Peak laser power is inversely proportional to pulse duration. Therefore, the peak

power-dependent melt-recrystallization process needs to be investigated using various

pulse durations.

A spatially controlled laser is necessary to optimize the doping profile for textured surface

LD. This study was conducted using a Gaussian-profile laser. However, laser irradiation

conditions were not fully optimized because of the textured surface. The top-hat laser,

which provides a spot exhibiting a homogeneous energy density, may enable a more

precise laser condition optimization on textured surfaces.

In this thesis, all doping precursors were formed by the cost-effective and high-throughput

spin-coating method. However, all precursor materials required organic solvents as
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dispersants. Therefore, organic contamination of the precursor layer may occur. Several

vacuum processes, such as chemical vapor deposition, produce amorphous silicon (a-Si)

exclusively comprising phosphorus or boron dopant without any contamination. The

influence of contamination in SoD sources may be evaluated by comparison with a-Si.

4. Microscale optical analysis is necessary to further understand the LD processing of

textured surfaces. The laser spot diameter ranges from 10 to 50 pm. A typical textured

surface called random pyramid structure consists of micron-sized pyramids. Therefore, the

laser spot spreads over several pyramids in one pulse, and the energy absorbed by the

substrate may differ at each part of pyramid. This absorption needs to be analyzed by

optical simulation.

5. Cost reduction is a critical issue in industry. Many studies have addressed the low-cost

production of substrates, such as solar-grade, monocrystalline-like, and high-performance

multicrystalline silicon. However, low-cost processes cannot avoid contamination by

impurities, such as metal precipitation from casting molds. The influence of impurities,

except dopants, needs to be investigated for the application of LD to low-cost substrates.

6. In situ observation is necessary to understand the laser-induced melt-recrystallization

process. The LD process generally comprises epitaxial growth during recrystallization.

However, such a growth requires LD processing of a smooth surface using an ultraviolet
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pulse laser. Industrial application involves various laser conditions (such as CW laser and

longer wavelength) and textured surfaces. Therefore, the melt-recrystallization process

must be analyzed under various conditions by in situ observation using instruments, such

as an ultra-high-speed camera.

High-efficiency structures, such as PERL cells, are expected to benefit from the ability of

LD to easily form locally doped regions in a single step. The application of LD to PERL

cells rely on the analysis of minority carrier lifetime after surface passivation. Therefore,

passivation layer deposition and laser irradiation need to be optimized. The

quasi-steady-state photoconductance decay approach can evaluate minority carrier

lifetime and facilitate condition optimization.
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Appendix A

Influence of Gaussian Profile to Inhomogeneity of

Doping

It is expected that the special Gaussian intensity beam profile which leads to an
inhomogeneous intensity distribution on the substrate" forms inhomogeneous doping profilez).
Thus, influence of overlap rate between laser-scans to solar cell efficiency fabricated by LD
using the laser with Gaussian beam was discussed in this section. The overlap rate can be
calculated as shown in Fig. A.1. As depicted in Fig. A.1, in the case of Gaussian beam, the
low overlap rate leads to lower the energy at near the edge of laser scan. The enough energy
needed for melt-recrystallization process is not given to substrate at the edge of laser scan. LD
was conducted with different overlap rates and solar cell efficiencies were evaluated. Fig. A.2
shows solar cell efficiencies compared with the samples fabricated by LD with different
overlap rates. The tendency of efficiency shown in Fig. A.2 revealed that efficiency was
getting lower with overlap rate under 20 % of overlap rate but it shows constant value in
efficiency over 20 % of overlap rate. In the LD with fewer than 20% of overlap rate,
inadequate regions of impurity doping might appear at the edge of laser scan. The reason of
the constant value of efficiency of the samples with over 20 % of overlap rate is contemplated

that the homogeneous doping profile needed for the fabrication of solar cell was formed by
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LD with 20 % of overlap rate. It also would appear that increase of the number of laser pulse

with overlap rate did not aggravate emitter quality after LD. In this thesis, overlap rates are

37.5 % and it can be considered adequate value for the resolution of inhomogeneity of

impurity doping caused by Gaussian beam profile.
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Figure A.2 Solar cell efficiency of the samples with different overlap rate
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Appendix A: Influence of Gaussian Profile to Inhomogeneity of Doping
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