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Abstract

The purpose of this thesis is the development of laser doping (LD) technique at room
temperature for crystalline silicon (c-Si) solar cell fabrication process and realizing a
fabrication of high-conversion-efficiency c-Si solar cells. In order to achieve this purpose,
firstly, the mechanism of LD technique is revealed by investigation of doping profile on a
variety of laser irradiation conditions, and a relationship between dopant film and laser
irradiation. Secondly, LD technique is applied to a pn junction formation at room temperature
as an alternative to conventional thermal diffusion in the c-Si solar cell fabrication process.
Finally, in order to realize the fabrication of low-cost and high-conversion-efficiency c-Si
solar cells, LD technique is applied to a selective emitter formation at room temperature
without any treatments.

In Chapter 2, in order to reveal the mechanism of LD, a dependency of laser
irradiation condition for the doping profile was investigated in detail. It was found out that the
laser irradiation conditions influenced to not only the doping profile, but also the surface
appearance after laser irradiation. The doping depth was able to control depending on laser
output power, focus condition and scanning speed. Furthermore, LD mechanism was
discussed to reveal the principle of LD. From a point of view of a doping layer formation, LD

is very fast compared with conventional thermal diffusion, since the diffusivity in liquid



silicon is up to 10 orders of magnitude greater than that in solid silicon.

In Chapter 3, phosphorous silicate glass (PSG) film as a dopant precursor of LD was

investigated for optimization of LD. In particular, the investigation was focused on reflectance

of PSG film. A new method using the sputtering for the formation of PSG film was proposed.

A calculation of reflectance of PSG film at the used laser wavelength indicated that the

reflectance of PSG film depends on PSG film thickness. The reflectance of PSG film formed

by sputtering method agreed well with calculations in the margin of error within 1.5 %. This

indicated that various reflectance of PSG film can be formed and controlled by the sputtering

method. The results indicated that the doping profiles strongly depended on the reflectance of

PSG film.

In Chapter 4, LD was applied to the fabrication of c-Si solar cells at room

temperature and in air ambience. The conditions of laser irradiation in LD were optimized for

the c-Si solar cell emitters. The obtained results demonstrated that c-Si solar cells fabricated

by LD in condition of optimum laser irradiation gave relatively similar photovoltaic

properties to one fabricated by the conventional method. Furthermore, the results of internal

quantum efficiency (IQE) indicated that laser-doped c-Si solar cells formed deeper pn

junction than that of thermal diffused. Finally, electroluminescence (EL) revealed that

laser-doped c-Si solar cells emitted the inhomogeneous EL in 2 dimensions. The efficiency of

laser-doped c-Si solar cells deposited with SiNy film as antireflective coating (ARC)

eventually resulted in 7.3 %.



In Chapter 5, LD applied to form and optimize the selective emitter. It was confirmed
that a selective emitter formed by LD at room temperature and in air ambient was realized to
fabricate the high-conversion-efficiency of c-Si solar cells. Furthermore, it was found that the
laser-doped emitter gave the improvement of the series resistance, eventually F.F. improved
up to 1%. Obtained results showed the potential of LD at room temperature for fabricating

low-cost and high-conversion-efficiency c-Si solar cells.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Background

A vital energy source of human life is fossil fuels. The most of fossil fuels, in
particular, oils are important for human life such as power generator, plant, transportation, and
so on. However, the oils have issues for human life and the earth. One of the issues is a
shortage of resources. A research team predicted this issue to be lost completely until 2048.”
Anther of the issues is gases such as CO,, NOy, and/or SO exhausted by the fire of fossil
fuels. These gases cause the acid rain, air pollution, and climate change. In order to prevent
these issues, energy sources without fossil fuels has been developing and already established.

The most important thing for human life is electric power. In order to un-use fossil
fuels, nuclear plant has been developing and established in Japan as an alternative of coal
and/or oil fired plant. The nuclear plant is the highest conversion efficiency of the electric
power generation, no air pollution, and the cheapest electric power generation than the
others.? However, on March 11th 2011 in Japan, the earthquake and tsunami hit. The

Fukushima Daiich nuclear plant which is one of the big nuclear plants in Japan was hit, and
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damaged by this disaster. Finally, the radioactivity is exhausted to the atmosphere. This is still
exhausting around Fukushima Daiichi nuclear plant now. In addition, the radioactive waste
treatment has issues for the future of human life in Japan. People on the earth are praying
“Never Fukushima”, and thus the new energy sources are more and more required.

As new energy sources, fuel cell, wind, and solar cells are greatly expected for the
solutions to the above problems. In particular, solar cells are much strongly expected. The
solar cells can convert sunlight to electric power directly by the photoelectric effect, without
any pollution including radioactivity to the earth environment. In addition, sunlight is a
virtually unlimited energy resource about 1.8x10™ kW. Thus, the solar cells are the most
important energy resource for human life.

Recently, solar cell production and installation has been exponentially increasing all
over the world. The total production of solar cells exceeded 20 GW in 2010 as shown in Fig.
1.1.9 This growth can be predicted to continue more, and the production of solar cells would
exceed 1,000 GW by 2020." Actually, the nuclear plant can generate electric power within 1
GW. The nuclear plant in the world sets 432 plants, and the sum of their capacity of
generation is about 39 GW.” Thus, solar cells have a potential of the next primary power
generation. However, in spite of such growth in recent, the power generating cost is higher
than that of other conventional electric power generators as shown in Table 1.1.” The cost of
generation in solar cells is 46 yen/kWh. To become the primary power generation as an

alternative to conventional electric power generators, it should be reduction to under 7

*Predicted by eye guide line shown in Fig.1.1.
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yen/kWh by 2050, which was raised in “PV Roadmap 2030" (P\VV2030%)” by New Energy and
Industrial Development Organization (NEDO).® In order to reduce the cost of generation of

solar cells, the technological developments are necessary.

1.2 Laser Processing for Crystalline Silicon Solar Cells

The solar cells have been researching and developing using much kind of materials.
In the production level, the main solar cells over 80 % in the ratio of all solar cells consist of
wafer-based mono- or multi-crystalline silicon (c-Si) as shown in Fig. 1.2.% Because, this base
material, namely silicon is abundant materials available on the earth.® Moreover, wafer based
c-Si solar cells has a long history of development that the first experiment of wafer-based c-Si
solar cells was reported by D. M. Chapin et al. in 1954.” As being a long history of
development over 60 years, the solar cells based on c-Si should be also the primary solar cells
in production in the future. However, they mainly suffer from the high material cost of c-Si,
which is in the range of 60 % of total solar cell cost. The remaining 40 % are dominated by
fabrication process, especially diffusion to form a pn junction, etching, and edge isolation
process.? In order to reduce total solar cell cost, it is necessary to be the reduction of c-Si
wafer-thickness and develop the fabrication process. From the point of view in the reduction
of c-Si wafer-thickness, a thin c-Si wafer (< 100 pum) is achieved. However, recent

technologies in c-Si solar cell fabrication process are unsuitable for such a thin wafer. The
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fabrication of c-Si solar cells usually needs metallization, lithography with wet chemical
etching and high temperature annealing in furnaces processes. If their processes apply to
thinner c-Si wafer, it cannot stand the mechanical or thermal stress, resulting in deterioration
of fabrication yield. Thus, the establishment of new processes suitable for thinner silicon solar
cell is necessary. Laser processing is one alternative to the conventional c-Si solar
cell process because it can be performed at room temperature in air ambient and form a
selective structure easily. Several techniques using laser such as Laser Fired Contact®, Laser

W Laser Drilling*?, and dielectric layer

Texturing'®, Laser Grooved Buried Contact
removal*® have been proposed and developed. In addition, an essential structure in solar cell,
namely pn junction is formed by conventional thermal diffusion which uses temperature in the
range of 900°C. Therefore, this processing step is one of the most costly ones during the entire
c-Si solar cell fabrication.) Replacement of diffusion method using a laser for pn junction
formation could reduce the process cost in principle. Laser doping (LD) technique is the

promising laser process in fabrication of c-Si solar cells. To clarify these lasers process

applying to c-Si solar cell, Fig.1.3 was illustrated.
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Figure 1.1: Annual production of solar cells in the world.?

Table 1.1: Power generation cost of different energy source.?

Power generation cost

Energy source (yen/kWh)
il 10.0~17.3
Coal 5.0~6.5
LNG 58~7.1
Water 8.2~133
Nuclear 48~6.2
Solar 46
Wind 10~ 14
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Figure 1.3: Application of laser processing to c-Si solar cell structure/fabrication process.
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1.3 Laser Doping Technique for Crystalline Silicon Solar Cells

LD technique was developed by J. M. Fairfield and G. H. Schwuttke who were the
first to form a doping layer with a laser in 1968.Y And then, LD technique has been widely
studied with a wide variety of dopant sources to create a pn junction such as dopant gas
atmosphere™, liquid dopant®, deposited dopant'”, discharge implantation and excimer laser
annealing® . Although such LD techniques for the formation of a doping layer in gate metal
oxide transistors (MOS) or solar cells had been studied and developed for a long time, they
have not been applied into semiconductor device fabrication process due to the high cost of
laser source, low stability of laser beam quality, and large size of laser equipment. Therefore,
they are not suitable for low-cost processing of such semiconductor devices. Moreover, many
defects were created by laser irradiation in silicon.

By recent progresses, the laser sources have developed dramatically for a low-cost
and high stability of laser beam quality. One of the laser sources, diode pumped solid state
(DPSS) laser achieved low-cost, high stability of laser beam quality, and minimization of laser
source. In addition, this laser can irradiate high intensity of power. Therefore, the LD
technique returned to attract much attention as an alternative for low-cost processing of

semiconductors, in particular c-Si solar cells, to conventional doping layer formation.
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1.4 Purpose and Outline of This Thesis

Recently, c-Si solar cells require not only cost reduction but also high conversion
efficiency. In order to realize these requirements, the LD technique is an attractive method as
an alternative to conventional doping layer formation, namely thermal diffusion. Because it
can be performed at room temperature in air ambient and form a selective structure easily
without any lithography steps. A selective area doping for the selective emitter in c-Si solar
cells is very important for increasing conversion efficiency 1n.>” Typical processes for
selective emitter require extra diffusion in the furnace and photolithography.?" C-Si solar cells
require many treatments at these process steps; for example, diffusion barrier, wafer cleaning,
and thermal diffusion. C-Si solar cells are subjected to stress at each process step. These steps
are time-consuming and result in additional costs. Instead of the conventional selective area
doping, LD technique is more attractive as an alternative. Thus, this is a simple and easy
method for fabrication of low-cost and high-conversion-efficiency c-Si solar cells. In addition,
these advantages can improve the fabrication yield, especially in the case of silicon substrates
of less than 100 um thickness, which leads to low-cost and high-conversion-efficiency c-Si
solar cells.

The purpose of this thesis is the development of LD technique at room temperature
for c-Si solar cell fabrication process and realizing the fabrication of

high-conversion-efficiency c-Si solar cells. The formation of dopant source in this thesis is
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performed by spin coating. This method can form a dopant source easily using dopant

contained liquid. Moreover, a solid state dopant source can be obtained at quite low

temperature around 150 °C.

In this thesis, firstly, the principle of LD technique is discussed by investigation of

doping profile on a variety of laser irradiation conditions and relationship between dopant

film and laser irradiation. Secondly, LD technique is applied to a pn junction formation at

room temperature as an alternative to conventional thermal diffusion in c-Si solar cell

fabrication process. Finally, in order to realize the fabrication of low-cost and

high-conversion-efficiency c-Si solar cells, LD technique is applied to a selective emitter

formation at room temperature without any treatments. This thesis is consisted of 6 chapters

as below.

In Chapter 1, the introduction of this research is described about the background,

purpose and contents.

In Chapter 2, the fundamental principle of LD is discussed by investigation of doping

profile with vary conditions of laser irradiation. In conditions of laser irradiation, three

parameters are chosen. Furthermore, the dependence of doping profile and surface appearance

change on vary conditions of laser irradiation are investigated and discussed to reveal the LD

mechanisms.

In Chapter 3, the further investigation of LD is carried out to reveal the relationship

between dopant film and LD. A new technique of dopant film formation is introduced in this
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chapter. The influence of dopant film to the doping profile in LD is revealed and discussed.

In Chapter 4, LD technique is applied to a pn junction formation at room temperature

as an alternative to conventional thermal diffusion in c-Si solar cell fabrication process. The

LD for the fabrication of c-Si solar cells is optimized in this chapter. Furthermore, the LD

with optimum conditions of laser irradiation applying to the formation of pn junctions and

fabrication of c-Si solar cells is characterized for electrical properties. Obtained characteristics

are suggested to the realization of high-conversion-efficiency c-Si solar cells.

In Chapter 5, the LD technique is applied to selective emitter formation for

realization of high-conversion-efficiency c-Si solar cells. The selective emitter is formed at

room temperature into furnace diffused emitter. The selective emitter formed by LD is

optimized and discussed about correlation between emitter and selective emitter. Furthermore,

c-Si solar cells with selective emitter are fabricated only by LD at room temperature. This

chapter reveals feasibility for the fabrication of high-conversion-efficiency c-Si solar cells.

In Chapter 6, conclusions of this research are summarized. Outlooks of this research

are also described.

-10 -
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Chapter 2

Principle of Laser Doping

2.1 Introduction

C-Si solar cells need a doping layer, namely pn junction, to generate electric power.
A usual method for formation of pn junction in c-Si solar cells is a thermal diffusion.” The
conventional thermal diffusion in c-Si solar cell fabrication process achieves an impurity
doping at a high temperature around 900 °C, in N, ambience to avoid the other impurity
diffusion which reduces device performance.? However, the conventional method is
unsuitable for low-cost processing of c-Si solar cells, especially in the case of silicon
substrates of less than 100 um thickness. This is because silicon substrates are subject to
stress induced by high temperature. LD is an alternative to the conventional c-Si solar cell
fabrication process because it can be operated at room temperature and in air ambience.

In this chapter, the doping profile, which is doped by LD at room temperature and in
air ambience, is investigated to reveal the principle of LD. The conditions of laser irradiation
for investigation of LD are determined by controllable parameter in the laser system.

Moreover, surface morphology after laser irradiation is investigated to reveal a dependence on

-14 -
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the conditions of laser irradiation. Obtained results in this chapter are very important in order
to apply LD to the silicon solar cell fabrication process, also optimize LD for the fabrication

of c-Si solar cells.

2.2 System for Laser Doping Experiments

Fig. 2.1 illustrated photograph of the laser system used in this research. This system
consists of Nd**:YVO, Continuous Wave (CW) laser with 532 nm wavelength (Coherent,
Verdi/V-5), mechanical shutter, reflective mirrors, collective lens (Nicon, CF Plan, 5%/0.35,
Work Distance: 20.5 mm), x-y stage for scanning of samples, x-y stage controller unit (SHOT
T-202, SIGMA KOKI), shutter controller (Model F116, SURUGA SEIKI) and personal
computer for controlling of x-y stage automatically. The laser spot shape and distribution are

circle and Gaussian (TEMgo-mode), respectively.®

2.3 Experiment of Laser Doping

As the silicon substrates, 0.1-2 Qcm 300-pum-thick, p-type, Czochrralski (Cz),
(100)-oriented substrate was used. The 2 inch silicon wafer was cut into 1.0 x 1.0 cm? size
and RCA cleaning was performed to clean the samples. The RCA cleaning procedure is

summarized in Table 2.1. After RCA cleaning, the dopant contained liquid (Tokyo Ohka

-15 -
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Kogyo co.ltd, OCD T-1) was spin-coated onto the polished surface using spin-coater
(KYOWARIKEN.inc, K-359 S-1). The phosphorus contained liquid was used to form n*
doped layer in p-type substrates. They were subsequently dried on a hotplate at 100°C for 15
min to obtain the solid phase precursor film, namely phosphorus silicate glass (PSG) film.
Then, the laser was irradiated on the full-surface area of the PSG film coated sample at room
temperature and in air ambience to form a doping layer as shown in Fig. 2.2. Doped area was
accomplished by moving the stage on which a sample was mounted during laser irradiation; a
xy-translation stage moved in x-direction from edge to edge of the sample then shifted in
y-direction and this cycle was repeated in whole sample surface. The laser spot diameter on
the sample surface and the stage shifted pitch were approximately 6.0 um at the focal point of
the collective lens and 6.0 um, respectively. The spot diameter was determined by using the

following equations.”

rzxfz

{2}

' = —Z— (2.1)
i)}

7y = TXT%Xn

"= Tm2xa (22)

M2 is the value of M? f is the focal point distance of lens, n is the refractive index, r

is the initial beam diameter of laser head. In the case of this laser system, these parameters are
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as followings.”
M2 = 1.1 (M?)
f=20.5mm
n ~ 1(in air)

r=2.25mm

The calculated spot diameter on the sample surface is approximately 6.0 pum
(Gaussian distribution at eiz).

For the investigation of doping concentration and depth, the secondary ion mass
spectrometry (SIMS, Physical Electronics, ADEPT 1010 Quadrupole SIMS) measurement
was performed. The concentration and depth profiles in SIMS data was calculated to change
the value from mass counts (data obtained at SIMS measurement) to concentration by
reference sample which has been measured for the amount of dose impurity in silicon material
and to change the value from time (data obtained at SIMS measurement) to the depth by

etching rate, respectively. The etching rate of SIMS was measured by uneven measurement.
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Shutter Light path

[

Laser head x-ystage Collective lens Mirror

(@)

Stage controller
Shutter controller

Computer for stage control

(b)

Figure 2.1: Laser system of laser doping.
(a) Overview of laser system for doping,
(b) Stage control system
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Nd: YVO, laser (wavelength 532 nm)
Continuous Wave (CW)
Output power: 1.0W-5.0W

Collective lens
-100 um

Movable ﬁ

+100 pum

Solid phase doping precursor
(Phosphorous Silicate Glass: PSG)

&/

Silicon Cz substrate Laser spot diameter: 6.0 um

Xy-translation stage
Shifted pitch: 6.0 um

Figure 2.2: Schematic model of LD.
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Table 2.1: RCA cleaning procedures.

No. Process Chemicals Conditions
H,S04 (97%) 15minat80°C
1 SPM — 1:1 = H,S04(97%):H20, (30%) | — 10minat80°C
2 Rinse Deionized H,O (18 MQscm?) 1minat20°C
3 HF HF (5%) 3minat25°C
4 Rinse Deionized H,O (18 MQescm?) 1minat20°C
5 RCA-1(SC-1) 1:5:1 = NH3(27%):H20:H:0; 15min at 80°C
6 Rinse Deionized H,O (18 MQscm?) 1 min at 20°C
7 HF HF (5%) 3min at 25°C
8 RCA-2 (SC-2) 1:5:1=HCI (27%):H20:H20, (30%) 15 min at 80°C
9 Rinse Deionized H,O (18 MQ+cm?) 1 min at 20°C
10 HF HF (5%) 3min at 25°C
11 Rinse Deionized H,O (18 MQ+cm’) 1 min at 20°C

12 Dry N2gas N2 gun blow
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2.4 Laser Doping Dependence on Irradiation Condition

In this section, the doping profiles which doped on different conditions of laser
irradiation were investigated. The controllable parameters of the laser system are laser output
power controlled by laser power adjuster, scanning stage speed controlled by stage controller,
laser focus condition controlled by micro meter attached lens holder.

The laser output power was changed in range from 1.0 W to 5.0 W. The laser focus
condition can be controlled in range from - 100.0 um to + 100.0 um which is defined as
shown in Fig. 2.3. The laser scanning speed was controlled in range from 1.0 cm/s to 10.0

cm/s.

2.4.1 Laser Output Power

The SIMS result which indicates the concentration of phosphorous atoms doped into
p-type silicon substrate was shown in Fig. 2.4. In this experiment, the laser scanning speed
and focus during laser irradiation were 6.0 cm/s and about +-10.0 um, respectively. The
irradiation time at laser spot is 0.1 ms. The doping depth was completely controlled by
changing the laser output power. In the case of laser output power at 4.0 W and at 5.0 W, the
doping depth over 2.0 um and the doping concentration of 10?* cm™ at the surface were

obtained. On the other hand, in the case of laser output power from 1.0 W to 3.0 W, the
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doping depth under 2.0 um and doping concentration at 10*° cm™ were obtained. It was
clearly shown that laser output power between 3.0 W and 4.0 W is a threshold of doping depth
and concentration. This would be explained by the LD mechanism as follows. Laser
irradiation causes the melting of silicon and simultaneously creates dopant atoms by
photolysis or pyrolysis of the solid phase doping precursor.) Then, dopant atoms are
incorporated into the molten silicon region by the liquid-phase diffusion during the
liquid-phase re-crystallization of silicon. " At the same time, the activated dopant atoms by
laser would diffuse deeper into silicon substrate. The depth of silicon melting and energy
given to dopant atoms strongly depends on the laser output power and penetration depth of
light into silicon substrate. The penetration depth at the wavelength of 532 nm is around 1 pum
as shown in Fig. 2.5.9

Fig. 2.6 shows the surface morphology after the laser irradiation on changing the
laser output power. Many holes were observed at higher laser output power conditions (4.0 W
and 5.0 W). However, in the case of lower output power, the smooth surface after the laser
irradiation observed. These results indicated that surface morphology would be related to the

doping depth by LD.
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Fig. 2.3: Definition of focus distance and direction.
(@) Lens condition, (b) at focal point,
(c) at defocus inside substrate, (d) at defocus outside substrate
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Figure 2.4: Doping dependence on laser output power.
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Figure 2.5: Penetration depth of wavelength into silicon at 300K.%
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(@) (b)
1(:m 10?n
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Figure 2.6: Surface morphology after laser irradiation when the laser output power changed.
(@) 5.0W, (b)4.0W, (c)3.0W, (d) 2.0 W
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2.4.2 Laser Focus

Fig. 2.7 shows the depth profile of phosphorous atoms doped into p-type wafer with
the different laser focus conditions. In this experiment, the laser output power and scanning
speed during laser irradiation were 5.0 W and 6.0 cm/s, respectively. The irradiation time at
laser spot is 0.1 ms. The focal point of the collective lens is 0.0 um as a definition of laser
focus condition (shown in Fig. 2.3). The doping depth was over 3.0 um on the focal point
condition as shown in Fig. 2.7. However, the doping depth was under 3.0 um at defocus
condition over 50.0 um. Thus, the doping depth profile depended on the laser focus condition.
Moreover, the different concentration of dopant atoms was confirmed depending on the laser
focus condition. This difference is probably due to the reduction of supplied energy density
from laser to dopant atom on defocus condition. The supplied energy density at 0.0 um, +-
50.0 um, +- 80.0 pm, +- 90.0 pm and +- 100.0 pm were 1768.4 J/cm?, 1762.5 J/cm?, 1756.7
Jlcm?, 1750.8 J/cm? and 1750.8 J/cm?, respectively.

Fig. 2.8 shows the surface morphology after the laser irradiation on the different
focus conditions. The focal point created the rough like grooved surface as shown in Fig. 2.8
(2).> 1 By contrast, the defocus condition created the smooth like re-crystallized surface as
shown in Fig. 2.8 (b), (c).*” Fig. 2.9 shows the cross sectional image of laser irradiated area
using the scanning electron microscope (SEM) observation. Many defects were observed in

laser irradiated area by the cross sectional image on focal condition as shown in Fig. 2.9 (a).
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On the other hand, at defocus condition, the cross sectional image observed no defects in laser
irradiated area as shown in Fig. 2.9 (b), (c). These results would be explained as followings.
In the case of focal condition, the silicon was ablated by high laser energy irradiation when
the silicon was melted during laser irradiation. By contrast, in the case of defocus condition,
the silicon was not ablated due to low laser energy density.

For the focus direction, when the defocus direction was from the surface to outside of
substrate, the doping profiles depended on the focus distance from the focal point as shown in
Fig. 2.10. While, when the defocus direction was moved from the surface to inside of
substrate, the same doping profiles on focus condition of 0.0 um and 50.0 um were formed as
shown in Fig. 2.10. Moreover, the morphology was formed like grooved surface at inside
focus condition as shown in Fig. 2.11 (b), and also the cross sectional SEM image observed
the damage near surface as shown in Fig. 2.12 (b). Thus, the focus direction at inside from
focal condition would influence to not only the doping depth profile, but also morphology
formation after laser irradiation.

These obtained results revealed that the doping depth profile and morphology after

the laser irradiation strongly depend on and relate to the laser focus condition.
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Figure 2.7: Doping dependence on focus condition from focal point to outside substrate.
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Figure 2.8: Surface morphology after laser irradiation with different focus conditions.
(a) Focal point (0.0 um) (Energy density: 1768.4 J/cm?),
(b) Defocus at — 40.0 um (Energy density: 1762.5 J/cm?),
(c) Defocus at — 100.0 um (Energy density: 1750.8 J/cm?)
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Figure 2.9: Cross sectional images at laser irradiated area with different focus conditions.
(a) Focal point (0.0 pm) (Energy density: 1768.4 J/cm?),
(b) Defocus at — 40.0 um (Energy density: 1762.5 J/cm?),
(c) Defocus at — 100.0 pm (Energy density: 1750.8 J/cm?)
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Figure 2.10: Doping profiles when defocus direction was from focal point to inside substrate.
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Figure 2.11: Surface morphology after laser irradiation with different focus conditions.
(a) Focal point (0.0 um) (Energy density: 1768.4 J/cm?),
(b) Defocus at + 40.0 um (Energy density: 1762.5 J/cm?),
(c) Defocus at + 100.0 pm (Energy density: 1750.8 J/cm?)
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Figure 2.12: Cross sectional images at laser irradiated area with different focus conditions.
(a) Focal point (0.0 pm) (Energy density: 1768.4 J/cm?),
(b) Defocus at + 40.0 um (Energy density: 1762.5 J/cm?),
(c) Defocus at + 100.0 um (Energy density: 1750.8 J/cm?)
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2.4.3 Laser Scanning Speed

Fig. 2.13 shows the depth profile of phosphorous atoms doped into p-type wafer on
the different scanning speeds. In this experiment, the laser output power and focus during
laser irradiation were 5.0 W and approximately — 90.0 um, respectively. The irradiation time
at the laser spot was 0.6 ms at 1.0 cm/s, 0.1 ms at 6.0 cm/s, and 0.06 ms at 10.0 cm/s. The
results showed that the doping depth depends on scanning speed. It is considered that doping
depth would relate to scanning speed, namely time of laser irradiation.

Fig. 2.14 shows the surface morphology after the laser irradiation with the different
scanning speeds. The rough surface was observed at the slower scanning speed, while the
smooth surface was observed at the faster scanning speed. This morphology formation
strongly depended on time of laser irradiation.

Obtained results indicated that the doping depth and surface morphology formed by

LD depends on time of laser irradiation.
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Figure 2.13: Doping profiles dependence on scanning speed.
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Figure 2.14: Surface morphology after laser irradiation with different scanning speeds.
(@) 1.0 cm/s (0.6 ms),
(b) 6.0 cm/s (0.1 ms),
(c) 10.0 cm/s (0.01 ms)
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2.5 Discussion of Laser Doping Mechanism

The doping mechanism of LD is different from the solid phase diffusion of impurities
like a conventional thermal diffusion over 800 °C with long diffusing time into silicon. LD
induces silicon melting, namely liquid phase diffusion of impurity, and then incorporates
impurity during re-crystallization. ” In addition, LD can form a doping layer in short time
within a few second. In this section, doping depth, concentration and cavity creation by LD

were discussed in order to reveal the doping mechanism of LD.

2.5.1 Doping Depth and Concentration

The impurity diffusion process can be approximated by two kinds of functions.® In
the case of limited source concentration, the impurity diffusion is given by the Gaussian

function,

S 2
C(xt) = = exp (— 4X—Dt) (2.1)

where C [/cm®], D [cm?s], S [/em®], t [s], and x [nm] are the impurity concentration, the
diffusion coefficient, the total amount of impurities in diffusion source, diffusion time, and

doping depth, respectively. In the case of constant surface concentration, the impurity
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diffusion is given by the complementary error function,

C(x,t) = Cgerfc (— %ﬁ) (2.2)

where Cs [/cm?] is a surface concentration.
The investigation of LD profile was approximated by two functions (equation 2.1,
2.2) with LD profile as shown in Fig. 2.7. Assuming the limited doping source in the doping
precursor (PSG film) of LD, LD profile should be approximated by Gaussian function. The
parameters of approximation were S, and D. The diffusion time of impurity t = 0.1 ms was
laser irradiation time at laser spot (6.0 um). The results of approximation data using
experimental data from Fig. 2.7 were shown in Fig. 2.14. As shown in Fig. 2.14, the all
experimental data curves agreed well with approximated data curves. However, the
experimental data curves of laser output power from 2.0 W to 5.0 W did not agree with
approximated data curves using Gaussian function. To fit with approximation curves, the
experimental curves were separated at a depth where the doping concentration decreased.
That calls “Tail region” in this thesis. Moreover, the tail region was approximated by the
complementary error function. As well as the first approximation, the diffusion time of
impurity t was 0.1 ms. The results of the tail region of approximation data were shown in Fig.
2.15. The obtained values of S and D from approximations were summarized in Table. 2.2. At

the first approximation by Gaussian function, the diffusivity of 5.0 W and 4.0 W was 5.1x10™
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cm?/s. The diffusivity of phosphorous in the liquid silicon is around 5.1x10™ cm?s.*® Thus,
LD at 5.0 W and 4.0 W formed a doping layer in liquid phase diffusion. By contrast, the
diffusivities of from 3.0 W to 1.0 W were 2.0x10®° cm?/s, 3.0x10°® cm%s, and 2.0x10" cm?/s,
respectively. However, the diffusivity of phosphorous in solid silicon at melting point of
silicon around 1410°C is 1.0x10™° cm?s.'? The diffusivity in solid silicon were summarized
in Table. 2.3. Thus, LD at from 3.0 W to 1.0 W induced the melting of silicon. Although the
diffusivities of from 3.0 W to 1.0 W over that of melting point of silicon, they were lower than
that of liquid silicon. It is considered that the solidification of silicon relates to the diffusivity.
Moreover, in the second approximation for the tail region, the diffusivities were between
1.5x10° cm?/s and 1.1x10"" cm?s. It is considered in the tail region that the solidification of
silicon strongly influenced the diffusivity.

LD profile was obtained large different concentration between 4.0 W and 3.0 W as
shown in Fig 2.4. This can be also discussed by approximations. The values of impurity
concentration obtained from approximations were summarized in Table. 2.4. The difference of
impurity concentration existed between 4.0 W and 3.0 W as shown in Table. 2.4. Taking
account into the diffusivity, the difference of impurity concentration related to solidification
of silicon. Thus, it is considered that the impurity concentration relates to segregation of

impurity.
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Figure 2.14: Doping profile of laser output power approximated by the Gaussian function.
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Table. 2.2: The diffusivity D of phosphorous of LD from experimental curves in doping
profile and tail region.

Doping profile Tail region

Laser output power D (cm?/s) D (cm?/s)

5.0W 5.1%10* 6.0x 107

40W 5.1%x10* 1.1x 107

3.0W 2.0x10° 1.5x 107

20W 3.0x10° 2.0x 107
1.0W 2.0x107

Table. 2.3: The diffusivity of phosphorous in solid silicon.*?

Temperature D (cm?/s)
1410 °C (Melting point) 1.0x 10710
1000 °C 1.0x 10

900 °C 1.0x 10

Table. 2.4: The impurity concentration obtained from approximations

Laser output power S (/lcmd) Cs(/cm?)
5.0 W 2.0x10Y 1.0 x 10%°
4.0W 2.0x10Y 1.0 x 10%°
3.0W 3.0x 10%° 1.5 x 10%°
20W 1.5 x 10 7.0x10%
1.0W 1.5 x 10%°
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LD profile was obtained a large different depth between 3.0 W and 4.0 W as shown
in Fig 2.5. This is considered as following mechanisms. The laser has the two kinds of
melting mode. One is the thermal diffusion mode, and another is the deep melting mode. In
the case of thermal diffusion mode, this mode occurs at irradiated laser power density under
10° W/em?. ¥ In this mode, thermal induced by laser diffuses to wide area from irradiated to
other area, and throughout material. By contrast, in the case of deep melting mode, this
melting mode occurs at the irradiated laser power density over 10° W/cm2.'¥ In this melting
mode, the molten pool is created at the laser irradiation area. The laser irradiated surface is
ablated during molten pool creation. The surface of the molten pool generates waves induced
by ablated materials. These waves induce a hole in the molten pool. The laser beam gets into
deep depth through this hole. These mechanisms usually occur in the case of weld of stainless
using CO, or YAG laser with infrared wavelength. Moreover, all laser output powers in this
study are over 10° W/cm?. Thus, this should be considered to relating to optical absorption

into silicon. The schematic model of these mechanisms was shown in Fig. 2.16.
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Figure 2.16: Schematic model of laser melting mode.
(a) Melting at Deep melting mode,
(b) Melting at thermal diffusion mode
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Figure 2.17: Cavities creation at 5.0 W.
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2.5.2 Cavity Creation

It was verified that the cavity created after laser irradiation at 5.0 W as shown in Fig.
2.17. This is considered that the ablated materials from laser irradiated area attached on
molten pool, and then the molten pool created air bubbles. These bubbles were broken by
surface tension. The broken bubbles solidified when removed laser irradiation. In particular,
in the case of 5.0 W, the doping depth is the deepest than that of other laser output powers.
The deepest melting condition would be a much easier creation of cavity due to a lot of
ablated materials. Fig. 2.18 shows the laser trace after one scan at scanning speed of 6.0 cm/s
and the focal point. Higher laser output power observed a lot of ablated materials around the
laser scanned area (Fig. 2.18 (a)). By contrast, lower laser output power observed no ablated
materials (Fig. 2.18 (b)). These figures are a proof of the creation of cavity after laser

irradiation at high output power. A model of cavity creation was illustrated in Fig. 2.109.
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(a) (b)

Figure 2.18: Laser trace after one scan on surface with higher and lower laser output power.
(@) 5.0W, (b) 3.0W

Cavity Ablated materials Laserbeam

Recrystallized Si Liquid Si

PSG

Figure 2.19: Model of cavity creation by laser irradiation.
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2.6 Summary

In order to reveal the principle of LD, a dependence of laser irradiation condition for
the doping profile was investigated in detail. It was found out that the laser irradiation
conditions influenced not only the doping profile, but also the morphology after laser
irradiation. The doping depth could control depending on laser output power, focus condition
and scanning speed. In particular, laser output power could control the doping depth in range
from 1.0 um to 5.0 pm.

Laser focus could control the doping depth. However, it is unstable the doping profile
depending on focus direction. The focus from the surface to outside of substrate could obtain
as changed from rough to smooth surface. Furthermore, the cross sectional image was
observed that defects were created by laser irradiation at the focal point. At the focus from the
surface to outside of substrate, no defect was observed by SEM in the cross sectional image.

Laser scanning speed could control the doping depth in range of from 1.0 um to 2.0
pum. The morphology formation strongly depended on the scanning speed, thus time of laser
irradiation related to this dependence.

The LD mechanism was discussed with doping depth and cavity creation. To reveal
the LD mechanism, the approximations were introduced. The LD induces the silicon melting,
and then the impurity doping into silicon during solidification of silicon. Thus, the LD has the

transient mechanism related to melting and solidification of silicon. From a point of view of
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the diffusivity, in the solid silicon, the diffusivity of phosphorous is around 1.0x10™** cm?/s at
900 °C, and 1.0x107*° cm™/s at melting point of silicon.*? By contrast, the diffusivity of LD is
over 1.0x10”. Furthermore, the maximum diffusivity of LD is around 5.1x10™ cm?/s. Thus,
LD induces the melting of silicon and forms a doping layer in a short time, since the

diffusivity of LD is higher than that in solid silicon.
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Chapter 3

Investigation of Dopant Films for Laser Doping

3.1 Introduction

LD induces the melting and recrystallization of silicon to form a pn junction.” The
conditions of laser irradiation gave the dependence of the doping profile which revealed in
chapter 2. However, LD for the formation of a doping layer to form a pn junction needs a
dopant precursor. Forming a pn junction in c-Si solar cells, a dopant contained film or
solution is generally utilized.>™ Thus, it is important for optimization of LD that the
efficiency of light absorption in a dopant precursor is investigated because the laser emits a
specific wavelength.®) An investigation of dopant precursor for LD has not yet revealed so far.

In this chapter, the dopant precursor was investigated for optimization of LD. A
phosphorous silicate glass (PSG) film was used as the dopant precursor in this study. The
optimization of LD not only for the fabrication of c-Si solar cells but also high effiency c-Si
solar cells would depend strongly on the optical properties of PSG film.The PSG film was
formed by the spin-coating method in this thesis. However, this method forms ununiform film

on the sample surface. In addition, it is difficult to control the film thickness less than 200 nm.
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Therefore, a sputtering for the formation of PSG film on the sample surface as a new method
is proposed. This method can form a uniform film on whole sample surface.” 1® Moreover,
this method can control the film thickness easily by changing the deposition time of film, RF
power, and the distance between a sputtering target and substrate.’Y By this method, the
optical properties of PSG film; in particular, the reflectance can be controlled. In this study,
only the film reflectance was focused in order to reveal the correlation between the LD and

dopant precursor.

3.2 Preparation of Dopant Films using Sputtering Method

The sputtering is one of the film deposition methods. This method can be deposited
the film from the target sputtered by accelerated ions of ambient gas in the sputtering chamber.
The ambient gas is dissolved by plasma.

The sputtering equipment used in this study is the radiofrequency (RF: 13.56 MHz)
magnetron ternary sputtering (Eiko). Fig. 3.1 shows the diagram of sputtering equipment. The
film was deposited on a substrate held on sample holder. The film was formed by sputtering
of a target where was attached at the bottom part of equipment as shown in Fig. 3.1. The

target was sputtered by Ar ions (ambient gas).
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Figure 3.1: Diagram of used sputtering equipment.
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3.3 Experiment

As the substrate, 0.1-2 Qcm 300-pum-thick, p-type, Cz, (100)-oriented Si was used.
To obtain the dopant precursor, the PSG film was formed by sputtering PSG target. In
condition of sputtering for formation of PSG film, the vacuum inside the chamber, RF power,
and the distance between the target and sample holder were in range from 1.5x10™ Pa to
7.5%x10™ Pa, 100 W, and 10 cm, respectively. The deposition rate of PSG film in this condition
was in range from 1.9 - 4.2 nm/s.*? The deposited PSG film thickness was measured by
ellipsometer (HORIBA JOBIN YVON). The used target of PSG for the formation of PSG film
on the substrate consists of SiO, (95 %) and P,Os (5%). The reflectance of PSG film was
measured by ultraviolet-visible-near infrared spectral photometer (JASCO: V-570).

Fig. 3.2 shows the schematic model of LD in this study. In order to investigate the
influence of PSG film reflectance to LD, two types of laser were used. One of lasers was
Nd**: YAG pulsed-laser with 355 nm wavelength (Coherent: AVIA Ultla 355-350). This laser
can dope the dopant atoms into the silicon depth of around 300 nm.*® Another laser was Nd**:
YVO, CW laser with 532 nm wavelength (Coherent: Verdi/V-5). This laser can dope the
dopant atoms into the silicon depth of around 1 pm as revealed in chapter 2.

The laser was irradiated on the full-surface area of the sample with deposited PSG
film at room temperature and in air ambience. The conditions of laser irradiation were

summarized in Table 3.1.
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Nd3*: YAG laser (wavelength 355 nm)
Pulsed

Obijective lens

— ; Dopant precursor (PSG film)

Cz substrate
p-type, 0.1 -2 Qcm )
Thickness: 300 um  Xy-translation stage

(@)

Nd3: YVO, laser (wavelength 532 nm)
CW

Objective lens

Dopant precursor (PSG film)

Cz substrate
p-type, 0.1 -2 Qcm
Thickness: 300 pm xy-translation stage

(b)

Figure 3.2: Schematic model of LD in this study.
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Table 3.1: The conditions of laser irradiation for LD in this study.

Laser Output power  Scanningspeed  Spotdiameter  Shifted pitch

Nd>*: YAG Pulsed-laser
(Wavelength: 355 nm) 0.5W 1.0cm/s S0 pm 25 um
Nd®*: YVO4 CW-laser

(Wavelength: 532 nm) 50w 6.0 cm/s 6 pum 6 um
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3.4 Reflectance Dependence on Thickness of Dopant Film

Absorption efficiency of incident light is generally given by the ratio between
reflection and transmission of incident light. As a silicon base substrate, 300 pm-thick was
used in this study. The wavelengths of used lasers in this study were 355 nm and 532 nm,
respectively. The penetration depth of incident light into silicon depends on the wavelength of
light.*¥ Taking into account the wavelengths of used lasers, the penetration depths of their
wavelength are within 10 nm and approximately 1 pm, respectively.*® Thus, only reflectance
can be considered for investigation of influence of film in LD since incident light does not
transmit the whole depth area of base substrate.

Fig.3.3 shows the reflectance of PSG film of 330 nm-thickness fitted with calculated
reflectance. Calculated reflectance was evaluated by equations as shown in Appendix A. The
results showed that the experimental reflectance agrees well with calculations. The margin of
error between experimental and calculated reflectance was within 1.5 %. In addition, at the
specific wavelength, namely laser wavelength at 355 nm and 532 nm, the reflectance of PSG
films with various film thicknesses agrees well with calculations as shown in Fig. 3.4. These
results indicated that the reflectance of PSG film depends on the film thickness. In addition, it

is possible that sputtering method for formation of PSG film control its reflectance.
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Figure 3.3: The reflectance of PSG film of 330 nm-thickness fitted with calculated
reflectance.
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Figure 3.4: The reflectance of various PSG film thicknesses fitted with calculated reflectance.
(@) at 355 nm, (b) at 532 nm
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3.5 Influence of Doping Profile with Different Reflectance of

Dopant Films

3.5.1 Pulsed Laser with 355 nm Wavelength

Fig. 3.5 shows the surface image after pulsed-laser with 355 nm wavelength
irradiation to different reflectance of PSG film. Fig. 3.5 (a) and (b) show the surface
morphology after LD at the reflectance of 58.0 % with 240 nm-thickness and 30.0 % with 180
nm-thickness at 355 nm wavelength, respectively. Comparing these images, in the case of
highest reflectance of PSG film (58.0 %), laser trace was observed. The laser trace is usually
created by ablation of materials occurred in condition of high laser fluence.'® In other words,
laser fluence was increased due to lower reflectance of PSG film. By contrast, in the case of
lowest reflectance of PSG film (30.0 %), no laser trace was observed. This is considered that
the laser fluence was reduced by higher reflectance of PSG film. Thus, the reflectance of PSG
film impacts on surface morphology after LD.

Fig. 3.6 shows the doping profile of after LD with different reflectance of PSG films.
As comparison of LD results, in the case of lower reflectance of PSG film, the dopant atoms
were doped at a depth of 400 nm. By contrast, in the case of higher reflectance of PSG film,
the dopant atoms were doped at a depth of 250 nm. This difference can be explained by LD

mechanism.” LD induces the silicon melting and incorporates the dopant during
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recrystallization. Thus, the deeper doping depth in the case of lower reflectance of PSG film
than that of higher reflectance was formed by deep melting depth which was induced by high
laser fluence. In addition, the concentration of dopant atoms was higher in the case of lower
reflectance of PSG film than that of the higher reflectance. This is considered that the dopant
materials ablated by high laser fluence re-attached to the PSG surface, and then laser scanned
on PSG with the re-attached dopant materials.!” Consequently, the amount of dopant atoms of
PSG film was increased. Thus, the high concentration of dopant atoms after LD was formed
by the PSG film with the larger amount of dopant atoms. These results clearly showed that the

reflectance of PSG film impacts on the doping profile of after LD.

3.5.2 CW Laser with 532 nm Wavelength

Fig. 3.7 shows the surface image after CW-laser with 532 nm wavelength irradiation
to different reflectance of PSG film. Fig. 3.7 (a) and (b) show the surface morphology after
LD at the reflectance of 37.0 % with 190 nm-thickness and 30.0 % with 330 nm-thickness at
532 nm wavelength, respectively. These images showed that there were no laser traces after
LD in both case of reflectance of PSG film. However, different doping profile, especially
different doping depth was confirmed as shown in Fig 3.8. The doping depth in the case of
lower reflectance of PSG film was around 1000 nm. By contrast, the doping depth in the case

of higher reflectance of PSG film was around 100 nm. These are due to high laser fluence on
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the surface in the case of lower reflectance of PSG film. Thus, high laser fluence on the
surface induced deep melting depth. Consequently, doping depth in the case of lower
reflectance of PSG film was deeper than that of higher reflectance of PSG film. On the other
hand, in the case of higher reflectance of PSG film, the concentration of doping atoms after
LD from the surface to 50 nm in doping depth was higher than that of lower reflectance of
PSG film. This can be explained by the mechanism of doping in the case of a limited dopant
source.®® Therefore, the doping process in this condition can be given by the Gaussian

function:

S x2
Cxt) = 7Dt (_ 4Dt) 1)

Where S, D, x, and t are the total amount of dopant atoms [cm™], diffusivity [cm?%/s], distance
[cm], and diffusing time [s], respectively.

Assuming the limited dopant atoms in the PSG film, in both case of reflectance, the
concentration of dopant atoms near surface could depend on the depth of melting. Moreover,
the surface images of after LD as shown in Fig. 3.7 suggested that there is no ablation of
materials in both case of reflectance. Thus, in the case of low reflectance of PSG film, the
reason of low concentration of doping near surface is the deep depth of melting due to high
laser fluence on the surface. These results showed that the reflectance of PSG film influences

to doping profile, especially depth of doing strongly depends.
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Figure 3.5: Surface image after pulsed-laser with 355 nm wavelength irradiation to different
reflectance of PSG film. (Before PSG removal)
(a) Reflectance of 58.0 % with 240 nm-thickness
(b) Reflectance of 30.0 % with 180 nm-thickness
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Figure 3.6: Doping profile of after LD with different reflectance of PSG films.
(Pulsed-laser with 355 nm wavelength)
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Figure 3.7: Surface image after CW-laser with 532 nm wavelength irradiation to different
reflectance of PSG films. (Before PSG removal)
(a) Reflectance of 37.0 % with 190 nm-thickness
(b) Reflectance of 30.0 % with 330 nm-thickness
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Figure 3.8: Doping profile of after LD with different reflectance of PSG films.
(CW-laser with 532 nm wavelength)
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3.6 Summary

The investigation of dopant precursor film for optimization of LD, especially focused
on reflectance of dopant precursor film, was carried out. The dopant precursor film, namely
PSG film was formed by the sputtering proposed as a new method for uniform film formation.
A calculation of reflectance of PSG film at a specific wavelength which is laser wavelength
predicted that the reflectance of PSG film is depended on PSG film thickness. The reflectance
of PSG film formed by the sputtering method agreed well with calculations in the margin of
error within 1.5 %. This indicated that various reflectance of PSG film can be formed and
controlled by the sputtering method.

The controlled reflectance of PSG film, in the case of pulsed-laser with 355 nm
wavelength, impacted on doping profile not only for the depth of doping, but also the
concentration. These related to laser fluence due to reflectance of dopant precursor film. In
the case of CW-laser with 532 nm wavelength, also influenced to doping profile. In particular,
the depth of doping strongly depended on the reflectance of PSG film.

Further progress, the influence of reflectance of PSG film to LD has to investigate
more detail. The results in this study do not enough to reveal the correlation between the
reflectance of PSG film and LD. Because the doping profile which is doped by LD has a
threshold for melting of silicon. More detail experiments will be clearly shown about

correlations of optical properties on LD.
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Chapter 4

Application of Laser Doping to Silicon Solar Cell

Emitter

4.1 Introduction

The conventional silicon solar cell process in formation of pn junction method is a
thermal diffusion. This method operates at high temperature and needs long time for forming
a pn junction. This is caused by the diffusivity in solid silicon approximately 1.0x10™
cm?s.Y The typical pn junction formation in silicon solar cells takes for 30 min.>® LD is an
attractive method as an alternative to the conventional c-Si solar cell fabrication process. LD
achieved the impurity doping in very short time at room temperature and in air ambience.
Because, LD induces silicon melting and, the impurity is incorporated during
re-crystallization after laser irradiation.” In addition, LD can widely control the doping depth
depended on the laser irradiation conditions as revealed in chapter 2.

In this chapter, LD was applied to the fabrication of c-Si solar cells. LD can form a
doping layer at room temperature and in air ambience. Thus, the doping layer which is formed

LD becomes an emitter in the c-Si solar cells. A laser-doped emitter was optimized for the
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c-Si solar cell emitter. For optimization of the c-Si solar cell emitter formed by LD, the laser
irradiation conditions were investigated. The optimum condition of laser irradiation for
emitters was investigated to the c-Si solar cell fabrication process as an alternative to the

conventional method.

4.2 Optimization of Laser Doping for Crystalline Silicon Solar

Cell Emitter

For an application of LD to the c-Si solar cell emitter, LD needs to optimize the
irradiation condition. The laser irradiation conditions are its output power, focus and scanning
speed, respectively. The doping profile was verified in chapter 2 that the doping depth
depended on the laser irradiation condition. In particular, the laser output power strongly gave
a dependency of doping depth. The doping depth was widely controlled by the laser output
power from around 0.5 um to 4.0 um as revealed in chapter 2.

In the experiment, the substrate, 0.1-2 Qcm 300-um-thick, p-type, Cz,
(100)-orientation substrate was used as the base silicon substrate. The procedures for the
fabrication of c-Si solar cells with LD were carried out as shown in Fig. 4.1. For the LD
process, the laser irradiated on the PSG coated surface. The doped area was accomplished by
moving the stage on which a sample was mounted during laser irradiation; an xy-translation

stage was moved from edge to edge of sample surface. These operations were repeated to
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complete for full surface doping. The completed samples with full surface LD were dipped
into HF solution to remove the residual PSG after LD. To form contact electrodes, the
electrodes were evaporated using silver (Ag), titanium (Ti) on the front, and aluminum (Al)
on the rear side. The space between front side electrodes was 650 um. The rear side electrodes
were 800 um to cover full surface. The completed c-Si solar cells fabricated by LD were
measured by the solar simulator which has the intensity of illumination at 100 mW/cm?.
Usually, this measurement is carried out in air mass (A.M.) 1.5.% The evaluation method of
solar cell properties was shown in Appendix B. No other techniques to improve the c-Si solar
cell performance, such as texturization, passivation or antireflective coating (ARC), were
applied. The reason why no other techniques were carried out this section tries to optimize LD

for the fabrication of c-Si solar cells independently.

4.2.1 Laser Output Power

Fig. 4.2 shows the characteristics of illuminated solar cell with laser-doped emitter
which formed at different laser output powers. The laser output power for LD was controlled
in the range from 1.0 W to 5.0 W. Note in this experiment, the laser irradiation condition of
focus and scanning speed were at approximately — 80 pum and 6.0 cm/s, respectively. The
results demonstrated all of samples with laser-doped emitter excluding at 1.0 W operated as

solar cells. It is considerable that the sample fabricated by LD at 1.0 W had insufficient
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Figure 4.1: Procedures for fabrication of c-Si solar cells with LD.
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doping impurity in emitter to be operated as solar cells. The photovoltaic properties were
summarized in Table 4.1. In comparison of photovoltaic properties, the short current density
(Jsc) of the samples with laser-doped emitter at 2.0 W and 3.0 W was higher than at 4.0 W and
5.0 W. By contrast, the open circuit voltage (Voc) of the samples with laser-doped emitter at
2.0 W and 3.0 W was lower than at 4.0 W and 5.0 W. These are due to the formation of
shallower depth of pn junction at 2.0 W and 3.0 W than at 4.0 W and 5.0 W as confirmed in
Fig. 2.5. For fill factor (F.F.), the F.F. increased with the laser output power excluding at 4.0 W.
The reason of the low F.F. value at 4.0 W was probably creating a defect with discontinuous
recrystallization during laser irradiation.®’ The highest F.F. obtained up to 64.6 % at 5.0 W in
the samples with laser-doped emitter. Eventually, the highest efficiency of fabricated solar
cells with laser-doped emitter which formed at different laser output powers resulted in up to
4.2 % at 5.0 W. Thus, the optimum irradiation condition of laser output power should be at 5.0

W in this thesis.

4.2.2 Laser Focus

Fig. 4.3 shows the characteristics of illuminated solar cell with laser-doped emitter
which formed at different laser focus distances. The laser focus distance was changed in the
range from O um (focal point of objective lens) to — 100 um. Note in this experiment, the

laser irradiation condition of laser output power and scanning speed were at 5.0 W and 6.0
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Figure 4.2: Characteristics of illuminated solar cell with laser-doped emitter which formed at
different laser output powers.

Table 4.1: Properties of illuminated solar cell with laser-doped emitter formed at different
laser output powers.

Laser output power  Voc (MV)  Jsc (MA/cm?)  FF. (%)  Eff. (%)

1.0W 1 0.5 25.1 0

2.0W 155 15.7 43.5 1.1
3.0W 231 18.7 43.7 1.9
4.0W 332 11.4 42.3 1.6
5.0W 495 13.1 64.6 4.2
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cm/s, respectively. The results demonstrated that the characteristics depended on the laser
focus condition. This is due to the dependence of doping profile on the laser focus as shown
in Fig. 2.6. The photovoltaic properties were summarized in Table 4.2. In comparison of
photovoltaic properties, the Js,, Vo, and F.F. of the samples increased with the outer focus
condition. In particular, the F.F. at — 100 um drastically increased. This strongly relates to
state of silicon after laser irradiation as shown in Fig. 2.7 and 2.8. The obtained highest
efficiency of laser-doped emitter which formed at different focus distances resulted in up to
4.0 % at - 100 pm. Thus, the optimum irradiation condition of focus should be at — 100 pm in

this thesis.

4.2.3 Laser Scanning Speed

Fig. 4.4 shows the characteristics of illuminated solar cell with laser-doped emitter
which formed at different laser focus distances. The laser focus distance was changed in the
range from O um (focal point of objective lens) to — 100 um. Note in this experiment, the
laser irradiation condition of laser output power and scanning speed were at 5.0 W and 6.0
cm/s, respectively. The results demonstrated that the characteristics depended on the laser
scanning speed. The photovoltaic properties were summarized in Table 4.3. Especially, F.F.
strongly depended on the laser scanning speed. In the case of 1.0 cm/s, it is considered that

silicon is slowly recrystalization. However, other photovoltaic properties were the lowest at
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1.0 cm/s. This is due to the deepest doping depth compared with other scanning speed as
shown in Fig. 2.12. By contrast, the fastest scanning speed at 10.0 cm/s resulted in lowest F.F..
It is considered that a defect or dislocation probably created during recrystallization because
of rapid cooling of molten silicon. The obtained highest efficiency of laser-doped emitter
which formed at different laser scanning speeds resulted in up to 2.7 % at 6.0 cm/s. Thus, the

optimum laser irradiation condition of scanning speed should be at 6.0 cm/s in this thesis.

4.3 Electrical Properties of Optimum Laser Doped Emitter

The optimum irradiation conditions for the fabrication of c-Si solar cells were
summarized in Table 4.4. In this section, the electrical properties were investigated about the
laser-doped emitter using optimum condition in focus and scanning speed. Only laser output
power was controlled in the range from 2.0 W to 5.0 W again to investigate the effect of LD
with optimum irradiation conditions. For the investigation of the optimum laser-doped emitter,
the four-point probe method and the dark current-voltage measurement were performed to
reveal the sheet resistance and pn junction diode characteristics, respectively. As a reference
sample, c-Si solar cells were fabricated by a conventional solid phase thermal diffusion
method. In condition of the conventional thermal diffusion, time of diffusion, temperature,
and ambient gas were for 30 min, at 900°C, and in N, respectively. Comparing with the

reference sample is to find out a potential of LD for c-Si solar cells.
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Figure 4.3: Characteristics of illuminated solar cell with laser-doped emitter formed at
different laser focus distances.

Table 4.2: Properties of illuminated solar cell with laser-doped emitter formed at
different laser focus distances.

Focus distance Voc (MV)  Jsc (MA/cm?)  FF. (%) Eff. (%)

0 pum
(Focal point) 330 5.6 57.4 1.1
- 50 um 478 10.7 58.9 3.0
- 100 pm 531 11.5 67.7 4.0
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Figure 4.4: Characteristics of illuminated solar cell with laser-doped emitter formed at
different laser scanning speeds.

Table 4.3: Properties of illuminated solar cell with laser-doped emitter formed at
different laser scanning speeds.

Scanningspeed  Voc (MV)  Jc (MA/CM?)  FF. (%) Eff. (%)

1.0cm/s 435 4.8 62.1 1.1
6.0 cm/s 364 14.2 52.0 2.7
10.0 cm/s 191 12.4 47.4 1.3
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Table 4.4: Optimum conditions of laser irradiation for fabrication of c-Si solar cells.

Focus .
Laser output power (direction) Scanning speed
50w - 100 pm 6.0 cm/s
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4.3.1 Dark Current-Voltage Characteristics of Laser-Doped Emitter

Fig. 4.5 shows the dark current-voltage characteristics of pn junctions of c-Si solar
cells formed by LD, compared with p-n junctions formed by the thermal diffusion. The dark
current-voltage characteristics were measured by using the semiconductor parameter analyzer
(Precision Semiconductor Parameter Analyzer, Agilent). The samples for dark current-voltage
characterization were measured current results at every 0.02 V when voltage was changing
from — 0.6 V to + 0.6 V. As all of the laser-doped samples certainly showed the diode
characteristics, the formation of p-n junction by LD at room temperature and in air ambience
was verified. However, while the thermal diffused sample gave the clear 2-step slope
(recombination current region and diffusion current region) and enough low reverse current,
laser-doped samples showed higher reverse current and recombination current at low forward
voltage.” In addition, the slope angles of laser-doped samples at high forward voltage were
lower than that of thermal diffusion except for the case of laser output power at 5.0 W,
indicating higher series resistance.” Because the minority carrier moved horizontal to the
junction in the emitter layer due to the finger electrodes, this high series resistance was caused
by the high sheet resistance. As laser output power dependence, lines became closer to the
case of thermal diffusion with increasing of laser output power. This indicates there should be

optimum laser output power at 5.0 W for pn junction formation by LD.
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Figure 4.5: The dark current-voltage characteristics of pn junctions of c-Si solar cells formed
by LD, compared with p-n junctions formed by the thermal diffusion.
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4.4 Crystalline Silicon Solar Cells Fabricated by Laser Doping

The optimum conditions for the fabrication of c-Si solar cells were verified as shown
in Table. 4.2. The dark current-voltage characteristics of pn junctions of c-Si solar cells
formed by LD at room temperature and in air ambience were performed sufficiently. In this
section, c-Si solar cells were fabricated by LD with passivation and ARC. The reason why
other technique to improve c-Si solar cells were not performed is to reveal the potential of
complete c-Si solar cells with LD. The ARC was deposited on the front surface of samples by
Plasma Enhanced Chemical Vapor Deposition (PE-CVD) method. The film material of
passivation and ARC is SiNy. The SiNy film deposited approximately 75 nm measured by
ellipsometer. The NHj3 treatment and deposition of SiNy film in PE-CVD chamber was taken
for 5 min, respectively.

Table 4.5 shows the condition of deposition of SiNy films. Prior to the deposition of
SiNy films, the NH3 plasma treatment was carried out. Because, this treatment can expect that
the effective surface passivation for c-Si solar cells is obtainable even if treated at quite low
temperature below 300-C.2 As a reference, the samples were fabricated by thermal diffusion.
The conditions of thermal diffusion were same as section 4.3.

For the investigation of laser-doped c-Si solar cells, current-voltage characteristics
under illuminated, internal quantum efficiency (IQE), and electroluminescence (EL) were

measured, respectively.
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4.4.1 Characteristics of llluminated Laser-Doped Crystalline Silicon Solar

Cells

Fig. 4.5 shows the characteristics of illuminated laser-doped crystalline silicon solar
cells. These solar cells were fabricated by LD with the output power in the range from 2.0 W
to 5.0 W. The photovoltaic properties of laser-doped c-Si solar cells were summarized in
Table 4.6. These results indicated that the optimum laser irradiation condition for the
fabrication of c-Si solar cells with ARC film was at 5.0 W of laser output power. In addition,
all of properties depended on the laser output power. In the case of 5.0 W, the properties were
mostly similar to the reference that was fabricated by the conventional thermal diffusion.
Especially, Vo was almost same value. However, Jic and F.F. resulted in poorer than that of
reference. Being lower Js. in laser-doped cells is due to deeper doping depth than the
reference.®’ Thus, the photo-active (light-absorption) area between fingers had heavy
recombination compared with the reference. Being low F.F. in laser-doped cells is probably

due to the inhomogeneous doping by LD.
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Table 4.5: Conditions of deposition of SiNx films by PE-CVD.

Gas NH; plasma treatment ~ SiNx deposition
SiH, (sccm) 0 50
NH; (sccm) 200 80
N, (sccm) 0 100
RF (W) 40 40
Pressure (Pa) 80 80
Temperature (°C) 300 300

sccm: standard cc/min
RF: Radiofrequency

30
—20W
3.0W
o 2 — 40W
5 —50W
E 20 — Thermal Diffusion
=
g 15
o
=
o
£ 10
O
5
0 L 1 L 1 L
0 0.1 0.2 0.3 0.4 0.5 0.6

\oltage (V)

Figure 4.6: Characteristics of illuminated laser-doped c-Si solar cells with ARC.
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Table 4.6: The solar cell properties of laser-doped c-Si solar cells with ARC.

Laser output power V. (mV)  J.(mA/cm?)  F.F. (%) Eff. (%)

20w 45 14.1 26.6 0.2
3.0W 230 11.2 33.2 0.9
40W 520 134 49.1 34
50W 543 20.8 64.2 7.3
Thermal Diffusion 547 24.6 67.3 9.1
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Table 4.7 shows the solar cell properties of illuminated laser-doped c-Si solar cells before or
after deposition of SiNy film. These results indicated that the deposition of SiNy film
improved the laser-doped c-Si solar cells. In particular, the Vo was considerably improved
compared with the reference. In the case of reference, the decrease of V. is due to the damage
induced plasma. By contrast, in the case of laser-doped c-Si solar cell, the increase of V. is
probably due to the improvement of surface statement. Thus, the laser-doped surface was
cleaned by NH; plasma treatment.’ Indeed, the LD incorporates not only a dopant but also
other impurities simultaneously because of the performance in air ambience.® The other
impurities, especially carbon which is a contamination to silicon reduces the minority carrier
lifetime which affects to the solar cell performances. An original surface treatment toward LD

should be developed in further progress.

4.4.2 Internal Quantum Efficiency of Laser-Doped Crystalline Silicon Solar

Cells

Fig. 4.7 shows the internal quantum efficiency (IQE) of laser-doped c-Si solar cells
against the reference. The laser-doped cells only at 4.0 W and 5.0 W samples demonstrated in
IQE measurement. The results of IQE were shown that the laser-doped c-Si solar cells were
the lower response in the short wavelength region in the range from 400 nm to 600 nm,

compared with the reference. Thus, this indicated that the pn junction of LD formed deeper
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depth than the reference. In further progress, the LD depth should be shallower to improve the
short wavelength response as the reference or applied to other type of c-Si cell structures,

particularly back-junction type of solar cells."®

4.4.3 Electroluminescence of Laser-Doped Crystalline Silicon Solar Cells

Fig. 4.8 shows the electroluminescence (EL) of laser-doped c-Si solar cells. Fig. 4.9
shows the line profile of EL intensity between indicated points. The image was taken by the
cooled (at -55°C) silicon charge-coupled device infrared camera with 2 sec of exposure time,
applying a 200 mA/cm? forward current. EL intensity reflects the total number of radiative
recombination which is proportional to the total number of minority carriers (electrons) in
p-type base layer.*? The total number of electron in base is determined by the injected carrier
density from junction and the effective diffusion length of electron and then, EL intensity
indicates the emitter or junction condition, assuming there is no distribution of effective
diffusion length in mono-crystalline materials.'® The no uniformity of EL intensity between A
and B showed the less injection of electron to base due to the voltage drop by series resistance
which is caused by inhomogeneous doping. Thus, the EL intensity’s decreasing explained the
higher series resistance in emitter by LD.™ This result suggested that the F.F. could be

increased with more uniform doping by LD in future progress.
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Table 4.7: The solar cells properties of laser-doped c-Si solar cells before/after SiNy film
deposition, compared with the reference.

Laser output power

V,.(mV) I (mAlcm?)  FF. (%)  Eff. (%)

LD

before SiN, depsition 495 131 64.1 4.2
LD
after SiN, deposition 543 20.8 64.2 7.3
Thermal Diffusion
before SiN, depsition 566 19.3 68.5 7.5
Thermal Diffusion
after SiN, deposition 547 24.6 67.3 9.1
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Figure 4.7: Internal Quantum Efficiency of laser-doped c-Si solar cells.
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Figure 4.8: Electroluminescence of c-Si solar cells. The image was taken by the cooled (at
-55°C) Si CCD camera with 2 sec of exposure time, applying a 200 mA/cm?
forward current. (Laser output power at 5.0 W)
(a) Thermal diffused sample (conventional method), (b) Laser doped sample
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Figure 4.9: Line profile of EL intensity between A and B.
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4.5 Summary

LD was applied to the fabrication of c-Si solar cells at room temperature and in air
ambience. The conditions of laser irradiation in LD were optimized for the c-Si solar cell
emitters. The optimum laser irradiation conditions for c-Si solar cell emitter were confirmed
in this chapter. The formation of pn junction formed by LD was revealed to become similar
characteristics to it formed by the conventional solid phase thermal diffusion.

The obtained results demonstrated that c-Si solar cells fabricated by LD in condition
of optimum laser irradiation gave relatively similar photovoltaic properties to one fabricated
by the conventional method. In particular, V. of laser-doped c-Si solar cells deposited with
SiNy film was considerably improved than thermal diffused c-Si solar cells. It is considered
that surface of LD cleaned due to the effect of surface cleaning by NH3; plasma. Thus, this
indicated that development of surface treatment after LD for realizing the high conversion
efficiency c-Si solar cells is important. The results of IQE indicated that laser-doped c-Si solar
cells formed deeper pn junction than that of thermal diffused. Finally, EL was revealed that
laser-doped c-Si solar cells emitted the inhomogeneous EL in 2 dimensions, probably due to
the un-uniformity of doping by LD. The efficiency of laser-doped c-Si solar cells deposited

with SiN film as ARC eventually obtained 7.3 %.
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Chapter 5

Crystalline Silicon Solar Cell with Selective Emitter

Structured by Laser Doping

5.1 Introduction

In the fabrication of c-Si solar cells process, doping process is indispensable to form
junctions. Now, instead of the conventional thermal diffusion method, laser doping (LD)
technique is noticed as alternative.”® LD can easily control the doping depth of impurity in
silicon by changing the laser power, pulse duration, or number of laser pulses.>™ In addition,
LD induces silicon melting and forms a doping layer in a short time, since the diffusivity in
liquid silicon is up to 10 orders of magnitude greater than that in solid silicon.®¥ Thus, this is
a simple and easy method for fabrication of low-cost and high-conversion-efficiency c-Si
solar cells. These advantages can improve the fabrication yield, especially in the case of
silicon substrates of less than 100 pm thickness, which lead to low-cost and
high-conversion-efficiency c-Si solar cells. The application of LD to full surface doping for
pn junction of solar cells has achieved efficiencies of up to 18.7%.'% Selective emitter

formation for c-Si solar cells is very important to increase efficiency n.***? Typical processes
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for the selective emitter formation require extra diffusion in the furnace and
photolithography.*®* *¥ These can apply to form the selective emitter for c-Si solar cells.
However, c-Si solar cells require additional treatment at these processes. For example, it
needs deposition step of masks to become diffusion barriers, furnace diffusions, chemical
etching and cleaning. C-Si solar cells are subjected to stress at each process step. These steps
are time-consuming and result in additional costs.

In this chapter, the formation of selective emitter using LD at room temperature in air
ambience was carried out. Moreover, the formation of selective emitter using LD was applied
to the new-type of silicon substrate which is expected for realizing the stable
high-conversion-efficiency c-Si solar cell. Therefore, the aim of this chapter is to reveal the
effect of laser-doped selective emitter for solar cell performance and the feasibility of the

selective emitter using LD for the high-conversion-efficiency c-Si solar cells.

5.2 Selective Emitter Features in c-Si Solar Cells

The selective emitter is very important to increase efficiency n of c-Si solar cells. The
selective emitter gives improvement of c-Si solar cell properties with the features. The

features of selective emitter were described as below, and the structure was shown in Fig.5.1.

1. Heavily doping underneath finger electrodes
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2. Lower doping level between fingers

3. Deep depth of doping underneath fingers

The first feature gives less contact resistance between contact metal and
semiconductor interface.® Therefore, F.F. improves in solar cell properties. The second
feature gives less Auger reconbination in photo active areas.'® Therefore, the spectra responce
in the short wavelength is better as well as improved emitter passivation.'®*” The third feature
gives the wider process window at contact firing process , thus avoiding metal spikes indued

by co-firing step.®*®

5.3 Selective Emitter Formation by Laser Doping to Furnace

Diffused Emitter

The selective emitter was formed by laser irradiation to the furnace diffused emitter
surface at room temperature. In particular, we tried to control the selective emitter depth in
various pn junction depths to investigate the correlation between the diffused emitter and the

selective emitter.
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Metal electrode

n* Layer
(selective emitter)

Figure 5.1: Structure of selective emitter in c-Si solar cells
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5.3.1 Experiment

As the silicon substrate, 0.1-2 Qcm 300 um thick p-type Czochralski substrate was
used. After RCA cleaning, phosphorous contained liquid was spun onto the substrate and
baked on the hotplate at 100°C to obtain the solid phase doping precursor (PSG). The first
step to form the pn junction for the carrier collection was performed by thermal solid phase
diffusion at 900°C in N, amibient for 30 and 90 minutes. And then, the selective emitter was
formed underneath the finger electrode pattern by controlling the laser irradiation as shown in
Fig. 5.2. The laser irradiated to residual PSG after thermal diffusion. A used laser to form the
selective emitter was Nd: YVO,CW laser with 532 nm wavelength. The laser spot diameter
on the sample surface, laser power and scanning speed were 6 um, 5.0 W (maximum power)
and 6 cm/s (then shifted 6 um in y-direction), respectively. Doped area was accomplished by
moving the stage on which a sample was mounted during laser irradiation; the selective
emitter like the finger electrode pattern was formed by controlled xy-translation. After the
irradiation of laser to form the selective emitter in c-Si solar cells, the residual PSG on the
laser-irradiated surface was removed by HF dipping. Electrodes were evaporated using silver
(AQ), titanium (Ti) on the front, and aluminum (Al) on the rear side. The space between front
side electrodes was 650 um. The selective emitter and front side electrode width were 250 um
and 50 pm, respectively. Fig. 5.3 shows the process sequence for the selective emitter

formation in this section.
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Evaluating the sheet resistance, the four-point probe measurement was performed.
The secondary ion mass spectrometry (SIMS) measurement was performed to investigate the
depth profile and dopant concentration. The doping depth and dopant concentration were
compared in this measurement. No other techniques to improve the solar cell performance,
such as texturization, passivation or antireflection coating (ARC), were applied to analyze the

effect of selective doping independently.

5.3.2 Evolution of Sheet Resistance with Laser Doping

The results of sheet resistance measurement after laser irradiation were shown in Fig.
5.4. The pn junction was formed at different diffusing time to form deeper diffusion depth and
reveal the sheet resistance dependence of laser power. The solid lines are given as a guide to
the eyes about the evolution of sheet resistance at each measured data. The sheet resistance
decreased at higher laser power in thermal diffusion for 30 min. However, this dependence
slightly decreased at longer diffusing time for 90 min. This result indicated that there is

probably the limitation of impurity doping in diffused layer.'?
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Nd: YVO, Laser (A: 532 nm)
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Figure 5.2: Schematic model of LD with 532 nm CW laser including parameters
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Figure 5.3: Process sequence of selective emitter formation by laser irradiation to residual
dopant film after thermal diffusion
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Figure 5.4: Evolution of sheet resistance with increase of laser output power.
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5.3.3 Doping Profile after Laser Doping Evaluated by SIMS

The SIMS results which indicate the concentration of phosphorous atom doped into
p-type silicon substrate comparing with every laser power were shown in Fig. 5.5. Fig. 5.5 ()
and (b) show the thermal diffusion to form the pn junction for 30 min and 90 min,
respectively. In the case of thermal diffusion for 30 min, phosphorous atom near 400 nm was
confirmed. Additional doping atom by laser irradiation into diffused emitter for selective
emitter formation confirmed deeper depth which was laser-doped at the middle and high laser
power (3.0 W and 5.0 W) than diffused emitter. However, the similar to the doping profile of
diffused emitter was confirmed at low laser power (1.0 W). On the other hand, thermal
diffusion for 90 min, phosphorous atom near 700 nm was confirmed. Additional doping atom
by laser irradiation into diffused emitter for selective emitter formation confirmed deeper
depth which was laser-doped at only high laser power (5.0 W) than diffused emitter. In the
case of low and middle laser power (1.0 W and 3.0 W), the doping profile was similar to
diffused emitter. These results indicate that there is melting threshold or silicon was melted at
very near surface at low laser power (1.0 W). In the case of 90 min at middle laser power, the
doping profile was similar to diffused emitter. This result is considered that melting region by
laser was not affected by diffused atom (melting region around 500 nm); also high laser
power was the same behavior in both cases (melting region between 600 to 700 nm). In spite

of impurity was diffused in silicon, LD which induced melting of silicon is no effect to the
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doping profile. By contrast, doping concentration was reduced at high laser power. In
particular, the doping concentration on surface in the case of 90 min was strongly decreased
than that of 30 min. This is due to the limitation of dopant atoms in the precursor film formed
surface.?” 2 The dopant atoms in the precursor film diffused into silicon at the first step like
thermal diffusion. Therefore, the poor atoms in the dopant precursor film were formed at the
second step. Indeed, the dopant precursor film to form the selective emitter used the residual

dopant after thermal diffusion in this study.

5.3.4 1-V Characteristics of lHHluminated Solar Cell with Different Selective

Emitter Profiles

It was shown in subsection 5.2.3 that the sheet resistance was reduced by laser
irradiation and the evolution of sheet resistance depended on laser power. Moreover,
additional doping by laser to form the selective emitter could be formed in the deeper depth
Thus, formation of a different selective emitter profile through junction or not through
junction was verified.

We investigated the correlation between the diffused emitter profile and selective
emitter in the solar cell performance. The samples were prepared by the thermal diffusion to
form pn junction. Subsequently, the laser irradiated to residual dopant film after thermal

diffusion. Diffused emitters prepared two kinds of diffusing time and conditions of laser
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irradiation were same as the previous section. The fabricated c-Si solar cells were measured
by the solar simulator to investigate the illuminated IV characteristics. Fig. 5.6 shows the 1V
characteristics of illuminated solar cells with various selective emitters. Fig. 5.6 (a) and (b)
are the diffusion time to form the pn junction for 30 min and 90 min, respectively. The values
of solar cell properties of illuminated solar cells were summarized in Table 5.1. Table 5.1 (a)
and (b) are the diffusion time to form the pn junction for 30 min and 90 min, respectively. In
the case of diffusion time for 30 min as shown in Fig. 5.6 (a), the characteristics of all samples
were decreased by laser-doped selective emitter. In this case, the laser-doped selective emitter
formed through pn junction except for LD at low laser power (1.0 W) but it was formed
nearby pn junction. On the other hand, in the case of diffusion time for 90 min as shown in
Fig. 5.6 (b), the characteristics of samples with selective emitters doped at low and middle
laser power (1.0 W and 3.0 W) were improved. These laser-doped selective emitters formed
far from the depth of pn junction. The reason of V. increasing is probably induction of heat
by the laser near surface for incorporating additional dopant atoms underneath fingers. Thus,
it reduced doping level between fingers resulted in improvement of Jyinside emitter.*? The
reason of Jg increasing is the improvement of blue response in the solar cell. However,
characteristics were reduced at high laser power (5.0 W). This laser-doped selective emitter
was formed nearby pn junction. Consequently, if the selective emitter reached nearby and
through pn junction, the solar cell properties would be decreased. By contrast, if the selective

emitter existed far from pn junction, namely near surface, they would be improved. These
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results indicated that selective emitter using LD need to optimize its depth. The F.F., in the
case of diffusion time for 30 min, laser output power at 1.0 W and 3.0 W was improved. This
is due to the reduction of series resistance (Rs) in c-Si solar cells as verified in Table 5.1 (a).
By contrast, laser output power at 5.0 W was resulted in the decrease of F.F., in spite of the
reduction of series resistance. This is probably due to the creation of shunts by high density of
dopant in emitter or break of diffused pn junction. In addition, the shunts might be also
created by laser induced damage.?® On the other hand, in the case of diffusion time for 90 min,
all samples were resulted in the decrease of F.F.. This is also the same reason with that of
diffusion time for 30 min.

Fig. 5.7 shows the dependence of series resistance of c-Si solar cells on laser output
power. The solid lines are given as a guide to the eyes about the evolution of series resistance
at each measured data. As shown in Fig. 5.7, the series resistance of c-Si solar cells reduced
by LD, in other words, the laser-doped selective emitter gave to improve the series resistance.
Thus, these results indicated that laser-doped selective emitter can improve the series

resistance in any case.
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Figure 5.5: Doping profile of laser-doped emitter formed into thermal diffused emitter.
(a) diffusion time for 30 min, (b) diffusion time for 90 min.
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Figure 5.6: IV characteristics of illuminated solar cells with laser-doped selective emitter
formed into different thermal diffused emitter.
(a) diffusion time for 30 min, (b) diffusion time for 90 min
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Table 5.1: The solar cell properties of laser-doped selective emitter formed into different
thermal diffused emitter.
(a) diffusion time for 30 min, (b) diffusion time for 90 min

()
Sample Vo (MV)  Jsc (MA/cM?) FF. (%)  Rs(Q) Es (%)

No SE o571 21.1 75.9 2.0 1.7
SEbyLDatl1.0 W 955 17.9 76.0 1.8 6.3
SEbyLDat3.0 W 556 18.7 76.7 1.7 6.6
SEbyLDat5.0 W 497 16.1 75.3 1.6 5.0

SE: Selective emitter
Rs: Series resistance
(b)

Sample Voc (MV)  Jc (MA/CcM?) FF. (%)  Rs(Q)  Es (%)

No SE 544 16.4 74.3 19 5.6
SEbyLDat1.0W 579 23.5 72.5 1.8 8.2
SEbyLDat3.0W 542 21.8 71.3 1.8 7.0
SEby LD at5.0 W 458 14.5 70.2 1.6 3.9

SE: Selective emitter
Rs: Series resistance
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Figure 5.7: Dependence of series resistance on laser output power.
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5.4 Selective Emitter Formation by Laser Doping to Laser-Doped

Emitter

The formation of the selective emitter using LD into diffused emitter pn junction was
able to reduce the series resistance of c-Si solar cells as indicated in section 5.3. In this section,
we tried to fabricate the c-Si solar cells with high efficiency only by LD at room temperature
and in air ambience. Indeed, Ogane et al. reported that LD for full surface doping to form pn
junction resulted in low F.F. of c-Si solar cells due to the high sheet resistance on laser-doped
surface.” In this study, LD for the formation of selective emitter was carried out to improve

the F.F. of laser-doped c-Si solar cells.

5.4.1 Experiment

The procedures of sample preparation until dopant film formation were same as
subsection 5.3.1. At the first step to form a pn junction formation of solar cells for the carrier
collection, Nd**:YAG Pulsed laser with 355 nm wavelength was irradiated to the full-surface
area of the precursor coated sample at room temperature and in air ambient as shown in Fig.
5.8. The laser spot diameter on the sample surface was adjusted to 50 um. After formed the pn
junction by the laser with 355 nm wavelength, the sample was cleaned by HF dipping (Fig.

5.8 (a)). After this cleaning, the sample was re-coated by the dopant contained liquid and
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re-dried on a hotplate at 100°C and PSG was obtained on the surface. Subsequently, Nd:

YVO, CW laser with 532 nm wavelength was irradiated to form a selective emitter

underneath the finger electrodes. The irradiated areas were controlled to become electrode

pattern (Fig. 5.8 (b)). The laser spot diameter on the sample surface was adjusted to 6.0 um.

These steps were faster than the conventional process as use of thermal diffusion and

photolithography. Before forming a selective emitter, the samples were irradiated on the

whole area by the laser with 532 nm wavelength for the sheet resistance measurement on the

sample surface.

For the investigation of doping condition, the secondary ion mass spectrometry

(SIMS) measurement to evaluate the depth profile and the dopant concentration was

performed. The doping depth and the dopant concentration were compared in this

measurement.

After the formation of pn junction and selective emitter on the front surface, front

(Ti/Ag) and back (Al) side electrodes were evaporated. In this section, any further techniques

to improve the photovoltaic properties were also not applied.
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Nd**:YAG Laser (wavelength 355 nm)
Frequency: 30 kHz
Output power : 0.3W -0.5W
Spot Diameter: 50 um
Speed : 1 cm/sec.

|
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Nd: YVO, laser (wavelength 532 nm)
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Spot diameter: 6 um
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Figure 5.8: Schematic model of sample procedures using LD
(a) Formation of pn junction,
(b) Formation of selective emitter
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5.4.2 Evaluation of Doping Profile after Laser Doping

The SIMS result which indicates the concentration of phosphorous atoms doped into
p-type silicon substrate comparing with after each irradiation was shown in Fig. 5.9. Fig. 5.9
showed that the second irradiation by the laser with 532 nm wavelength was confirmed to
form a deeper and higher doped area than the first irradiation by the laser with 355 nm
wavelength. A reason of this doping profile would be explained as follows.? To become the
deeper doping depth is due to the effect of penetration depth of light into silicon substrate. It
is around 1 pm from surface at 532 nm wavelength into silicon.?¥ Additionally, the reason
why higher doping concentration on near surface was became, the dopant precursor film did
not use residual dopant precursor film as section 5.3, but the precursor film with the large
amount of dopant atoms was formed by re-coating process prior to the second irradiation.
Consequently, deeper melting of silicon depth which is induced by the laser with 532 nm
wavelength formed the deeply and highly doped layer. Moreover, their sheet resistances were
measured, as shown in Table 5.2. The sheet resistance value was confirmed to be less than
half by the second irradiation. Basically, the second irradiation improved the sheet resistance

in silicon solar cells.
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Figure 5.9: The SIMS results of phosphorous atoms doped into p-type silicon substrate
compared with after each irradiation.

Table 5.2: Sheet resistance after laser irradiation on each doping step

Firstirradiation Second irradiation

Dopingstep it 355 nm laser  with 532 nm laser

Sheet resistance 265 Q/] 101 Q/00
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5.4.3 1-V Characteristics of Illuminated Solar Cells with Different

Laser-Doped Emitters

It was verified as above that a deeply and highly doped layer could be formed and the
sheet resistance was decreased after the second irradiation by laser with 532 nm wavelength.
This LD was tried to apply and optimize to form a selective emitter into different laser-doped
emitters. The samples with various doping depth on the first irradiation step by laser with 355
nm wavelength for pn junction were prepared. In this preparation, the laser output power was
controlled from 0.3 W to 0.5 W. Subsequently, laser with 532 nm wavelength was irradiated
on these samples, and laser output power was fixed at 5.0 W.

These doping depth profiles which measured with SIMS were shown in Fig. 5.10.
These results demonstrated that the doping depth was controlled from around 100 nm to 200
nm by the first irradiation for a laser-doped emitter. Thus, the different laser-doped emitters
were formed. Furthermore, a deeply and highly doping layer was formed by the second
irradiation for a selective emitter. The sheet resistance with its emitter was probably
improved.

The fabricated solar cells with the different laser-doped emitters by laser with 355 nm
wavelength changed the output power from 0.3 W to 0.5 W. The selective emitter was formed
by laser with 532 nm wavelength at 5.0 W. Those were measured for 1-V characteristics of

illuminated solar cells as shown in Fig. 5.11. The conversion efficiency of all fabricated solar
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cells with the selective emitter improved. Especially, F.F. was considerably improved for all
samples. This is due to the lower resistance underneath finger electrodes by laser with 532 nm
wavelength on the selective emitter, and it is possible that the second irradiation made higher
crystallinity than that of the first irradiation.

The solar cell properties of different laser-doped emitters formed by 355 nm laser
with or without selective emitters formed by 532 nm were summarized in Table 5.3. On the
condition of laser output power at 0.5 W, F.F. was increased from 50.6% to 64.8% even
though any further techniques were not applied. This is due to the reduction of series
resistance (Rs) in the solar cell as shown in Table 5.4. However, other properties for the
samples such as V. and Js did not relatively improve; especially Js. for all samples was
decreased. V. was improved with laser-doped selective emitter on the lower output power at
the first irradiation This is probably due to improvement of the surface recombination. On the
other hand, V.. was decreased at the higher output power (0.5 W). This is guessed that the
emitter saturation current density increased in the selective emitter. Thus, this behavior is
related to the increase Auger recombination inside the emitter.!® Ji. for all samples was
decreased on all conditions. This is due to the wider selective emitter width than the front side

electrode. It is necessary to optimize the selective emitter width for improvement of Jg..
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Figure 5.10: Doping profile of different laser-doped emitters and laser doped selective emitter.
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Figure 5.11: I-V characteristics of illuminated solar cells of different laser-doped emitters
formed by 355 nm laser with or without selective emitter formed by 532 nm
laser at 5.0 W
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Table 5.3: The solar cell properties of different laser-doped emitters formed by 355 nm laser
with or without selective emitter formed by 532 nm laser at 5.0 W.

Voc (MV) Jsc (MA/cm?) F.F. (%) E (%)

without with without with without with without with

Laseroutputpower “'oe e s SE SE SE SE SE
0.50 W 552 511 194 173 506 648 54 58
0.40W 502 527 183 177 543 550 50 5.1
0.35W 334 432 184 178 483 538 30 41
0.30W 208 421 193 158 494 529 29 35

SE: Selective Emitter

Table 5.4: Comparison of solar cell properties with the series resistance in laser-doped
emitter formed by 355 nm laser at 0.5 W with or without selective emitter formed
by 532 nm laser at 5.0 W.

Sample Voe(MV) Jsc(MA/cM?) FF. (%) Rs(Q)  Ex(%)
Withoutselective emitter 552 19.4 50.6 6.2 5.4
With selective emitter 511 17.3 64.8 2.8 5.8

Rs: Series resistance
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5.5 Selective Emitter Formation by Laser Doping to

Phosphorous-Doped n-Type Silicon

C-Si solar cells usually use boron-doped p-type silicon as base substrate. However,
the boron-doped p-type silicon has the problem that the boron and oxygen complex acts as a
carrier recombination center.?® Thus, n-type silicon-based solar cells become very important
for realizing stable high conversion efficiency. P-type doping in n-type silicon substrates by
LD has not yet been reported so far.

In this section, LD was applied to form a p-type selective emitter in n-type c-Si solar

cells.

5.5.1 Experiment

1x1 cm?, 1-5 Qcm 280-pm-thick, phosphorous-doped n-type Cz silicon was used as
the base substrate. In the first step, the emitter (p-n junction) was formed by the thermal
solid-phase diffusion of boron atoms at 900 °C, for 30 min, in N, ambient. The doping
precursor was coated and prebaked to form boron silicate glass (BSG) on the surface. After
the thermal solid-phase diffusion, laser irradiation was applied to the diffused emitter surface
at room temperature and in air ambient as shown in Fig. 5.12. The wavelength, pulse duration,

and output power of used laser were 355 nm (UV), 15 ns, and 0.5 W, respectively. The laser
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spot diameter on the sample surface was adjusted to 50 um. The doped area was accomplished

by moving the stage on which a sample was mounted during laser irradiation; an

xy-translation stage was moved and controlled by a controller that was connected to a

computer (scanning speed of 1.0 cm/s). Secondary ion mass spectrometry (SIMS)

measurement was carried out to investigate the doping profile after laser irradiation. The

surface image after laser irradiation was observed using an optical microscope. After the

irradiation of laser to form the selective emitter in silicon solar cells, the residual BSG on the

laser-irradiated surface was removed by HF dipping. Electrode materials and space between

front side fingers were same as the previous section. This process sequence is same as Fig. 5.3

This section also was not applied further techniques to improve the solar cell performance.
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Nd3*:YAG Laser (A: 355 nm)
Pulse duration: 15 ns
Frequency: 30 kHz

Output power: 0.5 W

Laser-lrradiated Area
Doping Precursor

(Boron) \

Spotdiameter: 50 pum

Cz substrate Xy-translation stage
n-type, 1-5Qcm Scanning speed: 1.0 cm/s
Thickness: 280 pm Shifted pitch: 25 pm

Figure 5.12: Schematic model of LD with 355 nm pulsed laser including parameters
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5.5.2 Results and Discussion

A surface image indicating the laser-irradiated area for the formation of a selective
emitter is shown in Fig. 5.13. We confirmed that the surface appearance had changed in the
laser-irradiated area. These different appearances related to the mechanism of LD are
explained as follows. Laser irradiation causes the melting of silicon and simultaneously
creates dopant atoms by heat induction to the solid-phase doping precursor. Then, dopant
atoms are incorporated into the molten silicon region by the liquid-phase diffusion during the
melt recrystallization of silicon.” Therefore, the surface appearance was changed by laser
irradiation, which induced the melting of silicon. Thus, the selective emitter was formed only
in laser-irradiated areas.

Fig. 5.14 shows the depth profiles of boron atoms for the unirradiated and
laser-irradiated areas. We confirmed the unirradiated area had boron atoms forming pn
junctions. For the irradiated area, the depth profile of boron atoms maintained a high doping
concentration at a deeper depth. In particular, the dopant concentration in the irradiated area
was over 10'°cm™ at a depth of 100 nm. The dopant concentration in unirradiated areas was
less than 10" cm™ at a depth of 100 nm. LD achieved both high doping concentration and
deeper doping depth for the selective emitter, and this probably led to a reduction of its sheet
resistance on the silicon surface.?® Doping of boron atoms into n-type silicon substrate by LD

gave the same result as doping of phosphorous atoms into p-type silicon substrate.”)
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Figure 5.13: Surface image after laser irradiation observed using microscope.
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Figure 5.14: Doping profiles of boron atoms in phosphorous-doped silicon substrate
before/after LD.
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Fig. 5.15 shows the IV characteristics of illuminated solar cells with the laser-doped
selective emitter. As a reference, the solar cell was fabricated by solid-phase thermal diffusion
without the selective emitter. Our results demonstrated the influence of the selective emitter
formed by LD. As shown in Fig. 5.15, compared with the sample without the selective emitter,
the solar cell with the selective emitter increased both V.. and Js.. The solar cell peformances
of the samples with and without the selective emitter are summarized in Table 5.5. V. was
slightly increased from 569 to 573 mV. Js. was increased considerably by the selective emitter
formation from 19.4 to 24.0 mA/cm?. This is due to the improvement of the
current collection characteristic in the shallow pn junction by the deeply selective emitter
formation, as shown in Fig. 5.15. It will be investigated by spectra response measurement in
the future. However, the fill factor was slightly decreased by the selective emitter formation.
The series and shunt resistances of the samples were evaluated at the high- and low-voltage
regions in the illuminated IV curve. The series resistance of the samples was found to be
reduced from 3.8 to 1.9 Q by the selective emitter formation. By contrast, the shunt resistance
of the samples was found to be reduced from 1.6 to 0.6 kQ by the selective emitter formation.
This is probably due to the defects induced by laser irradiation being shorted between the

front surface electrode and base silicon substrate.?®
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Figure 5.15: 1-V characteristics of Illuminated solar cells with a selective emitter formed by
LD, compared with those a selective emitter.

Table 5.5. Solar cell properties of sample with and without selective emitter.

J. V,, FF R R,  Eff

Sample (MA/cm?)  (mV) (%) (QS) (kQ) (%)

Without selective emitter 19.4 569 61.8 3.8 1.6 6.8

With selective emitter 24.0 573 61.4 1.9 0.6 8.4
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5.6 Summary

In this chapter, we tried to form and optimize the selective emitter using laser doping.
It was confirmed that a selective emitter formed by LD at room temperature and in air
ambient was realized to fabricate the high-conversion-efficiency of c-Si solar cells.

Firstly, we investigated the correlation between the diffused emitter and the selective
emitter for the solar cells. The sheet resistance decreased by laser doping depending on laser
power in thermal diffusion for 30 min. However, this dependence did not confirm at longer
diffusing time for 90 min. There is probably the limitation of impurity doping in the diffused
layer. The doping profile using SIMS was confirmed to form various selective emitters which
doped at different laser powers and whether laser-doped emitter formed through or unthrough
pn junction. The highest laser power formed the deepest depth but reduced surface
concentration. This is probably due to the limitation of dopant source in dopant film. The
illuminated IV characteristics were measured for two kinds of diffused emitter with various
selective emitters. The results of solar cell properties with selective emitter which passed
through pn junction were reduced compared to without selective emitter. On the other hand,
properties with selective emitter which unpassed through pn junction were improved. These
results indicated that selective emitter depth needs to optimize. Our results demonstrated that
the selective emitter depth affects to the solar cell properties. Eventually, laser-doped selective

emitter was resulted in improvement of the F.F. around 1 % in maximum, and gave the
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improvement of series resistance in any case.

Secondly, we tried to apply only LD method to the fabrication process of c-Si solar

cells at room temperature and verified the effect in silicon solar cells for the different

laser-doped emitters which were formed by the laser (A= 355 nm) with a selective emitter

which was formed by the laser (A= 532 nm). The emitter doped by second laser irradiation

with 532 nm wavelength into laser-doped which formed by first laser irradiation with 355 nm

wavelength was verified to become a deeply and highly region. The sheet resistance for its

emitter was decreased to less half comparing with the first irradiation. Moreover, it was

applied to a selective emitter in c-Si solar cells and optimized for the different laser-doped

emitters that controlled the depth by the first irradiation. The fabricated solar cells with a

selective emitter improved the conversion efficiency. In particular, F.F. was considerably

improved by laser-doped selective emitter into laser-doped emitter at 0.5 W from 50.6% to

64.8% due to the reduction of series resistance from 6.2 Q to 2.8 Q.

Finally, we tried to apply the LD method to form a selective emitter in

phosphorous-doped n-type c-Si solar cells using a pulsed UV laser at room temperature and in

air ambient. The dopant concentration increased and the doping depth became deeper in the

selective emitter formed by LD as determined by SIMS measurement. Therefore, the

characteristics of the solar cell with the selective emitter improved in this study. The selective

emitter formed by UV LD increased not only V. but also Js. In particular, Jsc was

considerably increased by the selective emitter formation. The efficiency of fabricated n-type
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¢-Si solar cells was increased from 6.8 % to 8.4 %.
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Chapter 6

Conclusions

6.1 Summary

The purpose of this research is the development of LD at room temperature for c-Si
solar cell fabrication process. Especially, LD has the potential of fabricating the low-cost and
high efficiency c-Si solar cells. In order to achieve this goal, the investigation of LD at room
temperature from fundamental characteristics of LD to not only for applying to the fabrication
of c-Si solar cells but also for applying to the formation of selective emitter for realizing the
high-conversion-efficiency c-Si solar cells has been carried out experimentally.

In Chapter 2, in order to reveal the principle of LD, a dependency of laser irradiation
condition for the doping profile was investigated in detail. It was found out that the laser
irradiation conditions influenced to not only the doping profile, but also the surface
appearance after laser irradiation. The doping depth was able to control depending on laser
output power, focus condition and scanning speed. In particular, laser output power could
control the doping depth in range from 1.0 um to 5.0 um. Furthermore, LD mechanism was

discussed to reveal the principle of LD. The LD induces the silicon melting, and then the
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impurity doping into silicon during solidification of silicon. Thus, the LD has the transient
mechanism related to melting and solidification of silicon. From a point of view of a doping
layer formation, the laser doped layer could be formed at a few second due to higher
diffusivity than that of the conventional solid phase thermal diffusion. In particular, it was
found that LD gave higher diffusivity of impurity than that of melting point of silicon
(D=1.0x10"" cm?s). Therefore, LD can form a doping layer in silicon at very short time
compared with conventional thermal diffusion. Furthermore, laser output power at 5.0 W and
4.0 W were the diffusivity of liquid silicon (D=5.1x10"* cm?/s). Thus, a deep doping depth
within a few second can be formed, since the diffusivity in liquid silicon is up to 10 orders of
magnitude greater than that in solid silicon.

In Chapter 3, dopant precursor film, namely PSG film, for optimization of LD was
investigated. In particular, the investigation of PSG film focused on reflectance of PSG film.
A new method for uniform PSG film formation was proposed. A calculation of reflectance of
PSG film at a specific wavelength which is laser wavelength indicated that the reflectance of
PSG film is depended on PSG film thickness. The reflectance of PSG film formed by the
sputtering method agreed well with calculations in the margin of error within 1.5 %. This
indicated that various reflectance of PSG film can be formed and controlled by the sputtering
method.

The controlled reflectance of PSG film, in the case of pulsed-laser with 355 nm

wavelength, impacted on the doping profile not only for the depth of doping, but also the
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concentration. These related to laser fluence due to reflectance of dopant precursor film. In

the case of CW-laser with 532 nm wavelength, also influenced to doping profile. In particular,

the depth of doping strongly depended on the reflectance of PSG film.

In Chapter 4, LD was applied to the fabrication of c-Si solar cells at room

temperature and in air ambience. The conditions of laser irradiation in LD were optimized for

the c-Si solar cell emitters. The formation of pn junction formed by LD was revealed to

become similar characteristics to it formed by the conventional solid phase thermal diffusion.

The obtained results demonstrated that c-Si solar cells fabricated by LD in condition

of optimum laser irradiation gave relatively similar photovoltaic properties to one fabricated

by the conventional method. In particular, V. of laser-doped c-Si solar cells deposited with

SiNy film was considerably improved than thermal diffused c-Si solar cells. It is considered

that surface of LD cleaned due to the effect of surface cleaning by NH; plasma. Furthermore,

the results of IQE indicated that laser-doped c-Si solar cells formed deeper pn junction than

that of thermal diffused. Finally, EL was revealed that laser-doped c-Si solar cells emitted the

inhomogeneous EL in 2 dimensions, probably due to the un-uniformity of doping by LD. The

efficiency of laser-doped c-Si solar cells deposited with SiNy film as ARC eventually obtained

7.39 %.

In Chapter 5, LD applied to form and optimize the selective emitter. It was confirmed

that a selective emitter formed by LD at room temperature and in air ambient was realized to

fabricate the high-conversion-efficiency of c-Si solar cells.
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Firstly, we investigated the correlation between the diffused emitter and the selective

emitter for the solar cells. The evolution of sheet resistance was verified in different diffused

emitter profile. The doping profile using SIMS was confirmed to form various selective

emitters which doped at different laser output powers, and whether the laser-doped emitter

formed through or unthrough pn junction. The highest laser output power formed the deepest

depth but reduced surface concentration. This is probably due to the limitation of dopant

source in dopant film. The illuminated IV characteristics were measured for different diffused

emitter with various selective emitters. The solar cell properties with selective emitter which

passed through pn junction were reduced compared to without selective emitter. On the other

hand, properties with selective emitter which unpassed through pn junction were improved.

These results indicated that selective emitter depth needs to optimize. Our results

demonstrated that the selective emitter depth affects to the solar cell properties. Eventually,

laser-doped selective emitter was resulted in improvement of the F.F. around 1 % in maximum,

and gave the improvement of series resistance in any case.

Secondly, only LD applied to fabricate c-Si solar cells at room temperature and in air

ambience, and verify the effect in silicon solar cells for the different laser-doped emitters

which were formed by the laser (A= 355 nm) with a selective emitter which was formed by the

laser (A= 532 nm). The emitter doped by the second laser irradiation with 532 nm wavelength

into laser-doped which formed by the first laser irradiation with 355 nm wavelength was

verified to become a deep depth and heavy doping concentration region. The sheet resistance
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for its emitter was decreased to less half comparing with the first irradiation. Moreover, it was

applied to a selective emitter in c-Si solar cells and optimized for the different laser-doped

emitters that controlled the depth by the first irradiation. The fabricated solar cells with a

selective emitter improved the conversion efficiency. In particular, F.F. was considerably

improved by forming the selective emitter. Basically, F.F. was considerably improved by

laser-doped selective emitter into laser-doped emitter at 0.5 W from 50.6% to 64.8% due to

the reduction of series resistance from 6.2 Q to 2.8 Q.

Finally, LD was applied to the formation of a selective emitter in phosphorous-doped

n-type c-Si solar cells using a pulsed UV laser at room temperature and in air ambient. The

dopant concentration increased and the doping depth became deeper in the selective emitter

formed by LD as determined by SIMS measurement. Therefore, the characteristics of the

solar cell with the selective emitter improved in this study. The selective emitter formed by

UV LD increased not only Vo but also Js. In particular, Jsc was considerably increased by the

selective emitter formation, and eventually, the efficiency of fabricated n-type c-Si solar cells

was increased from 6.8 % to 8.4 %.
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6.2 Outlooks

In order to realize not only high-efficiency c-Si solar cells fabricated by LD, but also
transfer LD to industrial c-Si solar cell fabrication process, there are many issues to study as

followings:

1. The doping profile has to be investigated with conditions of laser irradiation in more
detail. Actually, a little bit rough conditions to investigate the doping profile in LD have
carried out in this thesis. Especially, influence of ablated material could give directly

dependency of doping concentration. Thus, the laser scan pitch has to change.

2. The reflectance of dopant precursor film with more detail has to form to find out a
threshold of melting induced by laser irradiation. This is very important for revealing

clearly correlation between LD and dopant precursor film.

3. The doping profile has to be revealed the uniformity of three dimensions. In addition, the
establishment of optics system to form Top-Hat energy distribution of laser is necessary
for uniform doping. Used laser in this thesis did not shape the laser energy distribution.
Thus, laser energy distribution in this thesis was Gaussian. To change distribution from

Gaussian to Top-hat will be able to form the homogeneous doping. In particular, CW
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laser with Top-Hat energy distribution has a potential of homogeneous doping due to

having the high stable laser beam.

. Laser doping layer should investigate the crystallinity. In addition, surface direction after

LD should be investigated because LD induces melting and recrystallizaiton of silicon.

. The transient thermal analysis of LD should be introduced to investigate LD profiles. The

diffusivity of LD in this thesis was found out the between melting point and liquid of

silicon. The transient thermal analysis of LD will be helpful for investigation of LD

mechanism. Furthermore, the thermal of LD will be able to be controlled by the

introduction of transient thermal analysis into LD.

. For applying to c-Si solar cell fabrication process, the LD should apply to the textured

surface. The c-Si solar cells generally have a texture on the surface due to light trapping

for improving the efficiency. Furthermore, minority carrier lifetime after LD, especially

surface recombination has to be investigated.

. For the selective emitter formation, more and more optimization of LD is necessary for

improvement. Especially, the metal contact method should change to the other precise

alignment method contacted onto selective emitter. Also, selective emitter width has to be

-132 -



Chapter 6: Conclusions

narrower. Furthermore, for transferring laser-doped selective emitter into industrial c-Si
fabrication process, it is necessary that LD is matched into the c-Si solar cell process; in
particular contact firing process optimizes for laser-doped selective emitter. Because, the
obtained sheet resistance on laser-doped selective emitter in this research has

demonstrated quite low less than 20 Q/o.
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Appendix A
Equations for Calculation of Film Reflectance”

It is expected that the reflectance of samples with PSG film deposited on silicon base
substrate used in this thesis is changed by PSG film thickness due to the interference of
incident light in film which is different from the reflectance of bare silicon surface. Therefore,
the optical calculation of reflectance on Air/PSG/Si can be carried out to reveal the correlation
between the PSG film thickness and reflectance.

The conditions for optical calculation of reflectance are assumed as followings.

. Single layer of PSG (SiO,) film depositing on silicon base substrate
. Incident light through air ambience and vertically against sample

. Absorption into silicon base substrate, No absorption into PSG and air

The refractive index, attenuation coefficient, complex refractive index of PSG are
expressed in n, k, N = n—ik, respectively. Similarly, the refractive index, attenuation
coefficient, complex refractive index of silicon are expressed in Nm, Km, Nm = np—ikp,
respectively.

po i1s amplitude reflectance coefficient of Fresnel which means amplitude reflectance
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of electric filed on front surface of thin film. z, is amplitude absorption coefficient of Fresnel
which means amplitude absorption of electric filed on front surface of thin film. p, and 7, are
amplitude reflectance coefficient and amplitude absorption coefficient between rear surface of
thin film and substrate, respectively. From this point forward, these coefficients are rewritten
to Fresnel coefficient. The refractive index and attenuation coefficient referred to literature.?
Fig. A.1 shows the schematic model of Air/PSG/Si. The reflectance R was calculated by

following equations.

The Fresnel coefficient on front surface of thin film is:

no—N n,—n+ik 2n, 2n,
- - T, = = - A-1
Po n,+N n,+n-ik ° ny+N n,+n-ik (A1)
The Fresnel coefficient between rear surface of thin film and substrate:
N—-N n-n_—i(k-k 2N 2(n—ik
=Dy Doy oikohy) o 2N Anch) (A-2)
N+N, n+n, —i(k+k,) N+N, n+n, —i(k+k,)
In addition, the incident light through PSG film once is:
Azz—ﬂNdzz—ﬂ(n—ik)d:Z—End—iz—ﬂkdzé—iy (A-3)
A A A A

-135-



Appendix A: Equations for Calculation of Film Reflectance

Here,

6=—nd y :7kd (A-4)

Only change the phase of incident light through PSG film. & is the phase changes in case of no

absorption. yis the coefficient regarding amplitude by absorption. Thus, whole Fresnel

coefficient is:
s Ny _n"'?k + n-n, _?(k _km)e—i25e—2y
Cpetpe ng+n—ik n+n, —i(k+k,)
1+ pople_i“ 1+ n, —n+ik n-n, —i(k —km)e—izse—zy (A-5)
ne+n—ik n+n_ —i(k+k,)
_ A-iB _AC+BD+i(AD-BC) (A-6)
C-iD C?+D?

Here, A, B, C, and D are expressed by:

A=, —n)n+n_ )+k(k+k,)
+[{(ny +n)n=n_)-k(k -k, )}cos25 — {(n, +n)k =k, )+ (n—n_)k}sin25e (A7)

B=(n,—n)k+k,)-k(n+n,)
+[{n, + )Yk =k, )+ k(n—n_)icos2s + {(n, +n)n—n_)+(k -k k}sin2s > (A-8)

-136 -



Appendix A: Equations for Calculation of Film Reflectance

)—k(k+k,)
)+ k(k =k, )jcos28 —{(n, —n)k =k, )-(n—n, k}sin2se>  (A-9)

D=(n, +n)k+k,)+k(n+n,)
+[{(ny =n)k =k, )-k(n—n,_)lcos 26 +{(n, —n)n—n, )+ (k =k, k}sin2s? (A-10)

Hence, the reflectance R is:

R=|p|" = (A%+B?)/c?+D?) (A-11)
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1 Po
/ Air No
\ To
1 / P1
\ - Si substrate Ny = Ny - 1Ky

Figure A.1: Schematic model for the optical calculation of film reflectance.
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1) T. Funatani, Master thesis, Nara Institute of Science and Technology (in Japanese)
2) M. Kohiyama, Fundamental theory of optical thin film (Optronics, Tokyo, 2006), p.65

(in Japanese)

-139-



Appendix B. Evaluation of Solar Cell Property

Appendix B

Evaluation of Solar Cell Property*?

Irradiation spectrum was AM 1.5 with the total power intensity of 100 mW/cm? in
the wavelength in region from 200 to 1500 nm. The light was illuminated vertically onto the
solar cell. The illuminated light was refracted and reflected on the basis of continuous
boundary condition. Some of incident light were absorbed in the solar cell and the other
permeated the solar cell. The unabsorbed light was reflected totally at the Back Surface
Reflector (BSR), and reflected light was returned, and then was absorbed in the solar cell.

In order to investigate the solar cell performance, the current-voltage characteristics
were calculated. A typical current density-voltage and power-voltage curve of a solar cell
under illumination is shown in Fig. B.1. The short circuit current density (Jsc), the open circuit
voltage (Voc) and the maximum power point Ppyax (Vim, Jm) Were indicated in the figure. The
conversion efficiency # is the ratio of the incident power Pj, and Pnax, and given by,

n= % x 100 =JSC'VF+FF x100 (%) (B-1)

in in

where FF is the fill factor and defined by FF = (Jm* Vim)/(Js¢* Voc)-
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Figure B.1: Current density-voltage and power-voltage curves of a solar cell under

illumination condition. (A.M. 1.5, 100 mW/cm?)
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Japan, Tokyo, 1985) p. 198. (in Japanese)
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Appendix C

Advantage and Suitability of Diode Pumped Solid
State Laser for Crystalline Silicon Solar Cell

Fabrication Process

This thesis used two kinds of diode pumped solid state (DPSS) lasers for
investigation of LD and c-Si solar cell fabrication at room temperature. One used and another
laser are CW and pulsed, respectively. These lasers can fabricate c-Si solar cells at room
temperature, in air ambience, as shown in this thesis. In addition, these lasers have a potential
for realizing a low-cost and high- efficiency c-Si solar cells. Thus, these lasers can apply to
c-Si solar cell fabrication process. To clarify laser of ability with pulse or CW, the advantages
and suitability of each lasers for c-Si solar cell fabrication process were summarized in table

C.1. As a note to read table C.1, the wavelength of lasers are 532 nm.
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Cell Fabrication Process

Table C.1. Summary of advantages and suitability of pulsed and CW DPSS laser with 532 nm

wavelength for c-Si solar cells fabrication process.

1-4)

Pulsed Laser CW Laser
Power <5.0W <150W
© X
Peak Power (ex. Q switch) (Need of light focusing)
Optics A ©
Lifetime (Stability) X ©
Size O O
Controllability © O
_ - Liquid phase
Doping Liquid phase (Solid phase)
A ©
Throughput  pependence on pulse duration) (> 10m/s)
Cost A ©
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