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Abstract

Most of the world's solar cells in photovoltaic industry are currently fabricated using crystalline silicon.

Czochralski-grown silicon crystals are more expensive than multicrystalline silicon crystals. The future of solar-grade
Czochralski-grown silicon crystals crucialy depends on whether it is usable for the mass-production of high-efficiency solar
cells or not. It is generally believed that the main obstacle for making solar-grade Czochraski-grown silicon crystals a
perfect high-efficiency solar cell material is presently light-induced degradation problem. In this work, the substitution of
boron with gallium in p-type silicon single crystal is studied as an dternative to reduce the extent of lifetime degradation.
The diamond-wire sawing technology is employed to dice the silicon ingot. In this paper, the quality of the diamond wire-
sawn galium-doped silicon wafers is studied from the chemical, eectrical and structural points of view. It is found that the
characteristic of galium-doped silicon wafers including texturing behavior and surface metallic impurities are same as that

of conventional boron-doped Czochralski crystals.
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1. Introduction

Most of the present world solar cell production is
based on boron-doped crystalline silicon, with Czochral-
ski-grown single crystalline silicon and cast multicrys-
talline silicon. In spite of its complicated manufacture
and high cost, crystaline silicon still dominates the mar-
ket today and will probably continue to do so in the
immediate future. This is mostly due to the fact that
there is an abundant supply of silicon as a raw materia,
high efficiencies are feasible, the ecological impact is
low and silicon in its crystalline form shows practically
no degradation with time [1].

It is known that high efficiency solar cells made of
Czochralski-grown single crystalline silicon undergo a
moderate decrease in efficiency when exposed to light
[2-6]. Despite the fact that the efficiencies obtained on
Czochralski-grown single crystaline silicon are initidly
much higher compared to those attained on the cheaper
cast multicrystdline silicon materias, efficiencies closely
approach after a few hours of illumination. This is due
to the fact that multicrystalline silicon solar cells are, in
most cases, stable under illumination. Since, in generd,
Czochrdski-grown single crystdline silicon is more
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expendgve than multicrystalline silicon, the future of solar-
grade Czochraski-grown single crystalline silicon cru-
cialy depends on whether it is usable for the mass-pro-
duction of high-efficiency solar cells or not. Hence, in
recent years, a lot of research has been devoted to the
light-induced degradation (L1D) problem, which is pres-
ently the main obstacle for making solar-grade Czo-
chraski-grown single crystalline silicon a perfect high-
efficiency solar cell materia. It is dso known that a
floating zone material does not show this behavior,
however, for economic reasons, only Czochralski crys
tals are used in production. Recently, the reasons for the
degradation of efficiency have been determined and
ways have been found to prevent it [7]. These observa
tions justify the hypothesis that boron and oxygen are
the major components of the metastable defect underly-
ing Czochralski-specific lifetime degradation. The sup-
pression of Czochraski-specific lifetime degradation can
eadly lead to an absolute efficiency improvement by
severa percent. This Czochralski-grown silicon specific
lifetime degradation is induced by carrier injection or
illumination. In principle, three different means of sup-
pressing lifetime degradation can be distinguished.
Alternatives for reducing the extent of lifetime degrada
tion are the use of materials with very low concentra-
tions or free of oxygen, such as magnetic Czochralski-
grown silicon or floating zone grown silicon, the use of
n-type Czochralski silicon and the substitution of boron
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with gallium in p-type Czochralski silicon.

The high-cost of crystdline silicon materid causes a
barrier for the world wide application of solar cells [8].
One dtrategy is to reduce the thickness of silicon wafers
[9, 10], which is strongly dependent on the sawing tech-
nology. The wire sawing is now popularly used in the
wafering process. It is often carried out by a steel wire
trangporting abrasive durry, which proceeds by abrasive
slicon-carbide (SIC) particles being squeezed between
the wire and the silicon ingot. This technology can yield
a large productivity, but unavoidably has the environ-
mental impacts of durries and chemicals used to clean
the wafer surfaces after dicing. Meanwhile, this technol-
ogy has a big disadvantage of slicon swarf that con-
tains fine SIC particles mixed with silicon powder and
other organic coolants. Recycling the slicon swarf by
removing SIC particles has not yet been successfully
reported so far. The reason is that the SIC particles can-
not be filtered or separated by centrifuges. Furthermore,
the durry wire sawing technology usually causes large
surface damage. This necessarily results in a huge
breakage of wafers, especidly for the thin wafers. There-
fore, novel techniques are needed to cut thin wafers
from a slicon ingot with reduced breakage. An aterna-
tive to the durry-wire sawing technology is emerging in
the form of diamond-plated wire sawing. The wire is
coated by diamond particles by electrical plating and the
abrasive durry is replaced by a cooling liquid. It pro-
vides a high potentia for the thinner wafer dicing using
thinner wires and higher possihilities of recycling the
slicon swarf due to the absence of SIC particles. In
addition, diamond-wire dicing will reduce the usage of
oil based durries and wafer cleaning chemicals and will
bring a new horizon for cheap silicon based solar célls.
In this work, we have employed the diamond-wire saw-
ing technology to dice the dlicon ingot. The surface dam-
age and mechanicd properties of the wafers have been
investigated as compared to durry-wire sawn wafers [11].

In this paper, the substitution of boron with gallium in
p-type Czochraski-grown silicon ingots was studied by
the qudity evaluation for the diamond wire-sawn wafers.

2. Experimental Procedure

Czochralski silicon crystals with a diameter of 200 mm
and a length of 2,000 mm were grown using 24 inch hot
zone configuration to evaluate the quality of Czochralski-
grown silicon single crystals using conventional boron
and gallium doping method. The most important three

steps in conventiona Czochralski crystal growth are melt-
ing polysilicon, seeding, and growing. Doping Czochral-
ski-grown silicon crystals with gallium offers a sure way
of diminating the LID problem because the LID defect is
composed of boron and oxygen complex. The detailed
Czochralski dlicon growth steps for gallium doping
were explained by Hoshikawa et d. [12].

3. Reaults and Discussion

In this study, (100)-oriented 200mm diameter crystals
were grown by Czochralski method. B-doped and Ga-
doped ingots were diced to wafers using diamond wire
sawing technology to study the possibility of using Ga-
doped Czochraski ingots for photovoltaic application.

3.1. Electrical Characterization

The importance of slicon in the eectronic device tech-
nology relies on semi-conducting properties, which can
be controlled by small addition of impurity element, that
is, dopants, such as group Il element (e.g., boron, gd-
lium) for acceptors and group V elements (eg., phos-
phorus) for donor. The dopant impurities play a key role
in semiconductor device operation. Impurity atoms with
K (equilibrium segregation coefficient) <1 are rejected
by the advancing solid a a greater rate than they can
diffuse into the bulk of the melt. Most values for the
commonly used dopants for silicon are below 1, which
denotes that during growth the dopants are rejected into
the melt. In melt crystal growth process, with the start
of solidification at a given crystal-melt interface, segre-
gation takes place and the rejected impurity atoms begin
to accumulate in the melt layer near the growth inter-
face and diffuse in the direction of the bulk of the melt.
An impurity concentration gradient develops ahead of
advancing crystal.

The experimental and analytical axia resistivity distri-
bution in conventional and codoping process was shown
by Lee [1]. The low segregation coefficient of gdlium
(Ga) in dlicon met causes a much wider resistivity
variation as a function of crystal length. The segrega-
tion coefficient of B is large, 0.8 and that of Ga is very
small, 0.008. There is very little evaporation of B atoms
from the slicon melt during the crystd growth. The
evaporation rate of Ga from the silicon melt is consider-
ably greater than that of B, however, the detailed evapo-
ration behavior of Ga in Czchralski growth of silicon
crystal is poorly known [1, 12]. Because of resigtivity
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Fig. 1. The predicted resistivity distribution as a function of
fraction solidified and the position of wafers.

vaiaion aong the crystd length, the slicon wafers from
different positions along the axia direction of grown
crystals were studied. Ga- and B-doped ingots were
grown as the seed target resistivity of 3 ohm-cm. The
predicted resigtivity distribution and the positions of
wafers in the ingots are shown in Fig. 1.

The bulk minority carrier lifetime (MCLT) was stud-
ied for both crystals by noncontact photo-conductance
measurement. A light-soaked measurement was performed
after light-soaking for more than 24 hours to get the sta-
bilized lifetimes after LID. The surface of samples was
passivated by an ioding/methanal solution during the life-
time measurement. In this study, the wafers of postion-1
and position-5 were not used to diminate the effect of [Oi]
and metallic impurities on the electrical characteristic.

The bulk MCLT of as-grown and after light-soaking
samples for B- and Ga-doped wafers for different posi-
tions of Czochralski-grown ingots are shown in Fig. 2.
The B-doped ingot showed a tight distribution of MCLT.
Unlike the samples of B-doped crystal, the samples of
Ga-doped ingot did not show any LID. The lifetime is
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Fig. 2. Bulk minority carrier lifetime of as-grown and after
light-soaking samples for (a) B-doped and (b) Ga-doped wafers
for different poditions of Czochralski-grown ingots.

decreased from the seed to the tail position.
3.2. Physical Characterization

The diamond wire sawing of silicon bricks emerges as
a serious alternative to the so far established multi-wire
SIC durry sawing process. The diamond wire process
has numerous advantages, such as a higher productiv-
ity, a lower wear of the wire, and an easier recycling of
the cooling liquid. However, both sawing processes lead
to very different surface structures. Already the visud
ingpection of the two wafer types reveds their differ-
ences. The durry sawing wafers have a regular grey
appearance in contrast to the diamond wire-sawn wafers
with a silver shiny surface and clearly visible paralld
grooves.

The SEM micrographs in Fig. 3 show (8 B-doped and
(b) Ga-doped diamond wire-sawn silicon single crystal-
line wafer surfaces. The diamond wire sawn wafer fea
tures smooth parts, parald rifts, individua fractures,
and areas of cracks dong the rifts. The surface rough-
ness of (a) B-doped and (b) Ga-doped diamond wire-
sawn silicon single crystalline wafer are shown together

(b)
Fig. 3. SEM micrographs of (a) B-doped and (b) Ga-doped diamond wire-sawn silicon single crystalline wafer surfaces.
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(a)

(b)

Fig. 4. Surface roughness of (a) B-doped (Ra=0.158um) and (b) Gadoped (Ra=0.160 um) diamond wire-sawn slicon single
crystdline wafer.

in Fig. 4. The initid reflectance of the diamond wire-
sawn wafers is typicaly higher than that of the durry
processing wafers. These smooth regions of the diamond
wire-sawn wafer might be considered as the reason for
the higher reflectivity values for the diamond wire-sawn
wafer. From the point of view of the as-cut surface and
the surface roughness, the physical characteristic of sili-
con single crystals grown by Czochralski using Ga-dop-
ing is amilar to that of conventional B-doped Czochralski
crystals.

3.3. Chemical Characterization

As the refractive index of silicon is very high, reflec-
tion at the surface of solar cells has to be minimized.
Consequently, al solar cells manufactured today have
an anti-reflective coating consisting of a transparent film
of low refractive index. Even more efficient is surface
texturing which not only reduces reflection but also pro-
vides obligue coupling of light into the cdll. In this man-

ner, the radiation paths are increased and enhanced
absorption of infrared radiation results and conventional
wet chemical texturing process can only be applied. The
(100) surfaces are treated with an anisotropic etch which
creates inverted pyramids bounded by (111) planes.
Monocryddline (100) slicon wafers with around 200 um
thickness were etched. After etching the wafer were
rinsed in water and dried. SEM pictures were taken. The
SEM micrographs in Fig. 5 show the textured surface of
(a) B-doped and (b) Ga-doped diamond wire-sawn sili-
con single crystaline wafer.

The meta impurities in specific regions a near sur-
face of silicon wafer were determined by constant depth
etching [13]. It is possible to etch uniformly over the
entire wafer surface with etching solution made up of
HF and HNO,. The solution was evaporated after etch-
ing. After spiking, the recovery of the meta impurities
were found to be 90~110%. In Fig. 6, the concentra-
tion of surface metallic impurities for durry wire-sawn
and diamond wire-sawn wafers measured by ICP-MS

Fig. 5. SEM micrographs of the textured surface of (a) B-doped and (b) Gardoped diamond wire-sawn slicon single crystaline
wafer.
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Fig. 6. Concentration of surface metalic impurities for durry
wire-sawn and diamond wire-sawn wafers. The concentration of
surface metallic impurities for B-doped and Ga-doped diamond

wire-sawn silicon single crystalline wafer are shown together.

are shown. The etching method was used as sample pre-
treatment method. The concentration of surface metallic
impurities for B-doped and Ga-doped diamond wire-
sawn silicon single crystalline wafer are shown together.
The characterigtic of silicon single crystals with a diam-
eter 200 mm, grown by Czochralski using Ga-doping is
same as that of conventional B-doped Czochralski crys-
tals in terms of the texturing behavior and the concen-
tration of surface metallic impurities.

4. Conclusion

The future of solar-grade Czochraski-grown silicon
crystals crucialy depends on whether it is usable for the
mass-production of high-efficiency solar cells or not. It
is generdly believed that the main obstacle for making
solar-grade Czochraski-grown silicon crystals that is a
perfect high-efficiency solar cell materid is presently LID
problem. In this paper, the substitution of boron with
gdlium in p-type Czochraski silicon was studied as an
aternative to reduce the extent of lifetime degradation
through the qudity evauation for the diamond wire-sawvn
wafers. The characteristic of silicon single crystals with
a diameter 200 mm, grown by Czochralski using Ga-
doping including the texturing behavior and the surface
roughness is the same as that of conventional B-doped
Czochralski crystals. This is very important for the
device fabrication process, since it is not necessary to
change the therma process and the chemica etching
process for the use of Ga-doped wafers. Therefore, it is
believed that p-type dlicon materids grown by Czo-
chraski crystal growth process using the Ga-doping can

be used for the solar cell fabrication in the same way as
the conventional wafers.
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