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2 ( 002)| 9.96 | 0496 | 0720 | 356 4.63
G-1¢ 151)] 10.2 0.477 | 0.703 | 3.42 4.45
m 2( 152) | 10.6 0.493 | 0.670 | 3.50 4.55
7 B-1( 295)| 16.67 | 0.598 | 0.725 6.62 8.61
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Silicon crystals are grown from 98% pure metallurgical-grade squrce material by the Czochralski technique in an attempt to
apply them to solar cells. Their crystallinity, impurity content and electrical properties are investigated. Inclusions, observed in
the crystals grown at higher rates than 1 mm/min, or when the solidified fraction is over 0.4, are identified as Si—Al alloys by
electron probe micro-analysis. The impurity concentration in the crystals depends mainly on the growth rate. The growth rate of
0.5 mm/min is found to be the optimum for preparing relatively pure crystals. The impurity concentration cannot be decreased
to the level expected from the segregation coefficient. This reason is considered to be due to the existence of small-sized inclu-

sions and the formation of cellular structure.

1. Introduction

Solar cells are so far manufactured from silicon
single crystals grown by the Czochralski (CZ) pulling
technique with the use of high purity semiconductor-
grade polycrystalline silicon as a source material.
Polycrystalline silicon is produced today from 98%
pure metallurgical-grade silicon (MG-Si) through com-
plicated and expensive processes. The price of MG-Si
is lower and the amount produced is larger than the
semiconductor-grade silicon, both by about two
orders of magnitude. The impurity content in silicon
required to fulfil the solar cell characteristics is more
than that in semiconductor-grade silicon {1]. There-
fore, MG-Si is a convenient starting material for the
preparation of inexpensive solar cells, if a simple and
less expensive purification technology is developed.

Various purification methods of MG-Si have been
investigated because of the background mentioned
above. They are: (i) treatment of molten MG-Si with
halogen gas, (ii) acid leaching of crashed MG-Si and
(iii) CZ crystal pulling technique from the melt [2].
Solar cells fabricated using high purity epitaxial layers
grown on substrates pulled from MG-Si have been
reported to have a conversion efficiency of about
4-8% [3-5]. On the other hand, the efficiency of
solar cells fabricated in the substrates pulled from the
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MG-Si material by the diffusion process is about
half of the efficiency of the epitaxial cells because of
high impurity concentration and insufficient crystal-
linity [2,5].

In this paper, the properties of crystals grown
from commercial MG-Si are characterized in detail.
The impurity concentration and the inclusion observed
in the crystals are analyzed. The relationship between
the impurity concentration and the growth rate is
studied, and reasons for insufficient purification of
the grown crystals are discussed.

2. Experimental
2.1, C)ysral growth

Crystals were grown by the Czochralski method
using resistance heating in an Ar atmosphere. Seed
crystals used were of the (100) orientation. A mass of
1 kg of MG-Si was charged in a quartz glass crucible
of 10 cm in diameter. The seed and the crucible were
rotated at 10 rpm mutually in opposite directions
during the growth. ‘

When the MG-Si melted, slag came to float usually
on the melt. This slag is probably composed of oxides
which are not reduced by carbon during the MG-Si
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forming process and degraded the crystallinity of
grown crystals or made it impossible to grow large
diameter crystals. Frequently, the crystal grown from
the melt with slag has many hollows containing slag,
as observed in fig. 1. Accordingly, it is necessary to
remove such slag before growing crystals.

Small crystals (20—30g) were grown at various
pulling rates between 0.2 and 2 mm/min, and the
optimum rate for minimizing the impurity content
was found to be 0.5 mm/min. Accordingly, an ingot
of 4 cm diameter was grown at this rate.

2.2. Characterization
Defects in wafers sliced from the grown crystals

were examined by means of optical or scanning elec-
‘tron microscopy (SEM) after mirror-etching with a

HF—HNO; solution. In order to investigate defects

“inside the wafers, mirror-polished wafers were ob-
served by infrared microscopy with reflected and
transmitted lights under a crossed nicol. Species and
quantity of ‘impurities involved were analyzed by
spark source mass spectroscopy (SSMS) and emission
analysis. Inclusions observed were identified by elec-
tron probe micro-analysis (EPMA). Electrical proper-
ties were measured by Van der Pauw’s method, a four
point probe technique and a spreading resistance
probe technique.

Fig. 1. Cross section of a crystal grown from metallurgical-
grade silicon in the presence of slag.

"~ 3. Results

3.1. Crystallinity

A wafer sliced at 2/5 from the top of an ingot
grown at the rate of 0.5 mm/min was polycrystalline.
Crystal grains are several cm in diameter in the central
region and are smaller in the periphery, as seen in
fig. 2a. However, a wafer taken at 3/5 down the top
showed a cellular structure in the central region as
seen in fig. 2b. The cellular structure developed as the
crystal grew, and, as can be seen in fig. 2¢, almost all
the area at the bottom of the ingot showed cellular
structure.

Crystallinity of the ingots grown at a rate of 0.2 to
2 mm/min was also investigated. An optical and an
infrared images of a wafer grown at the rate of
0.2 mm/min are shown in figs. 3a and 3b, respectively.
The optical image shows that the wafer is composed
of large grains and contains microdefects or small
sized inclusions as shown in the transmitted infrared
image of fig. 3b. Crystals grown at a rate of 0.5 mm/
min gave images as those shown in figs. 3a and 3b.
However, crystals grown at 1 mm/min consisted of
many small grains. Crystals grown at 2 mm/min had a
typical - cellular structure, as shown in fig.4a.
Although the reflected infrared image showed only
the grain boundaries on the surface, as seen in fig. 4b,
the transmitted image shown in fig. 4c reveals many
black regions. The bright contrast under a crossed
nicol suggests that a heavy lattice distortion exists
around the inclusions.

The surface etched by a mixture of HF and HNO,
was rough. The regular and wide lines, indicated by A
in fig.4d, in the central part of the wafer are the
places preferentially etched, and are.concave. The
narrow pair lines, indicated by B in fig. 4d, are ob-
served to run parallel to the concave lines. The ring-
shaped structure was also observed in the periphery
of the wafer, as shown in fig. 4e.

3.2. Identification of inclusions

Opaque areas to the transmitted infrared light
were found in the crystals grown at the rate og 1 mm/
min. In order to identify the opaque inclusions, |
EPMA analysis was applied to the opaque region a
and the semi-opaque region b shown in the SEM
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Fig. 2. Chahge of crystallinity: (a) wafer sliced at 2/5 from the top; (b) sliced at 3/5 from the top; (c) sliced from the bottom.

micrograph of fig. 5a. The result showed that the
opaque region a contained a large amount of Al and
a small amount of Si, Fe, Cr and Zn, whose X-ray
intensities were smaller than the intensity of Al by
one order of magnitude, while the semi-opaque region
b consisted of silicon and a smaller percentage of Al.
Fig. Sb isan AlK« image corresponding to fig. 5a. This
shows that the main component of inclusions is Al

3.3. Inpurity concentration in the grown crystals
The impurity concentration in the ingots grown at

rates between 0.2 and 2 mm/min was determined by
SSMS. The impurity concentration in the crystals

grown at the rate of 0.2 mm/min &as slightly higher
than that in the crystals grown at 0.5 mm/min, as
indicated in table 1. However, the impurity concen-
tration increased drastically with increasing growth
rate for the crystals grown at the rates higher than 1
mm/min, The observed impurity concentration was
quite' different from that calculated from the equilib-
rium segregation coefficient. The difference is discus-
sed later in detail. Thus, the growth rate for preparing
pure crystals was determined to be 0.5 mm/min.

The impurity concentration in the ingots grown at
the growth rate of 0.5 mm/min are listed in table 2. It
is noted that the imputity content increases steeply
when the cellular structure appeared in the crystal.

0.3mm

Fig. 3. Crystal grown at a rate of 0.2 mm/min: (a) optical photograph; (b) transmission infrared micrograph.
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The cellular structure was observed when the solidi-
fied fraction was beyond 0.4. Here, the solidified
fraction is defined as the ratio of the weight of the
grown crystal and the initial weight of the melt. The

Fig. 4. Crystal grown at a rate of 2 mm/min; (a) optical
photograph; (b) reflection infrared micrograph; (c): trans-
mission infrared micrograph; (d) and (e) optical micrographs
showing cellular structure.

impurity concentration near the bottom of the ingot
was the same as that of the MG-Si source.

3.4. Electrical properties of grown crystals

Carrier concentration, mobility and resistivity of
the grown crystals were examined as a function of the
solidified fraction. As the solidified fraction increases,
the carrier concentration increases, whereas the car-
rier mobility and the resistivity decrease, as indicated
in fig. 6. These quantities begin to vary when the
solidified fraction is beyond 0.4. In the figure, the
mobility in single crystals grown from semiconductor-
grade silicon is also shown by the dotted line. The
carrier mobility in the ingot grown from the MG-Si
was 5-30% lower than that commonly obtained in
the semiconductor-grade silicon and the difference
increases with the increase of solidified fraction.
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Table 1

Fig.'5. Inclusions observed by SEM and EPMA: (a) SEM; (b) AlK« image.

Effect of growth rate on impurity concentration in the crystal grown from metallurgical-grade material; the concentration was
measured using SSMS

Growth Impurity concentration (ppm)
rate :
(mm/min) B Al P As Cu Fe Cr Mn Ti
0.2 3 60 2 0.05 0.2 0.04 60 0.1 1 1
0.5 3 60 7 0.05 0.2 0.04 2 0.1 - 0.04
1.1 3 200 7 0.2 2 60 1 4 10
2.2 3 300 7 0.2 200 6000 40 300 400
Source 5 3700 20 0.2 80 6300 400 400 1000
Caled. @) 4 7 7 0.06 0.03 0.05 - - -
a) Impurity concentration calculated from the equilibrium segregation coefficient [6].
Table 2
Variation of impurity concentration with solidified fraction, measured by emission analysis
Impurity Source Solidified fraction (ppm)

0.01 0.09 0.40 0.60 0.70 0.95
Al >1000 10050 10050 100-50 500-100 >1000 >1000
B 50- 10 50-10 50-10 50-10 50— 10 50— 10 50- 10
Ca 500--100 <5 <5 <S5 50— 10 50— 10 100- 50
Cr 500-100 <10 <10 <10 50— 10 50- 10 500-100 .
Cu 100— 50 <5 <5 <5 50- 10 50- 10 1000-500
Fe >1000 <50 <50 <50 500-100 >1000 >1000
Mg 100- 50 <1 <1 <1 10- 5 50— 10 50— 10
Mn 500100 50-10 50-10 50-10 100- 50 100—- 50 500-100
Ni 500-100 <50 <50 <50 100- 50 100— 50 500-100
Ti >1000 <50 <50 <50 100~ 50 100- SO 500--100
\% 500-100 <100 <100 <100 500-100 500--100 500100
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Fig. 6. Variation of electrical properties with solidified frac-
tion.

When the solidified fraction was less than 0.1, the
electrical properties varied with the growth rate, as
shown in fig. 7. The carrier concentration increases,
while the mobility and the resistivity decrease with
increasing growth' rate. The variation of carrier con-
centration is supposed to be due to the increase of
the Al content, as can be seen in tables 1 and 2. The
decrease in mobility is related to the existence of
inclusions and the formation of the cellular structure
containing many grain boundaries.

Fig. 8 shows the resistivity distribution in a crys-
tal grown at a rate of 0.2 mm/min, measured by the
four point probe method. The average resistivity is
0.085 & c¢m. The lowest and highest values are 0.053
€ cm and 0.139 2 cm, respectively. The standard
deviation is 13.4%.

The resistivity in the central part of the crystal was
lower than that in the periphery. The regions of lower
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Fig. 7. Variation of electrical properties with growth rate.

resistivity are indicated by minus signs. In general, the
part crystallized later has a higher impurity concen-
tration because of impurity accumulation in the melt
with advance of the growth. The lower resistivity in
the central region suggests that the central region
grows later than the periphery, namely, the solid—
liquid interface is concave to the silicon melt during
the growth. The very high resistivity regions are the
dot-like regions indicated by plus signs around the
periphery. When the high resistivity regions were ob-
served with infrared microscopy, the infrared trans-
mittance in these regions was lower than that in the
central part of the crystal. This comes from the lower
crystallinity in these regions, which contain deep-level
impurities such as Fe and Cr, which trap free carriers
to cause the high resistivity.
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Fig. 8. Resistivity distribution in a polycrystalline silicon
crystal grown from MG-Si: (a) photograph of silicon surface;
(b) resistivity distribution measured by an automatic four
point probe analyser. Thick lines represent the zero level.
Plus and minus signs indicate higher and lower resistivity
regions, respectively. One contour line shows the resistivity
change of 5%.

4. Discussion

As is shown in tables 1 and 2, the impurity con-
centration in the crystals could not be decreased to
the value expected from the equilibrium segregation
coefficient, and the impurity concentration increased

steeply when the crystals grew at rates over 1 mm/
min or when the solidified fraction exceeded a certain
value. These reasons are discussed below.

Generally, impurity segregation is calculated by
the following equation [7]:

Ko
Ko + (1 — Ko) exp(—f3/D)’

where K¢gr is the effective segregation coefficient, Cg
the impurity concentration in the crystal, C; the
impurity concentration in the liquid, that is, the im-
purity concentration in the source, K, the equilib-
rium segregation coefficient, f the growth rate of the
crystal, 8 the diffusion boundary layer thickness
between the growth interface and a point of constant
concentration in the melt, and D the diffusion coef-
ficient of the impurity in the melt.

The value of K¢ for Al was calculated to be
(2.1-2.6) X 1073, using f=0.2—-2 mm/min and the
reported values of §/D = 86 sec/cm [8] and Ko =2 X
1073, K¢s for P was calculated to be 0.36—0.45 for
Ky =0.35. Thus, Kc¢r and K are nearly equal and of
the same order of magnitude. However, the observed
impurity concentration is one to five orders of mag-
nitude higher than the calculated one shown in table
1, namely, the observed K.gs is higher than Ky by
1-5 orders of magnitude. The difference becomes
larger as the growth rate increases. The discrepancy
observed in the case of small growth rate is probably
due to the existence of small-sized inclusions as
shown in fig.3b and the inclusions were impurities
because of their semi-opacity to infrared.

In the case of high growth rates or large solidified
fractions the cellular structure was formed. This
structure is known to be formed by constitutional
supercooling [9]. The condition for constitutional
supercooling is as follows [10]:

C,>C s V)]

___ KoDG,
(1-Ko) f(-m)’

where C is the impurity concentration in the crystal,
Csc the impurity concentration in the crystal neces-
sary for the occurrence of constitutional supercool-
ing, G| the temperature gradient in the melt, and m
the slope of the liquids curve. Eq. (3) shows that C, .
is low when the growth rate fis high. In other words,

)

Kerp = Cy/Cy =

Csc (€))
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Table 3
Impurity concentration necessary for the occurrence of con-
stitutional supercooling

Impurity Cs (observed) Cyc (calculated)
Al (2.5-0.5) %1019 14 x 1017
B 6 -1 )yx10t? 2.6 X 1021
Fe (1.3-0.2) x 108 55 % 1015

-

the crystal tends to take the cellular structure when
the growth rate is high. This explains the results of
table 1 and fig. 4. '

Using the observed values of f (0.5 mm/min) and
G; (20°C/cm), C,. was calculated for the impurities
Al, B and Fe. The calculated and observed values are
given in table 3. The observed value for B was two
orders of magnitude lower than the calculated one,
but the observed values for Al and Fe are two or
three orders of magnitude higher than the calculated
ones. If the impurity concentration satisfies the con-
dition of eq. (2), the melt is subjected to the consti-
tutional supercooling. This can be applied to the
present case.

The formation mechanism of the cellular structure
is considered as follows [11]. When the melt is consti-
tutionally supercooled, it produces instability in a
planar solid—liquid interface. A protuberance forms
on the solid surface by fluctuation as shown in fig. 9.
The region between these protuberances becomes

b— cell

growth

direction

boundary

more solute-rich for the impurity segregation from
the protuberance and hence has a lower freezing
point. The solidification of the region between pro-
tuberances tends to be suppressed and the cellular
structure is stabilised. In order to confirm the impu-
rity accumulation in the region between the pro-
tuberances, the resistivity variation around the pro-
tuberances was measured by spreading resistance
probe method.

The cellular structure observed in a. mirror-pol-
ished wafer is shown in fig. 10a. The structure con-
sists of cells with a regular spacing of 0.4-0.5 mm.
The cell boundaries are not continuous but straight.
As indicated in fig. 10b, the resistivity variation
represents well the observed cellular structure. The
impurity concentration at the cell boundary is 3--4
times higher than that between the boundaries.
Therefore, the crystal with cellular structure has a
high impurity concentration, leading to large Kegs.
The result of EPMA analysis mentioned in section 3.2
shows that Al is a primary impurity. The diffusion
boundary layer thickness & at the cell boundary and
the thickness between the cell boundaries were cal-
culated for the same growth rate by eq. (1). The
thickness at the cell boundary in the case of Al impu-
rity was 1.5—1.6 times the value between the bound-
aries. This difference in layer thickness is considerd to
correspond to the thickness of the protuberance in
fig. 9.

The higher etching rate at the cell boundary is

—

growth
interface

crystal |

Fig. 9. A model of liquid —solid interface for the formation of cellular structure.



E. Kuroda, T. Saitoh | Growth and characterization of polycrystalline Sf ingots 259

2[ x1 E
- 10
G ok 1%
pessues L,eeseeresen Leken et . i
o | 13 g
i b
- . 2
s 2
.2 ~ g
5 ., =
- i o
@ 1 r b O 1mm 08 o
[ s 1

Fig. 10. Spreading resistance distribution in a crystal with cellular structure: (a) photograph showing the cellular structure; (b)

spreading resistance distribution.

based on the fact that the cell boundary consists of
Si—Al alloy easily etched by HF—HNO; solution.
Therefore, Al impurity is thought to be a main fac-
tor to cause the cellular structure in the grown crys-
tals.

5. Conclusion

In an attempt to obtain low cost solar cells, silicon
crystals were directly grown from metallurgical-grade
silicon as a source material. As the crystal grew, their
crystallinity degraded because of impurity accumula-
tion in the melt, and the structure changed from the
polycrystalline structure with grain sizes of a few cm
to the cellular structure because of the constitutional
supercooling.

The cellular structure was also observed when the
growth rate exceeded 1 mm/min. The impurity con-
centration in the crystals with cellular structure was

very high and this could not be explained by a simple
segregation mechanism. The growth rate to minimize
impurity contents was determined to be 0.5 mm/min.

Small-sized inclusions were observed in the crystals
grown at rates less than 0.5 mm/min and when the
solidified fraction was less than 0.4. On the other
hand, large-sized inclusions, observed in the crystals
grown at higher growth rates or when the solidified
fraction was larger, were found to consist of Si, Al
and small amounts of Fe, Cr and Zn. As the reasons
why crystals were not purified to the levels expected
from the segregation coefficient we can mention the
existence of small-sized inclusions and the formation
of cellular structure.
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A practical way to reduce the cost of terrestrial solar cells is to utilize
low cost metallurgical-grade silicon(MG~Si). To date, a conversion efficiency of

1)

8.6% has been achieved in a thin film solar cell where this material was used as

substrate after a proper refining process, Similar efficiency has been reportedz)
with a directly diffused cell by using higher-~grade material(i.e. SOG-Si). In
this paper, process conditions are optimized and solar cells are fabricated either
by epitaxial growth of a photovoltaic region or by p-n junction formation through
direct diffusion using different grades of silicon sources. Some impurity getter-
ing processes are also attempted to improve substrate material grade. Source
materials and combinations of simple refining processes are evaluated in terms of
solar cell performance, and the possibility of obtainiﬁg efficient solar cells is
revealed.

Three kinds of silicon sources for the starting material in fabricating solar
cells were investigated: i) conventional MG-Si, ii) acid-leached MG~Si (RMG-S5i),
and iii) up-graded Si equivalent to S0G-Si. Ingots were obtained by Czochralski
crystallization performed once or twice. These ingots were sliced to wafers ~0.4mm

. thick. The seed orientation and pull rate used in crystallization were <100> and
0.5mm/min. A feature of the second crystallization was the disappearance of ir-
regular crystallographic orientations as reported elsewherea), and mono- or bi-
crystalline regions made up most of the pulled ingots. The resulting crystals had
carrier concentrations of 0.7—2.0x1018cm_3.

Impurity concentrations in the starting materials and obtained ingots were
measured by X~-ray fluorescence spectroscopy, atomic absorption spectroscopy,
colorimetry, and spark source mass spectroscopy. The results shown in Table I
indicate that most metallic impurities can be effectively eliminated by a combina-
tion of simple purification steps.

When a photovoltaic conGersion layer was fabricated on the substrate as
mentioned above, a Si layer 30050um thick was deposited epitaxially by using
SiH,Cl, at 1100°C with a dopant{(boron) concentration grading of two orders of
magnitude to establish an internal electric field. Photovoltaic characteris-
tics of thin film solar cells were measured at 28°C with an AMl solar simulator
whose intensity was adjusted by a secondary standard cell calibrated at NASA (LeRC).
Results are summarized in Table II, and an example of I-V characteristics is shown
in Fig.-1l. A noticeable aspect of thin film cells is that there is little effect
of substrate grade on solar cell performance as long as the impurity concentration
falls in the range shown in Table I,

On the other hand, in the directly diffused solar cells performance was
greatly affected by the material grade, as shown in Table III. However, the
results of twice-crystallized cases show the possibility of obtaining practical
efficiencies.

Impurity gettering was done on twice-pulled substrate by a combination of

* Work contracted with the Agency of Industrial Science and Technolegy, M.I.T.I.,
as a part of the national R&D program, "SUNSHINE PROJECT".
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,several methods including wafer-surface grinding, ambient annealing, and phospho-
rus diffusion gettering. Some promising results are also shown in Table III. A
convérsion efficiency of 8,4% was realized from MG-Si via a process free from the
conventional chlorination and hydrogen reduction route.

The combination of impurity-segregative solidification of slightly up-graded
MG-Si and CVD film deposition realized 10% efficiency, while repeated CZ crystal-
lization and appropriate gettering were required for 8% efficiency in cells using
the same material directly. The cost balance of large volume epitaxial technology
for the former and crystallization plus gettering for the latter should be consid-
ered from the economic point of view,
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1) T. Warabisako et al., Proc. of the 10th Conf, on Solid State Devices, Tokyo
(1978) p.ll5.

2) J. I. Hanoka et al, Conf, Record of the 13th IEEE Photovoltaic Specialists
Conference, Washington,D.C, (1978) p.485.

3) T. Saitoh et al., ibid. p.479.

Table I. Impurity concentrations in the silicon sources and the obtained ingots

used for solar cell substrates, {ppm)
Material —tmpurity B al Cu Ni Fe Cr Mn Ti_ V¥ Zr
: ) Source 7 3700 78 280 6300 170 82 190 2 0.2
MG-Si cz 15 270 1 <5 1 0.7 <0.2 <1 <0.2 0.2
¢z ~C2 12 2.4 0.01 <5 3 <0.04 0.2 3 0.2 0.2
; Source 21 200 2,5 14 <100 10 50 50 18 . 5
RMG-Si cz 9 18 0.2 <5 <1 0.04 <0.2 <1 <0.2 0.1
Cz » C2 15 0.03 0.1 <5 <l <0.04 <0.2 1 0.2 0,2
] Source 40 100 1.4 5 <100 1.3 50 50 15 1,2
RMG-Si¥ cz 3 0.2 0.2 <5 <1 0.04 0.6 <1 <0,2 <0,1
Cz » C2Z 3 0.2 0.06 <5 2 0.04 <0.2 <1 <0.2 <0,1

MG~Sif conventional metallurgical-~grade silicon, RMG-Si: refined MG-8i,
RMG-Si¥*; up-graded material equivalent to solar-grade silicon.

Table II. Performance of thin film solar
cells fabricated on various grade silicon

substrates.,
Source Crystallization Jsc(mA/cmz) n (%)
06 MG-Si cz 21.6 9.59
CZ » C2 23.2 9,93
05 - pr CzZ 23,9 10.0
RMG-Si cz »cz 23.5  10.5
. cZ 22,7 8,22
Z0er RMG=Si* . .
<
< AM 100mWicm2 CZ 2—» CZ 24.2 10.8
£ 28%C AMI (100mW/cm®), 28°C,
031 cELLAREA  253em2
4 (22.3em2)
k=] Is¢ 593A Table III. Performance of solar cells
az (235majcm?2) fabricated by direct diffusion into
Voc .593v various grade silicon substrates,
FF 756
01hk EFF 10.5% Source Crystallization J_ (mA/cm?) n(%)
(11.9%) : se
; CzZ 8.05 1.99
0 1 1 ! ' i MG-Si - CZ ~C2 16.0 6.57
(v} 0.1 Q.2 0.3 0.4 Qs 0.6 (CzZ -+ CZ)+GET. 16.3 7.23
VOLTAGE (V) ) cz 10,2 3.57
RMG~S1 CZ » CZ 16.8 6.41
Fig. 1. I-V characteristics of an (cz » cz)+GET. 17.7 8.44
epitaxial solar cell fabricated : cz 13.0 3.92
on twice-pulled refined metal- RMG-Si* 27, ¢z 17.4 6.38

lurgical-grade silicon.
AML (100mW/cm?), 28°C

GET.: subjected to gettering.
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I a— 2 IMPURITY GETTERING OF DIFFUSED SOLAR CELLS FABRICATED
. FROM METALLURGICAL-GRADE SILICON

T.Saitoh, T.Warabisako, E.Kuroda, H.Itoh,
S.Matsubara and T.Tokuyama

Central Research Laboratory, Hitachi Ltd.
Kokubunji, Tokyo 185

The use of metallurgical-grade silicon ( MG-Si ) is one of the feasible way
to realize inexpensive solar cells because of low material costs and applicability.
with present mass production systems. However, crystal ingots grown from MG-Si
contain large amounts of impurities such as Cu, Fe and Ti despite impurity seg-
regation during crystal pulling. In this paper, a damage gettering technique is
described which reduces the impurity content in the crystals and enhances photo-
voltaic performance of diffused solar cells.

Crystalline ingots are Czochralski-grown from commercial and refined MG-Si
sources. The ingots are p-type polycrystals and single crystals with resistivities
of 0.04 to 0.100.cm. Single crystals are grown by " twice-pulling ", i.e. pull-
ing again from once-pulled ingots. The main impurities included are B and Al, and
‘other impurities approach the analytical limits of spark source mass spectroscopy.
Damage gettering is performed by preparing a mechanically damaged layer on the
back surface and subsequent annealing at 800 - 1100 °C . Conventional processes
are employed to fabricate diffused solar cells. Cell characteristics are evalu-
ated at 28 °C under AM 1 ( 100 mW/cmZ) irradiation.

First, optimum annealing conditions are investigated as a function of ambient
gas species, temperature and time. In an 0, ambient, the cell f£ill factor degrades
to 0.25, while cell performance is greatly improved by annealing in N,. Conversion
efficiency tends to increase with time at higher temperatures as shown in Table 1.
It is noted that, in the initial annealing stage, the values of Voc and FF are
improved and. then Jsc due to the increase in minority carrier lifetime in the
bulk region. Especially, the Voc and FF values are close to those for solar cells
using semiconductor-grade silicon. AM 1 conversion efficiencies for pre-gettered

*
Table 1. Cell characteristics vs. damage<gettering

No. Purification 2??g?li?g)(mAji;?) (Vgc) FF (%)
1 — —— | 7.93 0.450 0.538 1.92
2 | Mesiscz 1100 4 | 9.18 0.487 0.375 1.68
3 1100 25 | 11.1 0.508 0.645 3.64
4 —— - | 16.0 0.578 0.699 6.46
5 | MG-Si3C23CZ | 4,450 4 | 16.3 0.596 0.757 7.35
6 —_ - | 10.8 0.512 0.525 2.90
7 | RMG-siscz 1100 4 | 13.7 0.571 0.785 6.12
8 1100 25 | 17.3  0.574 _ 0.773 _ 7.68
9 — — | 16.8 o.580 o0.670 .53
10 | mMc-sisczocz| 1100 4 | 17.0 o0.s00 0.785 s.01
11 1100 25 | 19.1  0.609 0.775 9.02

* AM 1 (100 mW/cm?), 28 °C, with AR film.



cells using refined MG-Si source increased drastically and a maximum efficiency
is obtained to be 9.02 % by 25 hour annealing at 1100 °C. This improvement is
not only due to the increases in Voc and FF, but also in Jsc.

Light current-voltage characteristics, shown in Fig.l, are analyzed to
clarify the gettering effects. It is found that shunt resistance is improved
remarkably by damage gettering. In addition, dark current-voltage characteristics
are investigated by preparing small diodes on a step-etched specimen. As a result,
impurity gettering is found to begin at the wafer surface and proceed gradually
into the crystals as shown in Fig.2.

It is concluded that low cost solar cells with an efficiency more than 9 %
can be realized when employing the damage gettering technique for crystal wafers
which are simply pulled from refined MG-Si sources.

This work has been financially supported by the Agency of Industrial- Science
and Technology, Ministry of International Trade and Industry, as a part of the
National Research and Development Program : " Sunshine Project ".
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I p"‘ 4 SILICON SOLAR CELLS FABRICATED BY
ION IMPLANTATION AND LASER .ANEEALING
H.Itoh, M.Miyao, T.Warabisako, H.Tamura, T.Saitoh, ahd T.Tokuyama
Central Research Laboratory, Hitach Ltd.,

Kokubunji, Tokyo 185

Recently, the ion implantation-laser annealing technique has been developed for p-n junction
formation, and solar cell fabrication has been studied by using this technique. It was reported
that the solar cells fabricated by this technique showed lower open circuit voltages (voc) and

£i11 factore (FF) because of poor diode charactetistics%)’z) However, low temperature furnace

£

annealing treatment after laser annealing improved the solar cell characteristics.” To date, the
mechanism of this solar cell characteristics improvement has not been clarified. In this paper,
the effect of low temperature furnace annealing as well as laser energy density is investigated by
measuring diode characteristics and by Deep Level Tramsient Spectroscopy (DLTS).

Samples used in this work were 1, 4 and 10 f2cm p-type silicon wafers with {100) orientations.
First, Al was deposited as the back contact, followed by alloying at 600°C for 10 min. The wafers

15 15 g+ ions/cm2 into the Si surface at

wvith back contacts were then implanted with 1x10™~ or 8x10
50 keV. Next, laser annealing was carried out using a Q-switched ruby laser (} =0.694 pm, pulse
duration time = 25 ns) with an energy density of 0.35-1.9 J/cm2 per pulse. Finally, furnace
annealing was carried out in a euarzt furnace in an argon atmosphere at 400-800°C for 30min.

The solar cell characteristics before and after furnace annealing were measured at 28°C under
illumination of AMl solar simulator without an antireflection coating.

The laser annealed solar cell parameters are summarized in Table I. The short circuit cur-
rent densities (Jsc) are almost equal at laser energy densities above 0.8 J/cmz. However, open
circuit voltage (Voc) increases when laser energy density increases, as shown in Fig.l, and when
the laser pulses are repeated. Finally, the energy conversion efficiency(}) of a cell, laser
annealed twice at 1.9 J/cmz, was 8.83 % without an antireflection coating.

The effect of furnace annealing on the laser annealed solar cells was examined. Fig.l shows
that the Voc after 500°C furnace annealing (FA) increases as laser energy density increases from
0.35 J/cm2 to 1.4 J/cmz. In addition, Voc increases considerably as annealing temperature increases
from 400°C to 550°C, but scarcely increases at temperarures above 600°C, as shown in Fig.2.
However, at 1.4 J/cm2 and 1.9 J/cmz, the Voc's after 550°C FA are almost equal, in spite of the
laser energy and pulse repetition, as shown in Table I. Furthermore, a conversion efficiency of
9.72 % is realized without an antireflection coating after 550°C FA. The experiments indicate that
reverse current density (Jo) decreases as laser energy density increases and as furnace annealiné
temperature increases. The relation between JO (at V = -1 volt) and furmace annealing temperature
is shown in Fig.3. It is thought that the variation in Voc correspond to those of Jo.

The relation between Jo and the energy density is explained as follows. When laser irradia-

tion with an energy density above 0.8 J/cm2 is used, the junction depth is equal to the thickness
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of the melted layer on the surface and increases as laser energy density increases. The defects
induced by ion implantation extend into the substrate and almost completely eliminated in the

melted layer. Accordingly, the deeper the junction, that is, the larger the laser energy density,

becomes

the smaller the amount of the residual defects near the junction becomes. Therefore, Jo

smaller.

The experiments also fndicate that the junction after FA becomes deeéer. The fact that the
JO of laser annealed solar cells improves after FA relates to the elimination of residual defects
near the junction and the deepening of junction.. In fact, the spectra signal obtained by DLTS

for 400°C FA cell was larger but that for a 800°C FA cell was two orders of magnitude smaller.

Conseqently, it is suggested that, after 800°C FA, all defect densities are significantly reduced.

Tis work 1s contracted with the Agency of Industrial Sience and Technology, Ministry of

International Trade and Industry, as a part of the National R&D Program "Sunshine Project".
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Fig.l voc variations with laser emnergy
density, where LA and FA indicate laser as LA
- ¥
annealing and furnace annealing, respectively. 108 Y 460 660 860

Py = 1Remloe), 4Rcm(aaity) and 10 Rcn(aw) FURNACE ANNEALING TEMPERATURE (°C})

Fig.3 Diode reverse current density
at V= -1 volt ( LA ; 1.4 J/cm? ),

Table I Photovoltaic characteristilcs of laser amnnealed solar cells and those of
furnace annealed cells ( LA / LA+FA ). ysub = 4 Qem

2

By op(em) | T, C0) | 3 (walen®) v, M ¥F 7 (0
045 19.2 7300 | 0.337 / 0.498 | 0.661 7 0.735 | 3.84 7 7.33
0.80 500 55 s750.8 | 0.378 / 0.506 | 0.667 7 0.741 | 5.67 / 7.80
1.40 23.0 7 2.0 [ 0.470 / 0.548 | ©.675 / 0.748 | 7.30 7 9-02
1.90 550 [33.2 722,71 0.509 7 0.545 | 0.679 7 0.740 | 8.04 / 9.15
1.G0% 33.5 7 73.0 | 0.534 / 0.548 | 0.704 7 0.771 | B8.83 7 9.72

* ; two pulse anneal ( without AR, under AM1, at 28°C )



IMPURITY GETTERING OF POLYCRYSTALLINE SOLAR CELLS FABRICATED
‘ FROM REFINED METALLURGICAL-GRADE SILICON

T. Saitoh, T. Warabisako, E. Kuroda, H. Itoh,
S. Matsubara and T. Tokuyama
Central Research Laboratory, Hitachi Ltd.,
Kokubunji, Tokyo 185, JAPAN
0423-23-1111

A damage gettering technigque is applied to enhance
photovoltaic performance of diffused solar cells prepared
from refined metallurgical-grade-silicon sources.

Optimum annealing conditions are investigated as a
function of ambient gas species, temperature and time for
groWn wafers with back surface damage. A maximum conversion
efficiency of 9.8 % is attained with twice-pulled sigle
crystal wafers. An efficiency of 7.7 % is obtained with

gettered, once-pulled polycrystalline wafers.
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