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ABSTRACT

The standard solar cells (2x2 cm) from the cast silicon (HEM) showed
a maximum AMO efficiency of 10.1%. Cells from the low resistivity
material (0.5 ohm-cm) showed Tower performance than those of the high

resistivity cast silicon (3 ohm-cm), an average efficiency 9.5% versus

7.6%

Maximum AMO efficiency of the standard solar cells (2x2 cm) from the

EFG (RH) ribbons was about 7.5%. The solar cells from the controlled

SiC, using the displaced die, showed more consistent and better performance
than those of the uncontrolled SiC ribbons, an average efficiency of 6.6%

versus 5.4%

The average AMO efficiency of the standard SOC solar cells were about
6%. These were large area solar cells (an average area of 15 cm?).

A maximum efficiency of 7.3% was obtained. The SOC solar cells showed
both leakage and series resistance probiems, Jeading to an average curve

f111 factor of about 60%.
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INTRODUCTION

The objective of this program is io investigaté, develop and utilize
technologies appropriate and necessary for improving the efficiency of
solar cells made from vérious unconventional silicon sheets. During
this quarterly reporting period, work has progressed. in fabrication and
charaterization of solar ée]ls from cast silicon by heat exchanger
method (Crystal Systems), EFG (RH) ribbon (Mobil Tyco) and silicon on
ceramic (Honeywell). Silicon blanks (2x2 cm) ‘were prepared from the
HEM cast silicon and EFG ribbon, using conventional slicing technidues,
and fabricated using a standard process typical of those used currently
in the silicon solar cell industry. Also a back surface field (BSF)
process and other process modifications were included in processing
additional sTices. Relatively large area (about 15 cm?) solar cells were
fabricated from silicon on ceramic substrates using a standard process
that can be easily adapted to these substrates. Evaluation of the SOC

solar cells has not been completed in this reporting period.

The performance parameters measured included open circuit voltage, short
circuit current, curve fi1l factor, and conversion efficiency (all

taken under AMO illumination). Also measured for typical cells were
spectral response, dark I-V characteristics, minority carrier diffusion
Tength, and photoresponse by fine 1ighf scanning. The results were
compared to the properties of cells made from the conventional single
crystalline Czochralski silicon with an emphasis on statistical evalution.

Limited efforts were made to identify defects which will influence solar

cell performance.



1.0

CAST SILICON (HEM) SOLAR CELLS

SOLAR _CELL FABRICATION

Blanks (2x2 cm) were prepared by slicing the cast silicon blocks

(2x2 cm cross section) using an ID saw. Silicon blocks were prepared
from two casting experiments of different resistivities; nominal

3 ohm-cm and 0.5 ohm-cm. Measured resistivity of the sliced blanks
from 3 ohm-cm material showed resistivity variation between 2.6 and
3.3 ohm-cm from end-to-end of the 3" block, while those of 0.5 ohm-cm
cast silicon indicated between 0.4-0.8 ohm-cm. Most of the blanks
were single crystalline, with a few partly polycrystalline with large
crystaliites. Some of the blanks were measured for minority carrier
diffusion lenghts using the SPV method and results indicated a range
of 30-60 um for the low resistivity blanks (0.5 ohm-cm) and 40-70 um

for the 3 ohm-cm blanks.

NOTE: Czochralski control blanks (1-3 ohm-cm) showed diffusion lengths

in the range 130-160 wm,

Thickness of the sliced blanks was about 16 mils and the blanks were
thinned down to 13 mil using a planar etching solution. Standard and
BSF solar cells were fabricated from the blanks with a mechanical
yield (ratio of unbroken solar cells to initial starting blanks)

above 90%, which is about the same yield as for Czochralski blanks.

[See reference (1) fordetailed description of standard and Back Surface
Field (BSF) processes. Reference (2) provides technical details of
casting techniques by Heat Exchanger Method (HEM).]



2.0

SOLAR GELL PERFORMANCE AND CHARATERIZATION

Characteristics Under I1lumination

Final finshed solar cells had Si0 AR coatings and about 90% active area
with- Ti-Pd-Ag metaliizations. Solar cel] parameters, ;uch as ISC’ VOC’

CFF and n, were measured under an AMO simulator at 25°C block temperature.

NOTE: Detailed information on solar simulator and measurement techniques
are discussed in Appendix II of reference (1). Appendix III in
this report provides the parameters of individual solar cell from

HEM cast silicon.

Table 1 summarizes the cell parameters from the standard process. Solar
cells from HEM cast silicon showed maximum efficiency of 10.1% for the

3 ohm-cm material and 9.2% for the 0.5. ohm-cm silicon with an average
efficiency of 9.5% and 7.4%, respectively. The average efficiency of
control solar cells was about 11%. Solar cells from the Tow resistivity
cast silicon generally showed Tow curve fill factor, in the range of
40-75%, which is suspected to be due to the imperfections in the cast

silicon. This will be discussed in the later part of this section.

Substrates exhibiting polycrystallinity were also fabricated into solar cells

and the results are summarized in Table 2, indicating no basic difference

in cell performance. Note: Most substrates had large crystallites.

Solar cells from BSF processes showed lower cell performance than the
standard cells, mainly due to the leaky characteristics of the cells.

A few of the control cells showed the same probiem. This BSF process



showed slight improvement in short circuit current and the results are
given in Table 3. However, no improvement in open circuit voltage was
observed possibly due to overshadowing effect on reduction of VOC by
shunting rather than improvement in VOC by the BSF process. Maximum
AMO efficiency of these cells was 9.8% for the 3 ohm-cm material and
7.4% for the 0.5 ohm-cm material, while that of the control cell was
11.4%. Solar cells from Tow resistivity cast silicon, 0.5 ohm-cm,
showed a higher degree of leakage than those of the higher resistivity

tast silicon.

Dark I-VY Characteristics

Dark I-V characteristics (forward and reverse) at room temperature were
obtaned from the selected sample cells. The plots were made by point-by-
point measurements and a typical results are given in Figure 1 for the

solar cells from the standard process and Figure 2 for the BSF solar cells.
The "A" factor from the simple diode equation, was derived from the data

at the high bias conditions (bias voltage >0.% volt). A standard HEM

solar cell yielded about 1.8 while that of a control cell was about

1.6. Saturation current (IO) was also obtained from the p?ots, indicating
4x1078 A/cm? for the HEM cast cell and 2x10™% A/cm? for the control cell.
.The characteristics of BSF cells were siightly leakier than the standard
cells (this was always the case in the past), showing "A" factors of 2.2 for
'the HEM cell and 2.0 for the control cell. The increased saturation current
i(Io) of about 3x1077 A/cm? for the HEM cell and about 8x1078 A/cm2 for the

control, was probably due to the leaky characteristics.



The characteristics indicated that shunting and space change recombination
effects are higher in the cells f;om the HEM cast silicon than in the
control cells. Saturation current of the HEM solar cells seem to be
approximately an order of magnitude higher than those of the_controls, which
might have been caused by the higher degree of shunting and low 1ifetime

effects.

Spectral Response

Absolute spectral response (A/W) was obtained using a filter wheel set-up
which is a combination of a set of narrow bandwidth filters and a light
source. [See reference (1) for the detailed techniques of the

measurement procedure.] Responses of the standard HEM cells are:p1otted

in Figure 3, in which tﬁe cells from the cast silicon of 3 chm-cm
resistivity, Cell No. 1-852-13, showed relatively good response in

overall wavelength. However, the cell from 0.5 ohm-cm resistivity
indicated significantly lower response than that of the control, especially
at wavelength below 0.6 um, suggesting Tow minority carrier diffusion

lengths.

Minority Carrier Diffusion Length

Minority carrier diffusion length {(Le) was measured using the surface
photovoltage (SPV) method for the bulk cast silicon substrates and a

short circuit current method for the finished solar cells. [See reference
(1) for the detailed description on measurement procedures.] Le by SPV
method (spot measurement) showed ranges of about 30-60 um for the

.5 ohm-cm cast silicon and-40-70 pm for the 3 ohm-cm cast silicon.



Le measurement of the finished cast cells were slightly higher than
those of the bulk siticon, 50-60 ym for the 0.5 ohm-cm material and
100 um for the 3 ohm-cm material. The cause of the increases are not
known at present. There might be a possibility of gettéring effects

from oxides formed in the diffusion proécess.

Photoresponse by Small Light Spot Scanning

Localized photoresponse of the solar cells were made using a small

1ight spot scanning technique. [Detailed descriptions on measurement
techniques and procedures are given in reference (3).] The Tight
source used was a white Tlight from a tungsten lamp filtered by a thin
transparent layer of silicon. generating a beam spot size on a

flat sample of around 50-100 uym. Relative photoresponse of both

cells from cast silicon and control are given in Figure 4. Generally,
the cast solar cell indicated Tower response than the control cell
everywhere. Also the cast cell from the low resistivity waterial showed
Tower response than those of the cells from the high resistivity
material. This agrees well with the minority carrier diffusion length
measurements of the finished cells. By inspection, the solar cells from
the cast silicon in the figure do not seem to possess any grain structure
or other defect sites. However, reduction of response in some localized
area was noticed. This dip in response is in contrast with the résponse
from the localized area containing microcracks which will be discussed

in the following section.



Defect Study

Limited efforts were made in an attempt to identify defects which will
influence solar cell performance. The efforts were concentrated on the
cast silicon of 0.5 ohm-cm resistivity since those cells showed shunting
problems and Tow cell efficiency. The most common defects, other than
grain boundaries existing in some part of the cast inéot, were inclusions
and microcracks. Figure 5 shows photographs of defects found in solar
cells from the low resistivity cast silicons (a) An inclusion surrounded
by either gross lineage (low angle grain boundary) or microcracks,

(b} Microcracks. Photoresponse by small T1ight spot scanning was also
carried out on a solar cell showing microcracks. Figure 6 is the

scanning result in which sharp drops in response were observed in areas

having microcracks.

Small mesa solar cells (about 2 mm in diameter) were fabricated from a
solar cell (2x2 cm) showing severe shunting problems. Their open

circuit voltages were measured using tungsten light source of inter-

mediate 1light intensity. Figure 7 is the result of the VOC mapping, showing
some areas of Tow VOC' However, an effort to correlate low VOC to any

specific defects was not successful.



TABLE 1

SUMMARY OF PARAMETERS OF SOLAR CELLS FABRICATED FROM
CAST SILICON BY HEM; STANDARD PROCESS

2. Cast Silicon "A": 3

Cast Silicon "B":

3. Number of Samples:

chm-cm
0.5 ohm~cm

Cast Silicon "A" - 18
Cast Silicon "B" - 12

Control Cells -

CAST SILICON "A" § CAST SILICON "B" | CONTROL
Average 568 571 591
VOC (mV) Standard Deviation a 18 3
Range 557-574 535-588 588-595
Average 30.8 28.#l 33.4
JSC (mA/cm?)| Standard Deviation 0.6 0.8 0.2
Range 29.5-31.5 27.2-28.9 33-33.6 .
Average 73 61 75
CFF (%) Standard Deviation 2 11 2
Range 67-75 46-75 73-77
Average 9.5 7.4 10.9
n (%) Standard Deviation 0.4 1.4 0.2
Range 8.4-10.1 5.3-9.2 10.7-11.2
'NOTE: 1. Measured at 25°C under AMO conditons (with 5i0 AR)




TABLE 2

SUMMARY OF PARAMETERS OF STANDARD
HEM SOLAR CELLS HAVING SOME DEGREE OF POLYCRYSTALLINITY

STLICON
IIAII IIB
Average 565 557
Standard
VOC (mv) Deviation 4 23
Range 558-571 527-589
Average 30.9 27.3
Rl Standard
JSC (mA/cm”™) Deviation 0.6 1.3
Range 29.8-32 25-28.4
Average 74 55
or () | e a4 | w
Range 68-76 44-73
Average 9.5 6.3
0 Standard
n (%) Deviation 0.4 1.6
Range 8.7-10.1 4.3-8.6

MOTES: 1. Measured at 25°C under AMC Conditions.

2. Cast Silicon "A": 3 ohm-cm
Cast Silicon "B": 0.5 ohm-cm

3. Number of Sampies: "A" - 10
"gr - 5
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TABLE 3

SHORT CIRCUIT CURRENT DENSITY OF
HEM CAST SOLAR CELLS FROM BSF PROCESS

CAST SILICON "A"| CAST SILICON "B"™ | CAST SILICON "cC" CONTROL
32.7 29.3
AVERAGE (32.1) (29.3) 30.9 35.1
STANDARD 0.4 0.7
DEVIATION (0.7) (0.4) 0.7 0.5
32.2-33.5 28.3-30.4
RANGE (30.6-32.8) (28.9-29.8) 29.6-31.5 34,5-35.7
NOTE: 1. Measured at 25°C under AMO conditions.
2. Cast Silicon""A": 3 ohm-cm 1-852 Series (18 cells)
"B": 0.5 ohm-cm 1-860 Series (10 cells)
ugr. 0.5 ohm-cm 1-856 Series { 5 cells)
3. Parenthesis numbers for the cells containing polycrystallinity.
4, Units: mA

12.
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FIGURE 5

MICROSCOPIC PHOTOGRAPHS OF DEFECTS ?0:?5' /s
FOUND IN HEM CAST SILICON SOLAR CELLS
(200X Magnification)

(a) Inclusion (found in Cell No. 1-860-1)
(b) Microcracks (found in Cell Mo. 1-860-14)
15.
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FIGURE 7

OPEN CIRCUIT VOLTAGE MAPPING OF MESA SOLAR CELLS
WITHIN A HEM CAST CELL (Cell No. 1-860-1) WHICH SHOWED SHUNTING PROBLEMS
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EFG (RH) RIBBON SOLAR CELLS

SOLAR CELL FABRICATION

The EFG ribbons supplied had been grown in a resistance heated (RH)
furance. Two types were included, one with controlled silicon carbide

on one face of the fibbon using a displaced die and the other with an
uncontrolied silicon carbide die. [See reference (4) for detailed infor-
mation on EFG process.] The former ribbon was about 2 inches wide
(thickness between 16-18 mils) while the other ribbon was about 3 inches
wide with thickness of about 10 mils. These ribbons were mounted on
cermaic blocks using wax and sTliced into 2x2 cm blanks for the conven-
ience of cell fabrication. Resistivities range from 1-3 ohm-cm

with P-type conductivity. Minority carrier diffusion lengths were
measured to be around 15-40 (um)}. Following @ standard cleaning procedure,
cells were fabricated using the standard and BSF processes with back contacts
formed intentionally on the side containing the most SiC in both cases.
Standard process resulted in about 80% mechanical yield {ratio of unbroken
cells to starting blanks) in which most of the breakage occurred in the

metallization steps, both front and back contacts; (this can be eorrected,

or minimized, by redesign of the mask fixture).

A Timited number of cells were fabricatéd using BSF process. Heat
treatments on back contacts (standard process) were also carried out

in an effort to improve open circuit voitage. Temperature used for

the heat treatment tests was 650°C (600°C in standard process) and cells
were treated for 5 minutes and 10 minutes. [See reférence (1) for the

detailed information on standard and BSF processes.]
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2.0

SOLAR CELL PERFORMANCE AND CHARACTERIZATION

Characterization Under I1lumination

Finished solar cells had about 90% active area with a Si0 AR coating.
Solar cell parameters, such as VOC’ ISC’ CFF, and n, were measured

at 25°C (test block temperature) under an AMO simulator. [Refer to
Appehdix 11 of reference (1) for description of the simulator.]
Appendix IV in this report provides the parameters of individual
solar cells from EFG RH ribbons; standard and BSF cells, and solar

cells from the heat treatment test.

Solar cell parameters from the standard process are summarized in
Tablie 4. EFG "A" and "B" are cells from the controlled SiC while

EFG "C" are not. Average efficiencies of the controlled EFG ribbon

‘cells were about 6.6%, showing 6.2% for EFG-"A" and 6.9% for EFG i 1ON

However, EFG cells from the uncontrolled SiC showed an average efficiency
of 5.4% which is a considerably Tower value than those of the cells fram
the controlled SiC. This is mainly due to the low curve fill factor
(CFF) which s Tikely to be caused by shunting problems from surface
inclusions (SiC). A lower VOC of EFG "C" cells compared with those of
"A" and "B" cells also indicates the same problem an average VOC of

508 m¥ for the uncontrolled SiC ribbon celis versus 515-517 mV for the
controlled samples. Short circuit current density remains around

25 mA/cm? in all three ribbon cases, indicating consistent quality of

grown EFG ribbons,
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A few cells were fabricated using BSF process. However, shunting
problems from aluminum alloying step prevented the process from obtaining
reliable statistical evaluation at present. [Note: Even control

cells showed shunting chracteristics.] The solar cells from heat
treatment on back contact did noﬁ show any improvement in VOC or other
cell parameters. Slight degradation of the cells at 10 minutes of

sintering (650°C) was apparent in both EFG and control cells.

Dark I-V Characteristics

Dark diode I~V plots were obtainad by using a semi-avtomatic dark 1-V

plotter for the cells in a reasorzbly short time. This has provided

reliable statistical data on the cell characteristics which is

otherwise very difficult to do by point-by-point measurement

techniques. Based on this data, the characteristics of the cells of

interest can be replotted by point-by-point measurement. Figure 8 shows

the forward plots using the plotter and Figure 9 represents the characteristics
of a typical good EFG cell measured by point-by-point techniques from

which diode parameters ("A" factor and saturation current from simple diode
equaciun) were derived. The "A" factor of EFG cell and the control cell

(in Figure 9) was 1.6 and 1.4, respectively. Saturation current (IO) of

the EFG cell was considerably higher than that of the control, 2x1078 A/cm?
versus 6x1071% A/cm2. This seems to be the reason why VOC of the EFG

cells is relatively low, an average VOC of 520 mV for EFG cells and an average

580 mVY for the control cells. The higher value of the saturation current of

20.



the EFG cell seems to be mainly due to low diffusion lengths of the

EFG ribbons, 20-40 um (EFG) versus 120-160 um (control), with the

doping levels of both materials about the same.

Spactral Response

Absolute spectral response (A/W) was. made using a filter wheel set-

up. [See reference (1) for the detaiis.] Response versus wavelength

of solar cells from the standard process is given in Figure 10.

Generally EFG cells showed much Tower response in especially long
wavelength region (1>0.6 um} than those of the control cells. This
indicates that the quality of the EFG ribbon is not as good as Czochralski

controis, in other words Tow minority carrier lifetime.

Minority Carrier Diffusion Length

Minority carrier diffusion Tength was measured using the surface
photovoltage (SPY) method for the bulk EFG and the short circuit current
method {see first quarterly report for details) for the finished solar
cells. Bulk diffusijon lengths were measured to be in the range between
20-40 ym (generally from spot-to-spot measurement) and diffusion Tengths
obtained from the solar celis by short circuit current method (illuminated
on whole area of a cell) indicated similar results, Diffusion lengths were
also obtained by measurement on a Jocalized area (about 3-4 mm in diameter)
by short circuit current method and the resuits showed a range between
15-40 ym. Table 5 summarizes the results of minority carrier diffusion

length measurements by short circuit current method.
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Photoresponse by Small Light Spot Scanning

Localized photoresponse of solarcells (standard) were obtained by 1ight
spot scanning. Scanned Tight source was a tungsten lamp filtered
through thin film of silicon with a beam size estimated to be

around 50-100 pm. [See reference (3) for the detailed description of
the measuremeqt.] Defocusing effect by the non-flat surface feature

of EFG sibbons might have resulted in the modulation of beam size during
scanning, consequently leading to Toss of sharp contrast in response at
electrically active defect sites. Figure 11 and Figure 12 are the
results of the scanning. The first scanning direction was
perpendicular to ribbon growth direction (across ribbon width) and

the second was the scanning parallel to grow direction. In both cases,
some of the localized areas showed Tower response than others of which
areas of Tow response seemed to have a higher density of the electrically
active defects. Response across the ribbon width showed & considerable
high density of defect sites, which can be understood if we consider
that grain boundaries and twins {or closely spaced parallel twins)

exist in a direction paraliel to the growth direction.

Defect Study

Besides crystallograhpic defects, such as grain boundaries and stacking
faults, etc., dominant defects in EFG ribbon are the surface inclusions
(SiC). These inclusions, especially when they exist in the surface

of the shallow diffused layer (this is the case for the EFG ribbons of

uncontrolled SiC), are likely to cause shunting or severe leakage

22.



characteristics, conseguently leading to a low curve fill factor and
power output. The surface inclusions do not always seem to

"lead to shunting problems (same results were reported in earlier EFG RF
report). Figure 13 shows microscopic photographs of the inclusions,
where case one (a) the inclusion caused severe shunting problems

and in case two (b) the inclusion does not significantly

infTuence cell performance, even though a front gridline fell across

the top of the inclusion.
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TABLE 4

SUMMARY OF PARAMETERS OF SOLAR CELLS
FABRICATED FROM EFG RH RIBBON; STANDARD PROCESS

EFG “A" EFG "B" EFG "C" CONTROL
werage | (4o7) (502) (so0) | 5
Voo (M) | Beviagion|  (19) ) _ -
wnge | (364 510) | (498-506) | (492.514) | 575588
Average (%3:5) (%%:g) (%2) 33.5
Ige (ma/en®) SNbeton] (03 0.6) - -
e | B ER T BT e s
Average . (gg) (;g) (gg) 73
CFF () | peviation| (1) @) - -
Range (427%) | (6974) | (a973) | 6773
Average (2:3) (g:g) (254 10:5
n (%) Deviation| (1.1} ©:2) - -
Range | 5370 | (aie6.0) | (sr0o.9) | 97112
NOTE: 1. Measured at 25°C under AMO Conditions (cells with

Si0 AR).

Before AR Coating.
2. lIdentification and Sample Numbers of EFG RH Ribbon

Parenthesis Numbers are for the Parameters

Cells:
UAl. 5-B366 -5 Celis
"B": 5-868 -7 Cells
"C":s 5-870 Uncontrolled SiC-3 Cells
Control: 1-3 ohm-cm Czochralski - 3 Cells
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TABLE 5

SUMMARY OF MINORITY CARRIER DIFFUSION LENGTH OF
THE STANDARD CELLS FROM EFG (RH) RIBBON CELLS,
MEASURED BY Isc METHOD

_POSITION

CELL NO. {515 77 & "HOLE AREA
5-866-2 |38 140 {19 |20 |28 26
5-868-3 |18 (22 |14 |18 |18 18
5-870-5 [~= == [== | == |-- 24
5-870-7 [-= |== [=- |-- |-- 14

NOTE: Units in um.

IDENTIFICATION OF BEAM SPOT (BEAM SIZE 3-4 mm IN DIAMETER)
FOR DIFFUSION LENGTH MEASUREMENT ON LOCALIZED -AREAS OF A 2x2 CM CELL

& O
&
® ©,

A

—— CONTACT BAR

28.
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FIGURE 13
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MICROSCOPIC PHOTOGRAPHS OF SURFACE INCLUSIONS IN EFG (RH) RIBBONS

{a) A inclusion found in Cell No. 5-870-2
(200X Magnification).

(b) A inclusion found in Cell No. 5-870-5
(200X Magnification).
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1.0

SILICON ON CERAMIC (SOC} SOLAR CELLS

SOLAR CELL FABRICATION

The SOC substrates were cleaned first in organic solvents and baked in

a oven (set at 120°C in N, atmosphere} overnight. Immediately after
removing from the oven, a standard diffusion procedure was applied to
form a junction. After removal of the diffused oxide, a back contact
metallization was applied by evaporation of metals (Ti-Pd-Ag in sequence)
on whole back area, follwed by heat treatment at 600°C for about

10 minutes to form the proper ohmic back contact. Several attempts were

tried to fi1l the opening of the slots in the substrates; by

(1) Solder dipping
(2) Squeeze-in of silver paste, followed by baking, and

(3) Fi1ling with indium solder.

First method was not successful since difficulty in wetting of the solder
inside the slots was experienced. Second method was also not impressive.,
because discontinuity of the silver was observed after baking typica]]y,
in a furance set at 300°C. Finally, indium solder (indium; tin = 1:1) was
successfully filled in the slots by applying the soider to the back while ‘
heating the cells on a hot plate. Observation of the cross-section of the
sTots indicated that the siots were we}T filled with the solder, assuring a
good confact to the back side of silicon. Front contact metallization
was done by conventional metal shadow masking techniques. Bowing of

the substrates caused a problem of metallization smearing and made it

32.



2.0

difficult to get cells of good active areas (>90%). Measured
active areas were in the range between 80-85% depending on the

degree of warpage of the substrates.

Finally, the periphery of the ce11s-were defined by using waxing and
etching methods. Mesa solar cells were made as large as possible,
resulting in an average area of about 15 cm?. Mechanical yield of the
solar cells 1is expected to be good - if proper front contact metallization
techniques are developed. [Note: It was difficult to apply metal

shadow masking techniques since quite a few breakage happened during

the tightening step.]

Four-point probe measurement showed resistivity of about 1 ohm-cm
with P-type conductivity. Minority carrier diffusion lengths of the
bulk SOC by SPV method were in the range between 20-40 um. [See

reference (5) for the detailed description on SOC process.]

SOLAR CELL PERFORMANCE AND CHARACTERIZATION

Characteristics Under Iilumination

First batch of standard cells was a trial run in which most of the cells
were wasted, except for a few in establishing a reliable process adaptable

to these substrates.

The second batch was successfully carried out to provide reliable
cell performance data. Solar cell parameters Trom the first two

batches were measured under AMO conditions at 25°C, with individual

33.



cell data appearing in Appendix Y. Good performaﬁce of the control cells
from both batches strongly indicates that there is no cross contamination
of the impurities. Table 6 is the summary table of the SOC cej]s

(second batch) performance. An average efficiency of about 6% was

obtained in the retatively large area cells (15 cm? average). If the
improved active area was achieved by using other metallization techniques,
such as photoresist method, the average efficiency would have increased.

S0C solar cells generally showed slightly low curve fill factor, an

average of 60%, which seems to be due to the combination of both

shunting and series resistance problems. Work is in progress to

improve the series resistance problems.

Dark I-VY Characteristics

The characteristics of all the cells were measured using the dark I-V
plotter. A typical good cell was selected for point-by-point measure-
ment and results are plotted in Figure 14. The saturation current (IO)
and "A" factor of the SOC cell were about 1077 A/cm? and 2, while those

of the controlswere 2x1072 A/cm? and 1.6, respectively. Since a cell of
larger area generally shows a higher degree of shunting this might

not be the proper way to make a direct comparison of both SOC

and the control cells. Series resistance problem of the SOC cell was also
noticed from the characteristics at high bias conditions (forward VB

>0.6 volt).
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Spectral Response

Absolute spectral response {A/W) of SOC solar cells weremeasured using
a filter wheel set-up. Typical response curves are given in Figure 15.
Effect of low lifetime of the minority carriers is also indicated at Tong

wavelength response.

Minority Carrier Diffusion Length

Minority carrier diffusion lengths were measured using the SPY method for
the bulk and the short circuit current method for the finished solar cells.
The exposed beam size {monochromatic) on the bulk sample was about

2-3 mm in diameter yielding diffusion Tength calculated to be in

the range between 20-40 um. Short circuit current method also indicated

similar results.

Defect Study

The SOC substrates were sectioned and potted to see the cystallographic
details at the cross-section of the substrates. After the final
polishing using 0.2 ym alumina powder the polished surface was etched

in Sirtl etch or a planar etch for about a minute. (Note: Original
poiished surface was not free from scratches.) Planar etched surface
seems to reveal better structural details than those with the Sirtl

etch. Thus, the discussion is based on the results from the planar etch.
Figure 16 is the microscopic pictures of the cross-section, silicon

bridging ceramic slots in (a) and showing parallel twins in (b}.
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The main purpose of the sectioning of the substrate was to see if
there exist any grain boundaries parallel to the surface of the
substrate, which might introduce the high series resigtance problem.
However, no such grain boundaries have been found so far. A number of
paralie] twin boundaries were observed, in Figure 16 (b}, extending
from the bottom to the top surface. A surface inclusion was also

detected in Figure 17, whose identity is not clear at present.
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TABLE 6

SUMMARY OF PARAMETERS OF SOLAR CELLS
FABRICATED FROM SOC; STANDARD PROCESS

SOC CONTROL
Average 547 589
Standard
VOC (mv) Deviation 3.7 . 4
Range 541-553 581-592
Average 24.1 33.8
2 Standard _
JSC (mA/cm”) Deviation 1.4 0.8
.Range 22-26.3 32.4-34.8
Average 60 72
CFF (%) Standard 6 3
Deviation
Range 52-69 67-77
Average 5.9 10.6
Standard
n (%) Deviation 0.6 0.5
Range 5.1-6.8 10-11.3
NOTE: 1. Measured Under AMO Condition.
2. SOC Solar Celis:
Average Cell Size: 15.1 cm®
Number of Cells Evaluated: 7
Active Area: 80-85%
AR Coating: Si0
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FIGURE 16

s ’ . ‘}’? ;_:.‘5 P
i, L T e
CERAMIC
SUBSTRATE (a) SUBSTHACE

ol
CERAMIC & ,&&Miﬁ‘"" ;ogf &xw-;p‘*é:t %
SUBSTRATE ™™ v e et

sl e e A

(b)
MICROSCOPIC PICTURES OF CROSS-SECTIONS OF SILICON ON CERAMIC
FOLLOWING MECHANICAL POLISHING AND CHEMICAL ETCHING
(200X Magnification)

(a) A cross-section bridging ceramic

(b) A cross-section showing parallel twins
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A SURFACE DEFECT FOUND IN A SOC SUBSTRATE
(200X Magnification)



II1. CONCLUSIONS AND RECOMMENDATIONS

The conclusions reached after processing and evaluation of the sheets

are as follows.

Cast SiTlicon by HEM

e Fabrication process for conventional single crystalline solar
cell can easily be adapted to this type of sheets without introducing

any significant process problem, especially Tow yield, etc.

e The average conversion efficiency of solar cells (2x2 cm) from
the standard process, measured at 25°C under AMO conditions, was about

9.5% with the range between 8.6 and 10.7%.

e Defects, microcracks and inclusions, were found in the sheet from
the specific ingot, of which the microcracks might have been formed in block
shaping step of the highly stressed silicon ingots. These defects are

expected to degrade solar cell performance.

EFG_(RH) Ribbon

s Degree of warpige of these sheets seems to have been improved
compared with the EFG (RF) ribbons processed earlier, except the wide
and thin ribbons (3" in width and ~6 mils in thickness). No major
process and measurement problems are anticipated in applying conventional

process techniques for the flat EFG ribbons.
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e An average AMO efficiency of solar cells from the standard
process, measured at 25°C, was about 6.6% for the controlled SiC ribbons
and 5.4% for the uncontrolied SiC ribbons. The Tower performance of the
solar cells from the ribbons of unrcontrolled SiC was due to the shunting
problems from SiC. Maximum efficiency of the standard EFG solar cell

was about 7.5%.

e Solar cells from EFG (RF) ribbons (reported eariier) showed better
performance than those from the EFG (RH) ribbons and difference in minority

carrier lifetime seems to be the main contributing factor.

Siticon on Ceramic

o Bowing of the substrates caused difficulties in processing, especially
in metallization steps. It does not appear to be a simple way to make

a proper back contact through the ceramic slots.

e An average efficiency of the SOC solar cells (average area 15 cm?)
was about 6% at 25°C under AMO, conditions. There is room for improvement
in cell performance, by improving active area and series resistance

problems. The best SOC solar cells showed about 7.3% conversion efficiency.

o Good performance of the control solar cell indicated that there
was no cross contamination between the SOC substrate and the control

blanks.
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Iv.

WORK PLAN STATUS

The following unconventiconal silicon sheets are expected for processing

and evaluation during the next period.

e Further evaluation of the silicon on ceramic solar cells with

emphasis on improving series resistance problems.

e Czochralski silicon by continuous or semi-continuous growth method

from Hamco.

44.
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APPENDIX 1

TIME SCHEDULE



TIME SCHEDULE

MONTH

TASK JON L JUL L AUGT SEP T BeT] Nov L DECT JANT FEB ] MAR T APRT WAV I JUA

PROCESS SHEET SAMPLES
{a) 1/2 Samples -+ Cells =

(b) Analysis
)

(¢) Back Up Measurements

(d) Test Alternate Process

REPORTS
(a) Monthly i A A A A ] 4 A
(b) Quarterly A A
(c) Semi-Annual i

(d) Final A

INTEGRATION MEETING

NOTE: The final reporting period has been incorrectly stated previously, please note revisions.



APPENDIX 1I

ABBREVIATIONS



Iser:

Le:

HEM:
EFG:
SOC:

SPV:

oc’
Sc*
o

SCB*
CFF:

MAX
MAX*

MAX*
BSF:

ABBREVIATIONS

Open Circuit Voltage

Short Circuit Current

Short Circuit Current Density

Short Circuit Current (Red Response) at Wavelength Above ~.6 um
Short Circuit Current (Blue Response) at Wavelength Below §.6 um
Curve Fill Factor

Solar Cell Conversicn Efficiency

Minority Carrier Diffusion Length (D.L;)

Current at Maximum Power Point

Yoltage at Maximum Power Point

Maximum Power Point

Back Surface Field

Bias Vo]tage‘

Heat Exchanger Method

Edge Defined Film-Fed Growth

SiTicon on Ceramic

Diode Saturation Current

Surface Photovoltage



APPENDIX ITI

ELECTRICAL DATA SHEETS FOR
SOLAR CELLS FROM HEM CAST SILICON



SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: Suh. (e"_c, (= 2x2c.) from HEWM  esak Silifow s bateh t standond Process )

h]
rg

540 AR __coaliveg . = 90 % achiye anca
TEST CONDITION: AMD v T
TEMPERATURE : T DATE:
0. Vac Isc Iscs Iscr Tyax VMax PMax CFF n REA
mv mA mA mA mA my mi % % cm?
|_1=gt2-9. Canl |2> = N> L. 480 5, ¢ e 9.6 4
i =08 L9 22 co -] A2 i 410 S22 s Q.7 "
« o} &hb |25 Sl ns T 445 s0.N T2 9.4 Y
w3 572 (26 Sl ns T 420 LW 23 q.2 "
/A1 A <Y itq 43 nl 167 480 514 ns 9.5 “
+ 98 570 14 43 7l oS 4% 49.9 Ta 9.2 y
w2 570 [2] 49 3 (0g 41s Sl & 3.5 '
v_=25] SHN 124 St JEd 0% 463 0.5 N2 9.4 o
L =2g] 570 |26 51 s 3 415 3.0 % 14 !
v 31 LS5 j22 S LY oS b6 “8.4 7l 9,1 n
| v -34)  uf3y (23 5] 13 () 4n| 523 | - 9 9.1 "
B § 50 L] 47 g4 40 460 4l 6N 2.4 | 3.63
v_~4of 5bs (23 51 3 lLog 445 S0, 2 N2 9.2 o
" 431 567 12 4 g2 75 ne 463 53,2 o 9.9 4
v_—461 5173 EXy 52 4 2 415 532 4 19 v
v_-«9] 54| 126 52 s 12 «nq 53,6 s 4.9 “
v 563 (25 51 1< 2 | 40% 53,2 NS 4.9 "
L B N 22 5] 7] lo9 491 5h3 4 Kol



SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: _ oy ceMls (a2x20.) frow HEM Gk Sthiem st toeh ¢ shovded procecs )

Sall.. AR __Coaling ) 2 dg % actide  pneen
TEST CONDITION: AMD " i ' ‘
TEMPERATURE : 2% Oc - DATE:
. Voc Isc Isce Iscr "Max Viax Pax CFF n AREA
my mA mA mA mA my mi % % cm?
1=852-53] Sb6 (2> 5] 3 0] > 525 ns %5 4
v =61} s62 [ 2 SO {2 106 44.% 4.5 N2 A 39 u
64| 5b3 2 s | N2 [ 459 5.3 N4 geasl
v ~fnl  oby ns 43 £1 loS 4hg 49,1 L o) 3.59
=0l S (25 53 7 Nl 470 52, N4 Wk 4 4
v -3 566 1S ol £ lo | 435 49.0 né LA 363
y ~7bl S¢S 123 52 72 03 4h% 50.5 13 e 34 4
o =19 564 123 Z0 73 109 4:60 9.9 12, A Y
v_—g:] 553 4 4.1 63 9b 450 43,2 63 | 4 87 349
L gxl sho 19 S| 63X o ah2 50, 3 24 7 T .
(=260 - | 5an) 93 46 all 64 340 21,8 49 4.3 2.2
¢ -¢ 529 104 44 b0 95 49| 46 .4 12 g5 4
P | B 104 44 Y ns 405 30.4 53 £ 3.60
v =tof 58 (09 4N 6 ag 490 ab.] pES 8.5 4
v 31 53% RS 50 63 (00 494 49.% s 9.2 7
« —9] 5¢N o9 48 6 | 94 44| 46,2 Q2. 3.5 v
¢ _—22) 593 ns 5) 64 loo 44 | 49 13 9, J




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: _Solyy fells (= 2x2 o) frgm HEM  fuak Sthiegn, |sh_ boutoh ( shinsdod  Procecs )
S:Q AR ____ Coaliry a_ 90 % active  araen '
TEST CONDITION: A0 v
TEMPERATURE : 25 9¢ DATE:
0. Yoc Isc Isep | lser I¥ax VMax PMax CrF n RREA
my mA mA: mA mA mV mi % % cm?
1=8b0-2%) B> 1o\ 47 b2 q0 4% 43,0 nz &b 312
=23) 503 o 4.3 62 95 a5 | 33.n £ 0 | 204
~3\) 5617 (08 4n 61 Rk 425 32,3 53 (5 3040
=341 569 (09 4n &0 ng 435 334 56 6.3 2Nl
-3} 546 (69 ab 61 9 435 34.4 cul £:9 z
~40 543 (o] 4.1 £0 ns- 353 265 < b 53 2,72
~42 535 (03 4N 6t 39 343 20.:% 4. 54 3NS5
—44] S50 o6 41 59 nn 370 235 49 5.0 3.3
| A= oS 49 L N6 395" 29.3 S0 G, 3 3.4
-5l s o} 4] 5 2 449 3¢9 o 6,9 313
Condvol _Ce”_c_
l 595 132 53 29 120 so2 60.2 71 (L2 4
2 523 [22 50 72 (09 431 52.4 N3 (0,7 3,63
3 82 134 5q. go 2.0 498 59.% s (.0 4
4 £93 (34 54. z) |2 | 490 60, 974 (. "
s 590 134 55 2o (20 49 | &2 1s 0.9 "
£ 59| 134 55 AN [18 49| 7.9 73 oo




SOLAR CELL ELECTRICAL DATA

2 wd__ badeh ( BSF__ Process )

CELL DESCRIPTION: Solor (ellc (a2x200) drom  HEM  gasd Siliram

Sa0 AR __ Coaling &~ 40 % __ackue _anea
TEST CONDITION: AM O A T
TEMPERATURE : NN ~ DATE:
o Yo Isc Isca Iscr "max Yax Pax CFF n AREA
my mA mA mA mA my mi % % cm?
|-952-2] 5¢ | 2} 4.3 4 92 450 +1.4 44 3.0 2 815
q o~y 5] 120 & | n4 10 9 Gl 50. 7] 63 LS | 3.46¢
y =2l 572 E3 4N N3 10 6 445 49.2 69 1.5 |3 825
o=l 594 129 449 3 | TN 455 50, & b3 9.4 [3.96%
v _~ie ] 800 130 49 2 o' &b o 48,3 b5~ 9.0 7
=29 $10 126 49 N1 102 410 cfr].",L £ .2 | 330
v =23l &3k 130 50 2 | N9 3no | 23.2 le2 5.5 |2.464
v_=2fl 559 (2.8 43 30 A 44 0 Sz o 7.9 ”
v_—29) 5E5 > | 52 26 13 43% 40,5 56 7. b //
Y -3 sqb EX 52 20 35 420 | 360 50 §.M %
n_~35 |  Shy 127 52 74 Ty 455 40.3 {0 2.4 Ve
v T3gl si4 (30 S| n9 94 4S5 45,0 4 ) 8 & |«
4] sn| (29 52 i n 465 SER 12 .9 | 345
u —ggd 589 120 449 g | 29 445 39,10 Sy T4 | 2944
' -4n ) 570 133 50 23 Lo € 455 49, > 44 9.0 “
W _-bol &0 ] 130 52 19 13 4ho £2,0 0o 4.0 U
" oS3 by 13 | 50 2 | 1 | 440 | 43| 59 2. ) 7
oSt 568 130 5 949 lio 440 50.b £9 .5 | 7




SOLAR CELL ELECTRICAL DATA

.CELL DESCRIPTION: _ Solov Cells (= ax2¢nr) from HeM cast Sdicom o 2nd ba¥eh (_BSH  Process )
ol AR__cogking a_ 94 % - achive arca '
TEST CONDITION: " AM O -
TEMPERATURE : Ag g DATE :
%0, Yoc Isc Isca Iser | Twax Vitax Phax CFF n AREA
- mA mA mA mA mV mi % % cm?
|-#52-59 1 s6¢ 123 4" 76 03 4bo 47. % 63 2.8 13966
~62 § 543 128 50 98 104 4bo 473 b6 2.9 g
~f5)  5&3 (26 49 n9 lo_] 450 45.5 b 3.5 ”
~63 1 s6 | 122 4% 74 94 44 o 2 £ 2. tr
-7 64 2% 49 19 103 4bo 490 9] ) 7
snal 543 130 50 n9 TS 30 | 487 £b 3. | 7
- sed 130 W) 20 (o | 44t 45,0 L2 2.4 V
~£0 565 2% 4% N9 1o 4b5 49.3 £% q.2 «
~930 563 [23 <0 na (29 44 & 495 4 q. 1 |
—gEL-H &Y | 2> Ten n3 ?4- 3o | 3.2 4o | eb | 346
v iy el g ab 2. R 485 R 59 7.9 | 3808
~2ff 54 EX| 48 13 b 280 32.0 49 {23 |3 840
-1t 565 ug S0 69 n3 290 29.5 4 5.% 1349}
=gl 429 (24 53 N3 70 23 165 30 3.1 7
| —Rbo-£l STo s 43 6% 84 42l 35,1 sS4 (9 | 39850
-3l 5N 10 49 43 4 350 24.4 45 55 13964




SOLAR CELL ELECTRICAL DATA

g
CELL DESCRIPTION: _Splav (ells.Ca2xacn ) Tram HEM caaf silicon 2nd_bafeh ¢ BSH Proesc )
Sa0 AR Coghnq P A ackive area
TEST CONDITION: AN O 7 '
TEMPERATURE : ac 90 DATE :
‘0. Voc Isc Lsca LscR Thax Vyax Phax CFF n AREA
my mA mA mA mA mv mh % % cm?®
~gho =] SN2 ) 49 63 al 4o b~ 4360 5t N EY (e
T A 13 4] b6 o 4N 39,0 5 7.4 3,2/
= L N S (L3 4-1) L6 6% 255 (b2 30 >3 139646
v_~2p| 5N% na 4R £9 _ R0 4y 304 54 6% 1 «
v =230 517 4 TR 4R L N2 190 14,4 2z 2.9 y
v ol 5473 4 49 66 N4 349% 3,2 49 &k | a3
v_-32] 49! [t 41 b3 Mo 230 14.b 35 2.0 13 964
" =35 54y 1Y 41 68 IS 425 32,3 49 .0 "
" -39l 535 10R 44 64 6 _ 3%e 23.3 4 4. b | 3,83%
1 ~al gl o (1o 44 655 q2 300 21,6 39 4.2 | 3.17]
" ~4ql 484 119 43 £8 14 30 0 22,2 39 41 | 3966
—4nl  Sag us 43 66 93 3/ 24 b 4.\ 4. %
Coxtrol cells
Io 544 {34, 51 83 n4- 490 5.9 70 10.%_ |3.825
[ 584 [} 49 g3 gg 495 CAT 55 R.1 13 @00
12 590 [ 25 4.9 26 104 445 43.4 6 | .4 (3715
IS ol 135 5| 74 (13 5 o0 9. p M3 9 | 3,220




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: __Solov Cells (= 2x3 ey frgwn  HEM  Cooh Siliton 3vdh bera ¢ BSTy Profess”
Sa0) AR Coaling . A_Go % _active ama
TEST CONDITION: AMO - '
TEMPERATURE : Y DATE:
" Yoc Isc Iscs bscr I Max Viax PMax CFF n AREA
my mA mA mA mA my il % % cm?
l-g%-4 | sho {2 4.8 3 5 455 217, 8 st N 2.93%
¢ =13 566 (2.3 49 74 92 459 22,1 é | 8.0 a
1 =301 G6R 2} 49 72 tof 4459 28 71 9,2 “
- N~ L 25 49 6 93 4bo 42,9 o 2. | .
n_ =54 564 [22 50 72 (0g 4-54. 49,0 ull 9.2 f
n_—fo S bo (22 5D 72 kYe) 446 44 ( 65 8.4 v
s £ 3 S 1 (23 5o 12 to 440 48 _70 7.1 Z
=84 599 (2] 49 7> 03 44 45,5 67 2, 4 U
a2y N S (LS 41 £7 13 s 38, L £2 7.3 /
|~25h-2] -wai i = X g —14 a 335 871 £r3 2,934
g =12 Sg2 12, 4.3 n2. 917 @bS N A% 3.5 2
a_ T2 bz 129 5D 70 £9 G400 27,4 &/ s, 2 ‘
L o N~ 2 9. 5| €3 26 @65 | ¢0.0 sR 2.8 a
v -224 540 12 5o 71 ol 68 &3.1] 62 %z 4
"=kal  S¥Y (19 So 70 3¢ 467 43.9 £3 g3 4
' b BS54 ns 43 81 b6 385 245 ¢ &40 “ 8 o
=74 514 ns ! 49 61 73 455" 1365 34 6.1 2N




CELL DESCRIPTION:

Slay tells ¢ 2 2x2 ¢ )

SOLAR CELL ELECTRICAL DATA

;}Fom HEM  Cead sc/:‘ron/.

3rd__bakch (855 Process)
Sa0 AR caafing ; = 2% achde aren o
TEST CONDITION: M O 4 7 '
TEMPERATURE : STy DATE:
"o Voc Isc Iscs Iscr IMax YMax Phax CFF n AREA
mv mA mA wA mA mv mw % % cm?®
| (—Feh-pal 524 [0 50 £9 20 cth 2 &1.4 59 7.9 | 3935
Contruf  ©lls
377 570 (36 ¢ -4 /1] w2 52,4 66 7.9 293¢
33 S6Y (27 49 74 66 Yoo 24,4 377 5.0 7
29 24 (3¢ 5% 2) 7¢ @63 @l 55 2.2 ’
&/ S50 (3/ £0 2 22 390 32.0 $ 4 6.0 1y
&2 594 /35 s/ g4 118 495 54./ 70 0.6 4
&3 5% 3 £33 el £o 2% @31 &4l 5 55 7.8 Yy




APPENDIX 1V

ELECTRICAL DATA SHEETS FOR
EFG (RH) SOLAR CELLS



SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: Sola, (ele (m 2xace ) from ERG yibbon ( RH D lst botoh ¢ Shavdand procesc )
TEST CONDITION: AMD = shes — e AR caaling
TEMPERATURE : aso¢ DATE :
. Voc Is¢ Iscp Iscr Thax Vitax PMax CFF n ARER
my mA mA mA mA my i % % cm?
C-gp—1 | sab 93 42 5% g3 &) 3.9 74 7.5 | 30sl
(glo) | (69D CADENINELD! (610 | (420) | (g | (WD AN
) 522 1 43 Ty 2y 43| 37,9 n3 7.3 | 3. 89
(502 1 (79D (322 | 93] (g2) | (@13d ] Geed ] (2 | (49)
v ~%] o5 94 42 &3 in 4o 2.2 gy s “
| (a2e) | ({90 (322 | (z4) (a4 | (e | (1hS2 | (49) (22)
A R 16 4= 53 9 4) > 35,0 7] 6.1 d
(4q5)] (69D (310 | (36> (&2 (4os) | (203) (62) | (40
=t 440 1 . 53 o 3Ny | 228 4N 4> y
(b )| (4 D] (320 (3001 (39) | (3et) | (138 ] (42 | (26)
s-209-1] Sl4 I 42 53 87 41T 3.5 03 7.9 3. 9045
(1) (63 (32) (31) (4>) (god) [ (25,20 (133 | (42
=3 gD ] 4 | 43 23 45 34.5 14 6.b y
(eqsd | (€4> | (3D (32) (=22 | (ge8) [(239) | (74) | (48D
-4l svs | 9l 39 sy ¢l H 3 33,9 72 20| 354
(so3) | (e 1 (294) (250 | (Sh) | (4on) | (229) | (69 ) | (41)




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: Slav ®ls (= 2x2¢an ) from EFRG Ribhan (R st babel ¢ stavdad process D
. S0 AR, ool ¢ ngg“ﬂsge‘g M ianbten -@b_ lac-{d're Achp_a\h'ﬁ_ 3 A e Y%  active aea _
TEST CONDITION: AM O e 4
TEMPERATURE : 2 ¢ DATE :
10 Voc Isc Isc Iscr IMax Viax PMax CFF n AREA
my mA mA mA mA my mh % % cm?
E-863-54 14 94 42 50 g4 420 35,3 N3 6.7 3.80%
— {s02) | (46D (z\) (#D {60 (40b) | (24,47 fa ) | (am
by 51& 12 “43 54 29 403 36.3 72 4.9 "
(6v3) | (nod (32) (3n ) { (62) (4lo) | (259) (12D (442
4 51k 18 44 53 84 418 36.0 7 £.4 r,
(502! (64 (32 (36D | (60 D | (gobd [(2%4D | (70D | (4T
=2 5132 98 42 £ 29 424 7.1 14 7.2 '
(Sot Y| (70 | (32D | (370 ] (630 | (ab) | (26,2 (ne) | (s
S-3N0-2{ 43q 95 49 53 s | 305" 15,6 3% 2.9 3,960
l442.) (63 (22 | 36) (at) (32 | (18,2 (49 (300 _
-5 52N A4 44 54 90 432 38.9 s NS 3,805
(s19) | (o) (32) | (a) (£2) (414> | (25.8) 1| (92D (49D
=3 Bl 99 43 54 73 393 | 300 £o 5.9 “
(@44 | (923 (32) (3n) 4 (s72D (3650 | (203 (9D (40
~ni 403 2% a 3 39461 33 20,3 CNO) 3.9 2.
! L . - -




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: _(wmdvel ooloy Gelle ( zxzen ) tw ERGT (RHD i} Isk  babel, ¢ shawdad fVO(e.rs)
Cal) AR cpabing N an % actiue _evoon
TEST CONDITION: AM D i ‘
TEMPERATURE : Tagoc DATE:
K0 Voc: Isc Isce Iser Ipax Viax Pax CFF n AREA
myV mA mA mA mA mV mi % % cm?
| il (23 43 g0 AN 4% 55,9 76 0.7 3,295~
3 532 131 =) bl (20 439 53,1 b4 .2 h
[ 5146 [3] 49 g2 (03 470 0.3 61 9.1 9
o 594 132 50 23 12 3 500 £lL.5 Nz RS 4
3 524 (34 5o Ao A3 488 £0.0 9 AT “
9 59 { 134 49 P 23 T 62,1 ng LS 7
i
Wote : Gl cell 4 L2, & hivsd ('md‘nQ Crvo "‘-{D
7 ul 7. 209 Secovd 7 i -




(5]

YO
> L
oL
B
I~
o SOLAR CELL ELECTRICAL DATA
S
&0
CELL DESCRIPTmN*.P'é’ZIar Clls (A 2x20m) from  EF G (RH) vibbon 2nd  bateh ( BST process)
with S0 AR __Loating & 90 % aflipe v o
TEST CONDITION: AMD v —
TEMPERATURE : 2co¢ DATE
. Vo Isc sca Iscr IMax VMax Pax CFF n AREA
my mA mA mA mA mV mi % % cm?
-g46 -2l 499 8 3S 42 52 3% 19.17 5 4.1 3,11
E-248~101 505 75 33 42 e 3 399- 22, 9 0 EY| 2. 259
(orhef  cellls ' _
2 59L& 2% 4 47 35 429 4l.b | 46 9.3 3,211
4 513 12 4.3 £9 g0 4-b4 41.9 b5 9.4 3.302
4 522 Ho 42 £33 91 411 43.4 4R 7.7 3.3
3.4 590 1} 43 e 94- <90 ab. ) e 0.3 3,302
36 CR5” 110 4 | 44 24 B | 0.9 64 L3 03215
yoke | 2.4, (Rt Gl erond
34- | 3% Sederd Y




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: Splav Cells {=oxac ) frow CHEG(RH) nibhon

3vd babeh ( Bad conbnct Heot Treodment , s )

with <S4 AR _cealing =90 % acfive  avee
TEST CONDITION: AMD 7 ‘
TEMPERATURE : Ly DATE:
"0, Voc Isc Iscp Iscr D Max YMax Phax CFF n AREA
mv mA mA mA mA mV mW % cm?
|s-g¢s—il | 5\9 94- 42 S0 74 41| 245 7/ 2.0 WAL
T ~p 44N N9 43 36 32 210 9,1 23 2,2 3,315
30 5]\ EN 4.3 g0 e 484 sb, | 4 0.6 | 3990
Absve  |eells Het¥ Treded | ot oo %] fov 10} wminerig { (hade comtac )
c-gh6~l2) So3 ull 4o 49 £x 304 14.5 43 3.8 3. 918
c-909~-13 Sig g5 34 45 ns 411 2.3 11 6.6 3,504
c-Fw0-uf S 93 4\ 5 | 78 409 30.M 64 6.\ 3712
Ay e | cell b Treabed] at  gople Lo | & wmindbes ¢ hadd tonbd)
c-989-16] 242 24 4.0 49 Shumted  bad ‘,y_
-3 66-141 447 90 40 49 §0 39> 23, § 53 4.9 3.9
S=90-12f 409 ng 24 41 43 248 (2.1 40 20 3483
3% 589 ) 24- 4" 3 Lo 492, L2/ D2 28 | 3.440
Abgud  cells  Hxal Tvelke b 5H° fol 10 wmibubes ¢ back covlagh D
Mot 5 et 30, jo~d 33 o~ Ccmbve)  kells.




APPENDIX V

ELECTRICAL DATA SHEETS FOR
SOC SOLAR CELLS



SOLAR CELl ELECTRICAL DATA

CELL DESCRIPTION: _ Selav Glls fimm  Soc st babch ¢ shindad  praess)
[P SID\ 'A.ﬂ Coative . ,(_’ PMJ_#LW%
TEST CONDITION: AU D U )
TEMPERATURE : T oe3n°C DATE:
Ko Yac Isc Isca Iscr IMax YMax Piax CFF n AREA
mv mA mA mA mA my mi y4 4 cm?
158 ~1D o34 250 23 4{0 27. 3 Ay §-4 . |
(522) | (199) (735 | Cion) | (149 | (q12d | (gtod ] (48) | (46D
lbo=3 | S4¢ 1 2] 19 107 [ H6 4l 69-% ¥ 7.3 7
feqg) | (132D (43) (o)} (rag) } (qqD ) (563 (13) [ (s9)
{e r\'h’oo (‘-E'.( < }
\ 592 YA 45 A 1 b 500 €20 | 94 to.n a |
2 £93 13 43 £3 123 492 0.5 nn N, 2 "o
3. £99 2% 4t 23 (18 498 52, % nh 10,9 "]
4 5qL 131 ax 24 120 49: | &q,0 | ny 0.9 | »
& 594 130 43 22 M| 33 571 n4. to. b AN
{ £94- 129 49 22 19 492 s2.( 74 to, 9 |
' :
.
T
N




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: _Solav Celle  +vowm  SOC 2ond  bodehh  ( Stardand Process )
Weth Sk AR coating Aetive arva 80 ~2% % Fu soc cells
TEST CONDITION: AM O g ‘ .
TEMPERATURE ; & 28 ~30°0 DATE:
Ko Voc Isc Lscn Lscr Ttax VMax PMax CFF n AREA
mv mA mA mA mA my mi p4 % cm?
156~ 1 553 43 123 244 35 4085 49. 8 £ > 42 17.68
159-4 1 543 4-19 B:a-> 235 355 a4l 2. l4.6.3 La. 6.9 115,94
159 =4 bas 190 201 103 54 392 60, 4- 57 b2 | wmas
159-1 544 319 (4-0 L2 234 385 90,1 52 5, 2 12,05
I _159-19 a1 423 (44 24-0 3lo 390 [20.9 53 S. | 17, 6%
} 159~ (D 43 4ol tne 220 35 410 124, 2 59 5. 6. 2)
| 161=9 | <47 214 ng LS4 24-2 428 | 1634 | (q o2 | 12.%6|
Y NN I 2 294, (2R L&3, 232 4ap 1.9 £2 5.8 12,96
! 3
CGW"YoQS ,
[© 59| 134 s3 »1 (22 45D 53,4 n4- (0 3 4 |
I 54] | (35 sa ga. lao a1 | s%.2 | w2 |0 "
: 13 5£%9 129 Shin 26 120 453 55,0 0 _ (0. 2 - JI
L 3§ 130 59 %0 s 490 54 \ n2 10. O . j
1S ‘. ki 138 a £3 125 490 61.3 Vil .3 “|
16 583 (3% 53 3s" 120 49% | 57.4 7] [0, & .




