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ABSTRACY

Solér cells were fabricated from uncpnventiega! silicon sheets,
{Wacker "Silso" wafers and EFG ribbon, BF fﬁrnéce grown), and thé |
performances were characterized with an emphasis on statistical
evalyation. A number of solar cell fabricatién processes we%e useg
and conversion efficiency was measured under AMO con&it{on at 25°C.
®Sils0™ solar .cells us%ng standard processing showed an aver&ge
efficiency of about 9.6%. Solar cells with back surface field (BSF)
process showed about the same efficiency as the cells from standard
process. Solar cells from grain boundary passivation process did not
show any improvements in solar cell performance. These efficiency
values are about 2% lower than those of the single crystailine control
splar cells of about the same resistivity. A number of celis were
fabricated using space technology (applying photolithographic techniques
for the finer contact lines, multilayer AR coating and BSF), to seé the
1imit of “Sifso“ sheets; these solar celis showed an average‘efficiency
of 10.8%. Solar cells {2x2 cm) from corners and edges of the original
uSiTso" wafer (10x10 cm) showed considerably. lower efficiency than those
of the cells from the middle part, mainly due to the difference in grain
size, and this result agrees well with the result of the winority carrier

diffusion Tength and spectral response measurements.

EFG solar cells (area area about 506 cm®) were fabricated using
standard and BSF processes. Average efficiency of the standard and BSF

solar cells were around 7.8% and B.5%, respectively, indicating about

*A11 efficiencies quotes in this report refer to AMO conditions.

»



3% lower efficiency than those of the single crystalline control cells.
This is about 1% lower efficiency than that of the "Silso" solar cells,
due to lower curve fill factor and open circuit voltage, and was
suspected to be ‘due to shunting caused by silicon carbided particles
from die material. Minority carrier diffusion length stayed about the

same in both sheets, showing about 40-60 um range.
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INTROBUCT ION

The objective of this program is to investigate, develop and
utilize technologies appropriate and necessary for improving the
efficiency of solar cells made from various unconventional silicon
sheets. During this quarterly reporting period,; work has progressed
in fabrication and characterization of solar cells from Wacker
"Si1so” wafers and ‘EFG ribbons from Mobil Tyco. Silicon blanks
(2x2 cm) were prepared from "Silso" wafers and fabricated using a
_standard process typical of those used currentTy-in the siticon solar
cell industry, a back surface field (BSF) process-and‘other process
modification attempting to achieve grain boundary passivation. About
1" x 1" solar cells-were fabricated from EFG ribbons using standard

and back surface field process.

Performance parameters, in;]uding oben ¢ircuit voltage, short
circuit cﬁrrent, curve i1l factor, conversion efficiency, spectral
response;, dark I-V characteristics, and minority carrier diffusion
length, were characterized and the results were compared to the
properties of cells made from the conventional single crystalline
silicon, and processed with the sheet samples. Statisica1-eva1uatioﬁ
was emphasized; tﬁe results indicated that cef1 performance depends
strongly on the grain size (for "Silso")} and the foreign inclusions,

such as SiC, etc. in the EFG ribbons.



IT.

TECHNICAL DISCUSSION

A.

Wacker "Silse® Solar Cells

1.0

Preparation and Description of Blapnks

Wacker wafers were sliced into 2x2 c¢m silicon blanks
using an 0.D. diamond saw. The wafers and the location of
the blanks in each wafer were identified with letters
and numerals, respectively. Figure 1 shows how these blanks
were prepared from a “Silso” wafer (in this case wafer A).
Identification of each blank on a wafer is very important
since the cell blanks have different grain size depending
on the location of the blanks on the original wafers
(10x10 cm). Edges of the wafer showed smaller grain size
than the middle since nucleation starts at edges during
solidification of mthen silicon. Grains were mm size in the

middie and were less than mm in area close to edges.

The blanks were chemically polished in planar etch
(2:15:5 = HF:HNO5:CH3COOH) for about 10 minutes, which
removed about 1.5 mils of silicon from each face of the blanks.
Four point probe measurement indicated that resistivities were
in the range of 5-11 ohm-cm with p-type conductivity (four point
probe measurement of polycrystalline material might introducg
error in bulk resistivﬁfy‘readﬁﬁg‘aue fd the“poteﬁtia] drop

at the grain boundaries).

Surface photovoltage measurement for these "Silso" blanks

indicated minority carrier diffusion lengths in the range of



40- to 80 um {measurement used a light beam size of around
3-4 mm in diameter). Single crystalline control blanks were
prepared.in the same way with the measured resistivity range

1-3 ohm-cm and minority carrier diffusion length between

100-200 um.
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and A-16

FIGURE T

Preparation and Classification of Silicon Blanks
(2x2 cm) From a Wacker "Silso" Wafer (A Wafer, 10x10 cm)



Fabrication of Solar Cells
Cells were ‘made from the prepared blanks, along with
control cells using Czochralski silicon. The rationale

for the control cells is given in the following section.

2.1 Control Cell Rationale
For evaluation of a wide range of silicon, use is

made of control cells, made from silicon previously
shown to yield good cells. Even with a‘we11 estabTished

* sequence of processes, the use of these control cells
can serve as a useful check that the processing has been
satisfactorily compieted. These control siices
(along with the test samples) are previously scribed

with an individual code, and can'be identified when

the cells is completed.

If the siticon uﬁder evaluation does not Tead to
any chance of contamination of furance tubes etc., a
set of control slices added at the slice preparation
stage and processed along with the group to be
evaluated can show that the processing has proceeded
to plan (the control cell properties are known from
earlier tests) and it can be verified that in the run
under stﬁdy, that this baseline performance has béen
obtained. The use of coﬁtro] cells effectively provides

_a evaluation of the integrated effect of all the

process steps on the cell performance.



Shoultd any deviation have occurred in the process
steps it is convenient to determine the step(s) Teading
to deviation by analysis of .the .differences -in the

control cell performance.

If any cross-infiuence is suspected froﬁ the test
silicon (e.g. contamination ffom high concentration of
impurities), then the control cell performance can
indicate this contamination. Usually such contamination
is most 1ikely to occur during the high temperature
processe§ (especia]iy diffusion and annealing) and in this
case, use of a second group of control siices can bracket
the step at which contamination occurred. This second
group of control slices is formed from a similar well-
behaved ingot, and is additionally diffused in a separate
furnace. Should this group of ce]is perform well,
Qhéreas'the original group showed poorer performance

this indicates that the test silicon is indeed a source

. of contamination.

To check if the furnace itself has been contaminated,
use of another group of undiffused control slices can

be processed alone, to see. if _the-output-is -decreasad”

on exposure to. the suspect tube.

Clearly if some of the later steps are suspected
to be the cause of reduced output, additional groups

of control slices, processed in. acceptable equipment



up to the suspect steps, can serve to indicate degradation
caused by the suspect step. [In many cases, the

primary control group can serve this function.]

In addition to indication of suspect step(s),

the control cells also provide guantitative estimates

of the amount of degradation. Analysis of the photo-
voltaic parameters can show the extent of degradation

" in the key cell properties, e.g. decreased Voc can show
possible shunting or other PN junction deterioration,
decreased Isc can show reduced diffusion length in the-
silicon, or pérhaps problems in the diffusion conditions

or the AR coating.

The use of control cells provides a direct check
of the effects of the process steps, with the information
provided directly in the solar cell performance character-
istics. This is often preferable to attempts to use
related parameters which must still be assessed for their
actual effect on cell properties. The control cells
provide a constant baseline to evaluate the silicon
under test, aliowing direct comparison in solar cell
efficiency rather than inferred comparison using cell-

related physical Tactors.

For forms of silicon where inhomogeneity is expected
(polycrystalline or ribbon silicon) the control cells

can also be useful; if measurements are made of



localized small areas, comparison of the spread across
the control slices and the test slices again provides

a baseline indication of the degree .of inhowmogeneity.

In the ideal case (most usual), the control cells
provide cell output as expected, and this adds confidence
to any direct comparisons made on the silicon under
test. In a few cases, very small deviations in control
cell performance after analysis have revealed similar
small deviations in the processing of the test silicon,
and again necessarylsma11 adjustments were made to
the process sequence (and confirmed for their effectiveness)

using more control sTices.

In the present work, a stock of previously acceptable
silicon has been identified and retained for use as
control material for the different batches of test
silicon. Part of the stock has been. pre-diffused for
insertion with the test group and the first control
group, immediately after these groups have been diffused.
These are cé]led second control group and identified 1in
electrical data sheets of control cells in Appendices III

and 1V.

Standard Process

The first group of test samples is subjected to a
“standard process”, {which will be described in this
section) to allow uniform evaluation of all the different

sheet forms.



After applying a diffusion mask on the back
surface, thé silicon blanks, both Wacker {63 pieces) and
the controls (10 pieces) were loaded in a furnace,
with 12" temperature zone at 875°+1°C and oxidation
was carried out in dry oxygen atmosphere for five
minutes. Following the oxidation step, (in the same
furnace) slices were diffused for 20 minutes by passing
POCl;-saturated oxygen gas and dry nitrogen gas (carrier
gas) over the blanks. Finally the boat loaded with these
diffused blanks was slowly pulled out of the furnace
(within 10 minutes manually). After removing the
glassy-layers formed during the diffusion process,
sheet resistance was measured from selected samples;
values of 30-60 ohm/square for Wacker silicon and
22-25 ohm/square for single crystaliine controls were

measured.

Front and back contacts were applied by successive
evaporation of Ti, Pd and Ag in a vacuum chamber (pregsure
around 10#6 Torr) using resistively heated coils as sources.
Front contacts were applied by evaporation of metals
through a metal shadow mask which had grid finger density
of four dines per centimete?. About 90% active area of
the solar cells was obtained after evaporation. The
thickness of the evaporated front metals was 10003
for Ti, ZBOR for Pd and 4-6 um for Ag, while the thickness

of Ag in the back contact was around 2-3 ym. To



minimize peeling of metal contacts during preliminary
measurement of solar cell parameters (measurement without
anti-reflective coating) .a post -metall-ization Keat
treatment was carried out at 400°C for 10 minutes

in hydrogen atmosphere.

An anti-reflective coating was app1}ed on the
finisheq solar cells by evaporation of silicon monoxide
in a vacuum chamber pressure maintained at around 10"6
Torr. The thickness of the evaporated SiOX Tayér was
around 750& with stoichiometric factor x close to one.
Fina11& the, solar cells with anti-reflective coating were
sintered again at 500°C for five minutes in hydrogen

atmosphere. A block diagram of this process is given

in Figure 2.

Final mechanical yield of the finished cells was
around 94%. Table 1 shows the number and cause of
the broken cells during‘procesé; the number of initial

starting blanks was 64.

t

The control cells from this initial standard process

showed Tower open circuit voltage and higher series_ |

" ‘résistance than expected. This was suspected to be

due to high contact resistance at the back metal-silicon
interface. Thus, back contacts were applied first
(before front contacts) and sintered in H, -atmosphere

for 10~15 minutes at- 600°C. Then front contacts were

10.



SOLAR CELL STANDARD PROCESS ORIG

FIGURE 2
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TABLE 1

NUMBER OF
_BROKEN CELLS

CAUSE

Dropped While Demounting 2x2 cm

1
Blanks
2 Corner Chipped While Clamping
Metal Shadow Mask In Evaporation
Process
1 Shattered in Post-Metallization

Heat Treatment in a Furnace

Mechanical Faifure of "Silso" Solar Cells
in the Process of Fabrication (Standard Process)

12,




2.3

2.4

applied and the standard process followed thereafter,
the 400°C heating step was retained to minimize front

contact peeling during pre-coating measurements.

NOTE: This modified process sequence (using the 600°C
sintering of the back contact was used from this stage

LY

in the contract and became the "standard process®.

Back Surface Field (BSF) Process

Back surface field was provided by evaporation
of a thin Al Tlayer followed by screen printing of Al
paste, and an alloying step at an elevated tempgrature
(m800°c). This process step was added after removal
of diffuseq oxides in the standard process. Back and
front contacts (Ti, Pd and Ag) were evapo}ated after

the alloying step.

Two "Silso" wafers were processed in this way; the
sheet resistance of the diffused layers was measured to
be 27-31 ohm/square for the controis and 26-28 ohm/square
for the "Silso" wafers. One cell was broken in the
metallization process and two c€lls were damaged in
electrical testing, resulting in an overall mechanical

yield of ‘around 90% (twenty-eight starting blanks).

Grain Boundary Passivation 'Process

Tests were made to try and increase the carrier

collection efficiency in poiycrystailine silicon by

13.



means of a heavily doped region near (or in) the

grain boundaries (1).  Phosphorus dopant is pre-
ferenti@lly,introduéed into- the grain boundaries of
p-type material by a low temperature diffusion process.

A subsequent high temperature diffusion forms a heavily
doped skin which covers the surface of each grain.

The resulting. junction around each grain surface collects
electrons. which might otherwise recombine at the undoped
grain boundaries. This grain boundary doping (passivation)
scheme offers possibility of an increase of conversion
efficiency in polycrystalline silicon solar cells

especially if the grain structure is columnar.

An experiment was performed in an ‘effort to improve
the conversion efficiency using this method. An N-type,
(phosphorus-dopant) source (Emulsitone) was spun on
2X2 ¢m wafers: After drying on a hot plate, those wafers
were loaded in a furnace and heated at 600°C for about
24 hours in N, atmosphere. After removing glass layers

on the spin-on side of the wafers, standard -process

was used. to complete the cells.

___ . One "Silso" wafer was- fabricated dsing th{s
process with no breakage {mechanical yield of 100%).
Sheet resistance of the diffused layers of both control
and "Silso" wafers were in the range of 23-28 ohm/square

and 28-30 ohm/square, respectively.

14,



The next section summarizes‘the‘resu1ts cbtained

using the standard process, BSF, and attempted grain

boundary passivation.

15.



3.0

Solar Cell Performance and Characterization

3.1

Characteristics Under [T1Tumination.

Parameters of the finished so]ar cells were

‘ measured under AMO cond1t1ons* (135 mw/cm , tungsten-

xenon Jamps with red and blue f1?ters) before and after
applying anti-refiective coating. The measurement block
temperature was 25°C and the input light intensity was

caljbrated using a standard balloon-flown solar cell.

Standard Solar Cells

The detailed parameter of the ininidya] controi
cells and Wacker "Silso" cells are. given in Appendix III,
electrical data sheets. Four (4) “Silso" wafers
(A, B, C and D) were processed and their average values,
standard deviation and ranges are summarized in
Table 2. Slightly different.performance from wafer to
wafer is noticed from the summary table. To see the
deﬁendence<of the: parameters on the location of the
cells on each "Silso” wafer, mainly due to the difference
in‘grain structure, solar cells wére classified as
corner cells, edge cells, and middle cells depending on
the location (see Figure 1; 1 corner cell, 6 edge cells,
and 9 middle cells were obtained from each wafer).

From data obtained from four Wacker wafers {standard

process} dependence of cell parameters on Tocation is

*Detailed description .of OCLI AMO Solar S1mu]ator is
given in Appendix II.

16.



A

TABLE 2

Summary of Parameters of Solar Cells
Fabricated From Four Wacker "Silso" Wafers (A, B, C & D); Standard Process*

WAFERS CONTROL A B - c b !
550 530 528 | 541 547 ;
AVERAGE . (545) (526) (523) (533) (533)
1.2 5.5 6.7 5.2 5.4
) c (mV) STANDARD DEVIATION (4'7) (7'2) (8.3) (4.3) (6.8)
P 544-557 | 524-543 [ 513-537 | 530519 537-555
(539-553) | (512-537) {(496-532) |" (529-541) | (524-548)
33.3 30.8 37 37 31 i
- AVERAGE. (25.6) (22.7) (23.2) (23.6) (24.0) 1
» 03 0.7 0.6 ) 0.8
J.. (mA/cm2){ STANDARD DEVIATION a3 o7 -8 IR
30.5-34.5 | 29.3-31.8 £9.8-31.81 29 37 30-32.5
RANGE (25-27) | (21.8-23.3) [(32.24) | (2258-24.3) | (2375-54 %)
‘ 73 65 67 59 68
AVERAGE , (23) (66) (67) (69) (63)
. 3 2.0 7.6 1.8 3.2
CFF (®) STANDARD DEVIATION |  (4'7) (3.3) | (3.6) (1.8) (2.0)
- 70-74 61-68 61270 66-71 65-76
(71-74) (60-70) | (58-71) (66-72) (65-72)
9.9 7.9 8.0 8.6 8.5
AVERAGE (7.5) (5.9) (6.0) (6.4) (6.6)
\ 0.6 0.4 0.4 0.2 0.6
n (%) STANDARD DEVIATION (0.2) (0.4) (0.2) (0.3) (0.5)
RANGE 8.7-10.3 | 7.1-8.6 | 7.4-8.7 | 8.1.0.5 7.8-9.6
(7.3-78) 1 (5.2-6.4) 4.9-6.5) | (6.1-6.9) | (6.1-7'1) |

NOTE: 1. Measured under AMO condition at 25°C.

2. Cells (2x2cm) with Si0 anti-reflective (AR) coating, parenthesis numbers are for
the parameter before AR coating.

*Later (Table 4) resu[ts are given for the modified standard process.
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.summarized in Table 3. As expected, due to smaller
grain size at the cowners and edges of Wacker wafer,
solar cell effjciéncy éJéan]y increases in-order ~ -
corner-edge-middle. All foﬁr Wacker.wafers contained
visible inclusions near the middle of the wafer,
showing fine grain structures surrounding the inclusions
and consequentily producing poor solar ceil performance
comﬁared with the rest of the wafer area; i.e. see
cells A-10 and D-11 idn Aﬁpendik III. Figure 3 shows

a microscopic photograph éf these inclusions which
might have introduced from the container used for
casting of Wacker silicon. An average conversion
efficiency for the whole wacker_wafer_can be estimated
-Sy considering the total area of corner cells (16 cm?),
edge cells (48 cm?) and middle cells (36 cm?). An
average effjciency of around 8.1% (AMO) Qas obtained
from the four Wacker wafers.. In this case, the area
occupied by the inclusion was not considered. However,
the average efficiency will be Tower than the above

value if the area of poor performance were considered.

The initial standard process showed Tower open
circuit voltage and higher series resistance than expected.
This wés suspected to be due to a Schottky barrier
formed-at the back metal-silicon interface. A modified
standard process (addition of a heat treatment step

after back contact evaporation as described above)

18.



TABLE 3

ORIGINAL PAGE IS
OF POOR QUALITY

Dependence of Solar Cell Parameters on the Locating of a 2x2cm Blanl

Prepared From a Wacker "Silso" Wafer; Standard Process

19.

CORNER EDGE MIDDLE
AVERAGE - 532 532 538
V. (my) STANDARD DEVIATION 4.2 7.4 9.3
RANGE 5287538 | 5130545 | 5200555
AVERAGE 26 8 30.8 31.5
Jg. (nin/cm?) | STANDARD DEVIATION 0.7 0.6 0.5
RANGE 129.3030.8] 29.8v32 | 30.5032.5
AVERAGE 66 67 68
CFF (%) STANDARD DEVIATION 3.6 1.8 3.2
RANGE 62,71 6569 61076
AVERAGE 7.7 8.1 8.5
n @) STANDARD DEVIATION | 0.5 0.3 0.5
RANGE 7.148.2 | 7.008.7 | 7.39.6
NOTE: Ci];§°é2x2cm) with Si0 AR coating measured under AMO condition
: _ .
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FIGURE 3

A Microscopic Photograph of Inclusions
in. Wacker Wafer (200X Magnification)

20.



significantly improved the characteristics under
illumination for both "Sil1s0" cells and controls;
average conversion efficiency increased from B.1% to
9.6% for "Silso" cells and from 9.9% to li.Z% for
control celis. Electric data sheets are in Appendix
II] and Table 4 summarizes parameters of these cells.
Open circuit voltage of control cells showed greater
improvement than those using Wackeq silicon (compare'
Voc in Table 4 and Table 2). The dependence of the
parameters on the location of the cells -on each "Silso"

wafer was also obtained in Table 5, showing similar

results with Table 3.

BSF Wacker Silicon Solar Cells

Back surface field solar cells showed an average
efficiency of about 9.5%, about the same efficiency
as the standard solar cells (modified); siightly
improved short circuit current was offset by the decrease
in open circuit voltage. However, efficiencies of the
cantrols increased to 12.1% {about 1% conversion
efficiency increase over the modified §tandard process
cells) by improvement in both short circuit current and
~ open circuit voltage. Individual cell parameters are
listed in Appendix III and statistics are summarized in
Table 6. In an effort to see the upper limit of
efficiency of the Wacker sheets, fine contact lines

{active area of the cell is around 93%) and multilayer

21,



TABLE 4

) Summary -of Parameters of Solar Cells
Fabricated From a Wacker "Silso" Wafer (J); Modified Standard Process

v J CFF n
ocC SC
i o (mV) (mA/cm®) (%) (%)
558 30.5 77 9.6
AVERAGE (549) (22.2) (77) (6.9)
6.1 0.8 1.3 0.5
STANDARD DEVIATION (7.4) (0°6) (2.0) (0.2)
RANGE 549-565 29.3-31.5 73-79 8.8-10.2
(539-555) (21.3-23) (72-79) (6.3-7.3)
Controil Cells
Voe Jg. CFF n
o (mV) (mA/cm?) (%) (%)
‘ 593 32.9 78 11.2
AVERAGE (586) (24) (78) (8.2)
STANDARD DEVIATION N.A. N.A. N.A. N.A.
RANGE 591-595 | 32.8-33 77-79 11.1-11.3
(584-588) | (23.8-24.3) (76-80) (8.0-8.2)
NOTE: 1. Measurement under AMO condition at 25°C.

2. Cells (2x2cm) with Si0 AR coating, parenthesis numbers are for the

parameters before AR coating.

22.




ORIGINAL PAGE IS
OF POOR QUALITY

TABLE 5

Dependence of Solar Cell Parameters on the Location of a 2x2cm Blank
Preparéd From a Wacker “Silso" Wafer (I); Modified Standard Process

CORNER® |  EDGE- MIDDLE |
* AVERAGE , N.A. 551  [.. 563..
V. (mv) STANDARD DEVIATION N.A. 1.8 | 1.5
RANGE N.A. | 549554 | 561n565.
AVERAGE N.A. 29.6 31
Jg. (mA/cm?) | STANDARD DEVIATION N.A. 0.2 0.2
RANGE N.A.  ]29.3029.8 30.8&_31.5
AVERAGE N.A. 76 78
CFF (%) | STANDARD DEVIATION N.A. 1.5 - 0.7
RANGE N.A. 73077 —76079
AVERAGE N.A. . 9.2 10.0
n (%) STANDARD DEVIATION N.A. 0.2 0.2
RANGE N.A. 8.809.4 | 9.8\10.2

NOTE: Cells (2x2cm):w1th S10 AR coating measured under AMO condition
at 25°cC.

*Cell broken, could not evaluate.

23.



TABLE 6

Summary of Parameters of Solar Cells Fabricated From Wacker
"Silse" Wafers (E & F); Back Surface Field (BSF) Process

V. Iee CFF n

{mV) {mA/cm?) (%) (%)

545 31.5 75 9.5
AVERAGE (536) (22.6) (78) (6.6)

8.4 0.9 1.8 0.5
STANDARD DEVIATION (8.3) (0.7) (2.7) (0.4)
RANGE 528-557 29.5-33 71-79 8.2-10.2

(518-547) | (21.3-23.8)| (66-77) | (5.7-7.2)
Cdontrol Cells

V. Iee CFF n

(mV) (mA/cm?) (%) (%)

602 35.5 77 12.1
AVERAGE (593) (25.8) (75) (8.6)
RANGE 601-602 35.3-35.8 | 75-78 12.0-12.3

(591-593) | (25.8-26) | (72-78) | (8.2-8.9)
Cells With Fine Contact Line and MLAR Coating

V. - I, CFF n

(mV) (mA/cm?) (%) (%)
AVERAGE 556 34,2 77 10.7
RANGE 550-561 33.6-34.8 | 75-78 10.6-10.8
NOTE: _ 1. Measured under AMO condition at 25°C.

2. Cells (2x2cm) with Si0 AR coating, parenthesis numbers are
for the parameters before AR coating.

24.




3.2

anti-reflective coating were applied to three of the
BSF cells, resulting in an average conversion efficiency

of 10.7%. Results are summarized in a bottom table of

. table 6. Positional dependence of BSF cell performance

is given in Table 7 with the similar results with the solar

cells from the other processes.

Grain Boundary Passivated Solar Cells

Solar cells from the grain boundary passivation
process showed very close performance characteristics
witﬂ the cells from the standard process, indicating no
imprévement was achieved by usfng this process modification.
Electrical data sheets and summary tables are given in

Appendix III and Table 8, respectively.

Dark I-V Characteristics

Dark I-V characteristics (forward -and reverse) were
obtained from the selected solar ce]is. The plot was
made by point-by-point measurement ﬁsing digital multi-
metérs: Room temperature plots of the dark I-V curves
for solar cells from various processes are given in
Figures 4 through 7. Sometimes dark diode currents

of a solar cell can be expressed in a simple way,

- a¥
Ip = Iy (exp g -1)

This could be theé case at high forward bias condition

(V>0.4 volts) in which diffusion component dominates

25.



TABLE 7

Dependence of Solar Cell Parameters on the Location of a 2x2cm Blank
Prepared From Wacker "Silso" Wafers (E & F): BSF Process

CORNER

EDGE MIDDLE
B AVERAGE 531 540 552
v, - (m¥) STANDARD DEVIATION N.A. 2.6 4.2
RANGE 528533 | 5340541 5474557
) AVERAGE 29.6 31.0 32.0
J (mA/cm?) | STANDARD DEVIATION N.A. 0.4 0.5
RANGE 29.5%29.8]30.5031.8 | 31.3.33
AVERAGE 72 75 75
CFF (%) STANDARD DEVIATION N.A. 1.2 1.6
RANGE 772 | 78877 7379
AVERAGE 8.4 ‘9.4 9.9
n (%) STANDARD DEVIATION N.A. 0.2 0.3
RANGE 8.208.5 | 8.99.6 | 9.4010.2

NOTE: Cells (2x2cm) with Si0 AR coating measured under AMO condition

at 25°C.

26.
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TABLE 8

ORIGINAL PAGE IS
OF POOR QUALITY

Summary of Parameters of Solar Cells Fabricated From a
Wacker "Silso" Wafer (1); Grain Boundary Passivated Process

V. g CFF n
(mv) ~_ (mA/cm?) (%) (%)
554 30 76 9.4
VERA
i i (543) (22) (75) (6.6)
STANDA 9.0 5.3 0.5 0.6
TANDARD DEVIATION e o) p hie)
RANGE 536-565 27.5-31.5 76-77 8.2-10.1
(524-552) (20-23) (65-78) (5.8-7.2)
Control Cells
Voc JSC CFF n
s (mv) (mA/cm?) (%) (%)
| 592 32.8 78 1.2
1 AVERAGE (582) (24.2) (76) (7.9)
STANDARD DEVIATION N.A. N.A. N.A. N.A.
e 590-593 | 32.5-33.3 77-79 10.9-11.6
(580-585) (24-24.3) (74-79) (7.6-8.3)

NOTE: 1.

Measured under AMO condition at 25°C.

2. Cells (2x2cm) with Si0 AR coating, parenthesis numbers are from
the parameters before AR coating.

2l.
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3.3

diode current. In this case "A" factor in the equation
shows deviation from ideal diode characteristics, i.e.

it indicates the degree of influence from the space

charge recombination and shunt component of the current.

Calculated "A" values from the curves ranged from

1.4 to 2.2, indicating significant deviation from the
ideal diode case in which the "A" factor is unity. I
was also obtained from the plots. A relatively wide
range of I was observed, from 1076 A/cm? to 1072 A/cm?;
solar cells with small grain structure, such as corner
cells and edge cells, showed larger values. This
indicates that Tow open circuit voltage of the cells

with small grain size is due to the large value of 10.

Spectral Response

Absolute spectral response (A/W) was measured using
a filter wheel which is a combination of a set of narrow
bandwidth filters and a 1ight source (tungsten lamp
operated at color temperature of 2800°C). Spectral
response of the solar cells was obtained by reading
the current (short circuit) of the cells (to be measured)
at known wavelengths and by calibrating this
current to the current of a cell of known spectral
response (standard cell of known spectral response). The
active area of the solar cells was included in the

calculation. Figures 8 through 11 show spectral

response of Wacker cells and typical

k¥4




SPECTRAL RESPONSE (A/W)

FIGURE 9

Spectral Response of Wackér Solar Cells
(Modified Standard Process)
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3.4

control celis of different process modification.

Cells made from Wacker wafers indicated lower

spectral response than single crystalline control cells

at longer wavelengths (>0.6 um), mainly due to smaller
minority carrier diffusion length caused by grain

boundary effects. The Wacker cells with lower spectral
response were located in the edge (sﬁa]] grain size) while
Wacker cells with higher response were located in the
middle (large érain size) of the Wacker wafers, confirming
the effect o% grain size on spectral response of solar
cells. The spectral response variatfons also agreed

with the cell performance variations. However, no
significant difference in spectral response was noticed
from Wacker cells taken through the process variations

tried (BSF, GB passivation).

Minority Carrfer Diffusion Length

Minority carrier diffusion length (D.L.) was measured
using the surface photovoltage (SPV) method on both
bulk "Silso” wafers and diffused wafers. The exposed
filtered beam size was about 2-3 mm in diameter and
the results are summarized in Table 9. Generally middle
btanks showed higher D.L., showing D.L. in some spots

as close to those of single crystalline silicon. No

significant change in D.L. before and just after the diffusion

step were observed. Diffusion length measurement was

also carried out using a short circuit current method

37.



TABLE 9

Minority Carrier Diffusion Length
Measurement on Bulk Wacker Wafers

CORNER & EDGE MIDDLE
43 75
AVERAGE (35) (88)
5 15
STANDARD DEVIATION (5) (19)

' 40-55 60-130
RANGE (30-40) (55-120)
NOTE: 1) Parenthesis numbers for the diffused wafers

without contacts.

2) Measurement by SPV method with a Tight beam
size Z2-3 mm diameter.

3)

Unit; um.

38.




(2) for the finished solar cells. The whole area of

a solar cell was illuminated by 1ight source through a
filter wheel and the effective minority carrier diffusion
length of a solar cell was obtained from 1i§ht iniensity
values at selected wavelengths. wave1engths'
used for this measurement were 0.78, (.86,
0.895 and 0.95 umé The wavelength dependence of reflection
and‘absorption in anti—ref1éctive coating layer was

nc% coﬁsﬁdered %or sim§1icitx (generally, a straight

line plot could be achieved). Table 10 summarizes

the diffusion length values of solar cells made from

four Wacker wafers {A, B, C and D) and Table 11 indicates

* the dependence of diffusion length on’ location of each

cell %n a wafer, such as corners, edges ané middle.
Diffusion length of solar cells (2x2 cm) ranged from

30~-65 um, showing lower diffusion length for the ceﬁ]s
fabricated from eithef corners or edges of a wafer.

" Diffusion length measurement using small beam size

{v3-4 mm beam diameter) indicated that significant vériation
in the values are observed even within a single solar cell
(2x2lcm). These are well iliustrated in Figure 12,
againrindicating smailer diffusion length at spots

close to edge due to small grain structure.

Diffusion length measurement was performed on areas
of the wafer containing inclusions {(as in A-10 and D-11

solar cells). Diffusion length values were about the

39.



TABLE 10

Minority Carrier Diffusion Length of Solar Cells {2x2cm)
Fabricated From Four Wacker Wafers (A, B, C and D)

WAFERS CONTROL | A B c D
AVERAGE 130 47 46 52 51
Le (um)| STANDARD DEVIATION| N.A. 7.7 | 1.7 ) 10 9.5
RANGE 130-140 | 33-56 | 33-61 | 35-65 | 31-60
TABLE 11

Dependence of Diffusion Length of Solar Cells on the
Location of a 2x2 cm Blank Prepared From a Wacker Wafer

LOCATION CORNER | EDGE | MIDDLE
AVERAGE 33 a4 56

Le (um) | STANDARD DEVIATION | 1.6 5.4| 5.4
RANGE 31-35 | 34-51 | 49-65

NOTE: 1) Measurement by I . method.
2} I1luminated whole area of 2x2cm cells.
3) Unit; um.
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Mino}ity Carrier Diffusion Length (um) Variation

Within a Wacker SoTar Cell {2x2cm), Measured by Isc Method

With an i1luminated Beam Size of ~3-4mm Diameter

a) A Corner Solar Cell (A1)
b) A Edge Solar Cell (A3)
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c) A Middle Solar Cell (A11)
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same as the rest of the cetl area. This indicated
that the poor performance of these cells are not
.due to the small grain structure, but due to shurting

caused by those inclusions.
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B.

EFG Ribbon Solar Cells

1.0

Preparation and Description on Blanks

..The EFG ribbons delivered were—of ;ﬁé-é.F. furnace grown
type with visible surface undulations and inclusions from the
die materials. The ribbon was about one inch wide and was
sliced into approximately 1x1 inch blanks. Thickness was
measured (by micrometer), at several locations of each blank,
indicating around 13 mils at the edges and 10 mils in the
middle. To obtain detailed information on the surface profile
of the ribbons, a Dektak ({Sloan) was used to scan thickness
across  the width of the ribbons. Figure 13 shows a typical
profile of a ribbon surface, indicating éignificant variation

in thickness across the ribbon width.

NOTE: In the worst case, thickness could be around 6 mils
or less at certain localtized areas, indicating problems of

handling in the process of cell fabrication.

Since ﬁost of the blanks showed warpage, a bow gauge
(Brown & Sharp) was used to show the degree of warpage {this
may not be the proper way to check the warpage of such
blanks).  From 15 samples of 1" x 1* blanks bows were

averaged to be around 2.0 mils with the range of 0.4->3.0 mils.

Resistivity measurement by four point probe ranged between
0.8-2.8 ohm-cm with p-type conductivity. This might not
necessarily indicate accurate bulk resistivity because of

thickness variations and possible grain boundary effects.
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SPV measurement of minority carrier diffusion length from a

number of measurements with the beam size of 3-4 mm in diameter

indicated values between 30-70 um.

Initial cleaning of the blanks was done by organic
solvent in ultrasonic cleaner, to remove most of the contaminants
from wafer handling. However, a hazy color on the surface
was difficult to eliminate without removing some silicon.

Following efforts were made to remove hazy surface features.

1. Dip in HF.

2. Boil in hot D.I. water followed by HF dip
(since haze was suspected to be a thin Si0
layer).

3. Clean in H2S80,:; HO = 1:]

4. Standard RCA Clean
Solution 1 - NHy,oH; H30,; H,0 = 1:1:5
Solution 2 - HCL; H20,; H,0 = 1:1:5

None of the above procedure succeeded in removing the haze.
Thus, the standard wafer cleaning procedure was chosen to be
the initial organic solvent cleaning procedure which will

remove all the surface contamination from wafer handling.
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2.2

breakage are listed in Table 12. An analysis indicated
thﬁt the most of the breakage are closely related with
the non-flat #;atures of the ribbons and possibly to
residual stress. in the blanks. This is considered to
be a significahtTy low yietd compéred with either the

single crystaliine or "Silso" cells.

Back Surface Field Process
The same BSF process, described in Section A.2.3,
was used for EFG sheets with the modification of front

contact formation by photolithographic techniques as

described in the previous section (B.2.1).

Finished EFG solar cells showed a mechanical yield
of about 54%; again 13 cells out of 28 starting sheets
were broken in this process. Detailed cause of the
breakage are given in Table 13, and again are attributed

to the properties of the starting ribbon.
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TABLE 12

Mechanical Failure of EFG Solar Celis
in the Process of Fabrication; Standard Process

NUMBER OF
BROKEN CELLS CAUSE
3 TEST
' Diamond Scribing ]
Back Contact 2
2 FRONT CONTACT
Photoresist Spin 1
Develop & Rinse 1
1 BACK CONTACT
2 EDGE TRIMMING OR CUTTING USING DICING SAW
2 ELECTRICAL TEST

Starting: 22 Wafers

TABLE 13-

Mechanical Failure of EFG Solar Cells
in the Process of Fabrication; BSF Process

- NUMBER OF
BROKEN CELLS CAUSE

1 INITIAL CLEANUP PROCESS

4 BSF PROCESS
Al Screen Printing 1
Al Alloy (Al Penetration) 1
Al Scrubbing {Residual) 1
Acid Clean (Remove Excess Al) 1

2 ERONT CONTACT, PHOTORESIST EXPOSURE

4 ELECTRICAL TEST '

1 EDGE TRIMMING

1 PROCESS MISTAKE

Starting: 28 Wafers
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3.0

Solar Cell Performance and Characterization

3.1

Characteristics Under I1lumination

Solar cell parameters, such as oo Voe» CFF
and n, were measured under AMO solar simulation at
25°C. Electrical data sheets in Appendix IV give
detailed information on individual cells and Table 14
and Table 15 sumnmarize the results for cells of two
process types, standard process and BSF process,
respectively. BSF solar cells showed improved efficiency

compared with standard solar cells, 8.5% versus 7.8%,

with the overall increase in Isc’ Voc’ and CFF.

Conversion efficiency of EFG solar cells was Tess
than those of "Silso" solar cells and also less than
recently reported results with EFG ribbon, mainiy dué
to lower V,c and CFF. This was suspected to be due to
shunting by Sit (die material), which can be detected
visually on the surface of the ribbon in many cases.
Thus, a number of experiments were done to eliminate
the effect of those particles by isolating and dicing off .
the area possessing the {nc1usions. In one case open
circuit voltage increased from 525 (mV) to 545 (mV) while
curve fill factor improved from 58% to 66% after removal
of:some inclusions. A typical inclusion, which is
presumed to Have orginated from die material, is shown
in Figure 14 (from Cell No. 13). However, improvement

in either Voc or CFF was not always obtained after the
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TABLE 14

ORIGINAL PAGE IS
OF POOR QUALITY;

Summary of Parameters of Solar cells

Fabricated From EFG Ribbons; Standard Process

oc qsc CFF n
(mV) (mA/cm?) (%) (%)
AVERAGE 540 28.8 67.8 7.8
(529) (21.4) (64.8) (5.5)
STANDARD DEVIATION 12.5 1.2 8.9 1.3
(14.4) (1.4} (11.6) (1.2)
RANGE 517-556 26.3-30.2 52.79 5.8-9.6
(496-549) | (18.8-22.9) (43-80) (3.5-7.1)
Control‘Ceils
oc Isc CFF n
(my) (mA/cm?) (%) {2)
AVERAGE 596 33.658 79 11.8
(589) (24.3) (78) (8.3)
STANDARD DEVIATION 0 0.1 1.1 0.2
(0) (0.1) (1.8} (0.2)
RANGE 596 33.5-33.8 " 78-80 11.6-12
i (589) (24.3-24.5) (76-80) (8.0-8.5)
NOTE: 1. Measured under AMO condition at 25°C.

2.

Cells (v5-6cm?

51.

in area) with 510 AR coating, parenthesis numbers
are -for the parameters before AR coating.




TABLE 15

Summary of Parameters of Solar Cells
Fabricated From EFG Ribbon; BSF process

Voo o CFF n

(mV) {mA/cm?) (%) (%)
AVERAGE 549 29.4 71 8.5

(538) (22.4) {70) (6.2)
STANDARD DEVIATION 14 1.3 7.4 1.1

(17.5%) {(1.2) (7.5) (0.9)
RANGE 533-572 26-31.2 55-78 6.5-10.3

) (506-565) (19.9-24.3) (51-77) (4.4-7.8)
Selected EFG Cells With MLAR Coating

Vic Jee CFF n

(mV) (mA/cm?) (%) (%)}

572 32.3 78 10.6
AVERAGE (562) (24.2) (76) (7.7)

tontro] Cells

603 33.9 76 11.5
AVERAGE (597) (24.8) (75) (8.2)
NOTE: 1. Measured under AMO condition at 25°C.

2. Cells (+5-6cm? in area) with Si0 AR coating (middle table is
for the selected EFG cells with MLAR coating), parenthesis numbers
are for the parameters before AR coating.

h2.




ORIGINAL PAGE IS
OF POOR QUALITY

FIGURE 14

A Microscopic Photograph of a Typical Surface Inclusion
in EFG Ribbon (50x Magnification)
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removal of specific surface inclusions. This indicated
that either there are microscopic particles that cannot
be detected by eye or it may depend on the way that the
particle is embedded in silicon matrix. For example,

a particle might not cause any shunting problem if the
particle is completely isolated by the coverage of

a thin silicon layer all over the surface of the particle.

Selected solar cells from BSF process were coated
with MLAR coating (instead of Si0 AR coating) to show
the improvement of the performance. The results are
given in the middle table of the Table 15. Although an
average efficiency of about 10.6% was obtained, improvement
in short circuit current after MLAR coating was only about
33%. (Generally close to 50% current gain after MLAR
coating was achieved in single crystalline solar cell
case.) This reduced coating gain could be the result
of the haze remianing on the starting blanks. The
figures quoted for highest efficiency can be characterized
as "preliminary", because of limited tests, and small

sample size.

Limited solar cells (Cell Nos. 1 through 4) were
fabricated from the ribbons of chemically etched surface
to check the performance difference between cells with
and without etching step (the ribbons were chemically

etched in planar solution for about two minutes, which
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3.2

3.3

will remove about 10 um of silicon from each side of

a ribbon). No significant difference in performance

were observed (refer to data sheets in Appendix IV for
detailed information). However, these solar cells showed
slightly Tower short current density than the solar cells
without chemical etching. Reasons for this difference

have not been identified yet.

Dark I-V Characteristics

Measurement techniqeus were described in previous
Section A.3.2. Plots of the selected solar cells are
given in Figure 15 for the standard process and Figure 16
for the BSF process. "A" factor and I0 in the diode
equation (described in Section A.3.2) were in the rance

7_]0-6

of 1.5-3 and 10° A/cm?, respectively. These are
slightly increased values compared with the "Silso" solar
cells, and this result agrees with the slightly lower
open circuit voltage and curve fill factor of EFG solar

cells.

Spectral Response

Absolute spectral response (A/W) was measured using
the same method described in Section A.3.3. Plots of
the response are given in Figure 17 for the standard cells
and in Figure 18 for the BSF cells. Spectral response of
EFG cells at long wavelength (A >0.6 um) was significantly

lower than those of the single crystalline control cells

55.
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3.4

due to crystalline &efects such as grain boundary,
stacking faults, dislocations and perhaps of inclusions.
The slight dip at 0.78 um was observed for the both
response ?igures and the origin of the dip is not known

at the present time.

Minority Carrier Diffusion Length

Diffusion Tength was measured on the finished solar
cells using the short Efrcuit current method described
%n Section A.3.4. Table 16 summarizes the results of
the EFG solar cells, from both standard and BSF process,
measured under illumination of entire cell area, showing

average diffusion Tength between 40 and 50 um.

1]

Yariation of diffusion length was also detected
Tfrom small beam size measurement on two solar cells and

Figure 19 show results of this, indicating significant

" variation from spot to spot; i.e. from 20 to 50 um in

case (b). This variation in diffusion length can affect
the overall carrier collection {current) obtained in

the full active area of the cell.
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ORIGINAL PAGE I3
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TABLE 16

Minority Carrier Diffusion Eength (um) of EFG Solar Cells

| STANDARD
AVERAGE DEVIATION RANGE

~ STANDARD CELL 40 38-41

BSF CELLS 52 1 40-65

NOTE: 1) Measured by Igc method illuminated whole
solar cell area {v5.5em?).

2) Samples:

Standard Cells: MNos. 7 and 18
. BSF Cells: Nos. 29, 32, 40,45, 49 and 55
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ITL.

CONCLUSIONS AND RECOMMENDATIONS
These’' conclusions reached after processing of the Wacker- "Silso"

wafers and EFG ribbons are as follows.

Wacker "Silso” Hafer

o Fabrication process for conventional single crystalline solar cell
can easily be adapted'to this type of sheets without causing.any
significant process problems, in yield, or in the need for complex

(expensive) process steps, etc.

o The average conversion efficiency of solar cells (2x2 cm) under AMO
condition_at 25°C was about 9.5%. The maximum achievable AMO efficiency
(using optimum processing, assuming material unchanged) of a solar cell
(2x2 cm) from this material is predicted to be in the range between

11% and 12%.

o The results on this sheet'measured from solar cell performance, spectral
response, and diffugion length showed good qua]itat%ve-corre]ation
with;the average grain size. There did not appear to be any major
doping impurity influence, not unexpected since the sheets are-
reportedly prepared from highly pure starting silicon. A secondary
impurity effect was the degradation caused by "inclusions"; these were
found mostly in the large grain area (middle), showing that they were
nof‘inf1uencing the regrowth mechanism.but vere probably stray particles

included during the casting process.

o The BSF process indicated no improvement of performance. this could
possibly be ascribed to the relatively low diffusion Tength (<50 um)

observed in the starting and processed sheets.
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o The G.B. passivation test did not show any improvement. This does
not rule out the chance of other G.B. passivation methods; but shows that
there may not -have bgén a p%eféréhtié]'diffusjon‘rate'of phosphorus

down G.B. at low temperature as required for the method used.

o For both the BSF and the G.B. passivation process, it was noteworthy
that there was also no deterioration of performance. This indicates

good stability of grain behavior under fairly severe process changes.

o Future improvements in cells made from Wacker "Silso" sheet appear to
to 1ie in the increased grain size within the sheet (especially near
the edge), or another method of G.B. passivation. Elimination of
inclusions by better coentrol of casting process will improve the

utilization of this silicon material.

EFG Ribbon

) warpage'of the sheets and thickness variation within a sheet caused

‘major prob]emg in apincat%on of conventional solar cell process,
especially in metallization and e]ecfrica] test steps. However, with
care screen printing type of metallization can possibly be applied -
successfully on this sheet (this is based on the experience in screen

printing of Al paste in BSF process).

o An average AMO efficiency of EFG solar cells (5-6 cm® in area) at
25°C was about 8-9%, which was a s1ightly lower efficiency than the
"Silso" solar cells. Maximum achievable AMO efficiency of a solar
cell (1" x 1" in area) from this sheet, using optimum process steps, is

estimated to be around 12%.
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o The BSF process showed only slight improvement in ISC and Voc’
probably because of the relatively low starting diffusion length

16

and the high doping concentration (v10 - Atoms/cm®).

o Electrically the results were only moderately good, and this was
correlated with the reduced average diffusion Tength and possible
junction shunting problem caused ?y the inclusions from die material
(the reduced Voo @nd CFF were thought to be due to thése inclusions).
The inclusions appeared more severe on this batch of ribbons than
has been observed on other ribbon samples, “indicating perhaps a

correctable variation in the ribbon growth techniques.

o The localized areas of Jow diffusion length or low quality sheet will
reduce one'advantage of ribbon materia1;—name1y the ability to
fabricate good single cells from relatively larger continous areas of

ribbon.
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WORK PLAN STATUS

Following unconventional silicon sheets are expected to process

and evaluate during the next period.

o RTR Ribbon
o Dendritic Web

o Cast Silicon by HEM

Additional Meaurements

Equipment has been built to enable rapid measurement of dark
forward log I-V plots, and one for fine light spot scanning of sample.
This equipment will be used to aid in material evaluation; some samples

from the Wacker and EFG groups will be included.
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APPENDIX II

OCLI AMO SOLAR SIMULATOR



The OCLT AMO Simulator is described under three headings; the

1ight sources and calibration, the cell holding-fixtures and the

readout equipment.

(a) L1ght Sources and Cal1brat10n

The AMD spectrum is s1mu1ated by two separate sources.
o The blue port1on of the spectrum is. obta1ned from ; xenon
.‘arc 1amp with an absorpt1on fi?ter whtch attenuates the
large energy Sp1kes in the near IR reg1on
’ o The red pcrt1oq of the spectrum is dee to a tungsten
Tamp set at 2800°K color temperature with suitable
filters to biend with the blue portion of the scectrcﬁ,
resu1tiﬁg in close approximation to the AMO spectrum.
Figure 1 shows the Johnson AMO spectrum (approx1mates
c1ose]y to the Thekaekara spectrum) and also the output
Lof the OCLI S1mu1ator. Alsc shown are the separate
xenon {blue) and tungsten (red) contributions.
The two Iight sources do not provide collimated light tﬁe cell
test p]ane is placed at the pTane of correct convergence; the
uniformity across th1s plane is *2% for areas up to 8 cm?. “ The-
deviation of the centerline of each 1ight source from perpendic-

ular is around 11°.

In addition to allowing cell characterization under the
AMO spectrum, this simulator has an added advantage for cell
. evatuation. By use of suitable blocking shields, either the

blue or the red spectral output shown in Figure 1 can be used

to illuminate the cell. :Ana1ysis of the absolute output under



these two fi1fer§ can pfov?de a rapid indication of the process
control achieved on the cell. Experiéqce'has provided guidelines
for- "typical" regdings iﬁ these- two- broadband régions for a

variety of ce]is [including intentional variations in the silicon
resistivity, diffusion conditions, surface finish, contact area
coverage and whether or not the cell surface has an. AR coating].
Thus evaluation of‘the blue response can indfcate the performance
of a given diffusion schedule with a given resistivity siticon,

and can also check the eff?qﬁiveness of an AR coatiné. The red
response can also indicate whether the final bulk output is as

- expected, and can thus be used to assess the minority carrier
diffusion Tength (D.L.) achieved. .Although separate methods
{surface or bulk photovoltage) are used for diffusion length
measurement, this broadband check is most valuable to indicate

the possible range of the diffusion length. For low diffusion
Tength values, the red response decreases and crosses over the blue
response for D.L. m]O‘um. Thus the red response data are most
useful for scanning a larger number of sémp]es, and can then be
rg}ated to more prgciSf D.L.-vatlues obtained by more detailed (separate

(separate) measurements.

Calibration
When first constricted the AMO Simulaéqrs were calibrated
by a set of standard cells which were calibrated requilarly on
Tablé Mountain by measuring the solar spectrum incident there,
and by adjusting for the measured absorption band in the spectrum,

extrapolating to AMO readings. Since then, it has become common



(b)

(c)

practice to use balloon-flown and recovered standard cells
to set the AMO simulator intensity, and OCLI follows this
practice using either OCLI-BF cells or those supplied by

customers.

Cel1 Holding Fixture

‘A variety of fixtures are used, depending on the size of
the cell; if the cells are very fragile {thin or stressed
slices) or the contacts are wraparoﬁhd, a special fixture is

used.

A1l these fixtures include a block which is controlled at pre-
set temperatures by water pumped by a thermostatically controlled
water bath, with fgedback from a thermocouple embedded in the test -
block. These blocks also have vacuum hold-down facility, and
contain voltage and current prébes for measurement of cell

electrical output.

Read-0Out Equipment

The simulator has a digital meter, reading selected parameter

Voc’ Isc

digital print out of these values plus up to three other load voltage

and the current at pre-set voltage levels. In addition,

readings are available.

Finally for development purposes, the I-V curves can be
traced and from these maximum power, CFF and efficiency values

can be estimated.
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FIGURE 1

Spectral Distribution of the Simulator Xenon and
Tungsten Lamps (Separate and Combined) Compared
to Sunlight in Space (Johnson)
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APPENDIX III

ELECTRICAL DATA SHEETS FOR "SILSO" SOLAR CELL



SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: __ Solar Cells ( axa Con ) frow Wackey ir\]a-fe\/.f (A, B.C, D) Standavd Procesg

' MO AR Coating X 90 % actie Avea.
TEST CONDITION: AMO c ’
TEMPERATURE : 250 O DATE : §/24 /79
"0, Yoc Isc Iscs Iscr IMax YMax PMax CFF n
my mA mA mA mA my mi % %
Al 523 Al _3" 50 8o 205 30 - £0.1 5. b
A3 526 91 3N 3 4 39 32,3 £.6 6. O
A4 530 90 37 53 g3 390 32.4 617.9 £.0
AL 512 9.1 38 53 q4. 33 2, 22 3 0. 5.2
AN 53N 92 3% 54 35 400 34, 0 (8.8 6.3
A 524 9=z 37 54 0% 39 % 20,3 (2.3 5. b
AQ 529 90 37 53 | 82 398 21.9 £n.0 5.9
A 10 454 394 29 52 6o 290 1h.4- 42,9 2.2
ALl 532 93 38 S5 g6 400 34,4 £9.5 L4
Al3 524 90 37 52 22 38 | 3.2 (6.0 5. %
A 14 532 ql 37 54 82 40 33, 2 £ .6 £.2
AlS 5ag 93 377 55 g2 4.0 3%.% 61, % by
Alg 54 G0 .33 52 7S 390 29,2 £3.2 5. 4
B | S29 28 39 59 g0 285 30.9 £6.1
B> 523 q | 37 53 23 380 3.5 (6.3
B3 494 9= 37 54 70 30s 2.3 5.5
R4 52.2 1z 37 s 24 395 33.2 £8.3
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SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: Solay (eMls  (ax2 cn N from Wadew Wibers (4, 8.¢, D) ,  Stawdd Procecs
Ao AR cacting . 4.0 active  dnsca

TEST CONDITION: AMO -

TEMPERATURE : Seoc DATE: VT
N0, Yoc Ise Iscs SCR Lax YMax PMax CFF n :

my mA mA mA mA my mk % % "

o 89 31 2 2 395 32,0 69.71 5.9
B4 531 iz 31 Ly 85 4o 34,5 0o\ b 64 !
BT 53 2 92 37 4 g 4o § 341 no | bty
B9 s 19 9= 3¢ 54 25 28¢% 33,0 69.} 6. | f
Bin | ag 94 39 54 £4 385 35,2 69. b 6.5 |
B S a5 34 sy £0 3ns 3.0 40,5 5.4 “
Bla | 523 16 39 57 83 390 3.3 £9.4 64
B 13 52 92 38 53 24, 30% 31,9 6.2 5.9
Bl 22 94- 39 55 23 380 33, & 68, 2 6.2 [
By 52 ) 39 54 2N 292 34. 1 68, % b >
B 16 S24 14 39 N 26 =389 33.3 9.3 .2
C | _ 529 q 1 39 52 g2 400 32,8 £g. ! g |
C =2 529 93 39 SEL 24 400 3%.6 8.2 6 |
C3 s34 14 39 S 84 345 33,2 66.1 (ol
C 4 533 43 29 xR = 400 340 £8. 6 6, % _
S 528 9= 39 53 25 395 33,6 69. | f2o b
¢ J 54 31 40 51 94 4ag 1 304 | 9l £9 |




" CELL DESCRIPTION:

SOLAR CELL ELECTRICAL DATA

Solaw Cellc ¢ 2x2 0 D From Wadcew \Uaj'ers (A-,B,C,D) . Skandand  Procecs

No AR . Coakirg ~ 90 ¢ achive anson :
TEST CONDITION: AR O
TEMPERATURE : 25°C DATE: /24 /032
O Yoc Isc Iscs Iscr Max YMax PMax CFF n
my mA mA mA mA - my M % %

C¥ 53 4 ) 29 sb 2L, 410. e, 3 (1.5 £.5
cqg 520 15 34 55 211 395 34, 4 £2.6 R
cip 534 317 4-0 50 40 419 3.5 0.8 6,9
C_14. 534 35 29 54 2n 34E 34 4 £1.1 N
¢ 1S 534 q6 39 54 84 340 33.5 5.4 b2
c 16 531 4. 29 uy ¢S G5 4.4 69.0 £
DI 29 Q4 _ 41 53 24 38 33,1 66,581 6.
D2 52y Q6 41 54 28 340 34 3 67,1 6HY
D3 v29 96 4 | 55 8N 395 344 £7.M £. ¢4
D4 s 29 14 | 53 84 340 335 | {04 | 42
ps 529 96 41 54 g3 400 33, & £5.4 £
D¢ sas an 4.\ 55 40 420 37,8 1.5 7.0
D2 £35S 97 4 56 24 410 36,2 | q0.3 £ %
D9 524 4 4] 55 27 3490 33,1 £n.4 £.3
D 10 53] 98 <N 56 90 402 26y & 69.7] £.7]
DIl 455 14 49 53 4 ke 1 17,1 41.4 3.3
DIg | 534 40 4.) 55 23 29%7 | 349 7. % 6.5
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SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: __ Solaw Cells caxs ca ) from  Whcker Wafers ¢ A B, D) stawdevel Process.
916! AR, Coating , x_ @ % Active Gg O

TEST CONDITION: A1 O © ,
TEMPERATURE ; as*C DATE: 6 /26773

0. Yo Is¢ Iscg Iser IMax YMax PMax CFF

my mA mA mA mA my mk %
D IS 544 qn 4 | 56 80 425 |- 3¢.3 M2 %
PRI 33 4 4 | 5% gF . 400 _1.35.2% bR . %




CELL DESCRIPTION:

SOLAR CELL ELECTRICAL DATA

chc.lgef Sé’aﬂ CE‘"& ( 2X2 Com p) S'f'ahé and Er’o eSS
___S:0 AR (oating xa0 % actie  drse

TEST CONDITION: AMO : - .

TEMPERATURE : 25°¢C DATE: 6/20 /93
5. Voc Isc Iscs Iscr I Max Vmax PMax- CFF 0

1om mA mA mA mA v mi % %

Al 28 (19 457 70 lo s 3465 3%.3 | £2.2 7, ]
A3 529 124 2 N2 113 3g0 G329 £5.7 2.0
A4 £33 123 | na 13 380 4.9 £5.9 2.0
Al 526 124 g 7a 103 38% 39.7 60.4. 2.4 -
AT 543 | [aS a 73 e 400 46,4 3. 3. b
AR 53an - {24 5> g3 (09 340 42.1 £3.3 7.9
A4 531 {22 50 72 It 325 42.7 £6 7.4
AD abt 119 4.1 71 22 315 2y § 45.6 4, %
Al 535 (24 4.9 g L4 345 45.0 £7.9 9.3
A3 52ty 114 @y 24 log 320 4.0l A5 7.4
Alq 53y Y 5o 4 g 395 45, 0 £7.9 B >
LALS £34 | jan 52 NS L4 395 5.0l  €7.9 8.3
A 14 G524 24 53 71 (o9 390 4.9 £4. 2 7.9
B 52l e 48 no 11y 320 40.7 64.4 7.5
B2 Sag (29 5| n3 Y 240 a2, 4.9 7.3
83 513 (25 532 N2 los 380 39.9 2,2 7.4
B4 534 [ 22 4.9 N4 12 '3 94 44 2 (0.5 7.z

ALITVIO ¥00d J0
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CELL DESCRIPTION:

SOLAR CELL ELECTRICAL DATA

Wacker Selow Celle ¢ 233 o ) standand  Procesc
Ss0 AR _Coating 30 (%} active _onse,

TEST CONDITION: 204 0 A

TEMPERATURE : 2SO0 DATE: 8/20 /a3
"o Yoc Isc Iscg Iscr IMax VMax PMax CFF "

my mA mA mA mA my mW z %

BS 52 ® [2.D 4.2 na i) 380 424 £n.4 9.9
rRL 53N 123 +9 Na 13 4.0 5 45.8 .| 44,2 $.5
BN 53 [2 6 50 74 [é 408 40 .| 49.9 2.9
89 Sag ja 2 4.8 N4 2 398 ad, 2 £3.3 2.2
B1{0 £30 {24 44 70 Y 400 45,2 68.93 £.4
8 1 529 {24 %0 N4 log 3%0 39.9 611 7.4
Bis 520 |27 5 N (13 390 44 46.97 g.2
B3 a0 (29 52 72 13 270 4.8 b4 £ 7.9
B 4. 52 12 4 4 3 76 s 395 a4.3 68.5 g.2
Bix 53| [277 5 ) 76 1) 340 as.b £7.5 2.5
Big 53) (2.3 49 1% 1) 2 390 43,9 66, % g
C{ £33 tré b yZs) FES 34 44, > 0.4 3. 2
Ca 530 [20 40 73 1z 400 4%.8 £9.3 2.3
3 . ey (23 4% % (12 400 449 A 2.3
& 4 w34 |24 [l N4 tob 410 43.5 £€.1 2. |

- C & 3% L2 . a-3 03 (1> 345 44, 2> £8: 3 2.2
CE i 5945 2% Sl e {117 420 49.4 | 04,4 9, =




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: Wadcev  Solww (el ( Zx% Qre) standad  Process
S:0 AR Coad‘s‘vlg 2 9p (%) Active  assc -
TEST CONDITION: AM D , ‘
TEMPERATURE: 25°¢ DATE: t/2n /N2
M. Yoc Lsc Isca Iscr TMax YMax PMax CFF n :
my mA mA mA mA my mW % %
c3R 544 129 S4 N4 nn 415 4.8.b 64, b 9.0
¢q 539 123 3 s 117 400 | ab3 LR 2.7
C 1o £49 (23 49 ak 118 420 49. b 6.4 9,2
Ci4 £33 126 50 n b {14 395 45,0 £6.3 2.3
s 4-b 125 43 0 1S 400 44,0 9. 4 3.5
Cih 2 | . 124 49 s s 405 4b.b 69. | 8.5
Dl £33 (23 5| 21 1o 390 42,9 b5 N A
D2 £33 (=5 =3 N3 s 330 %4.9 €9, 3 2.% |
p3 534 (20 44 n4 109 38 42,0 651 3 7.8
D4 s34 120 4.0 72 {09 395 42, 0 A 7.2
D5 £449 t24 o) n4 13 410 4b, 3 £8.1N 8.6
D& sEs (25 1Y) < (1 4-30 50.% 2.5 3.3 1
Dg S44 (24 4.8 5 113 420 4.5 0.4 2.3
DY $32 [2h ol 15 (% 395 | 450 60.0 3.3
D SEZR A 53 7 09 4to | a33 | 69 2.0 |
| DIl i 493 W) 4% nz 20 330 | .2b.9 ! 459 4.9 .
I DIgl sqa | g2 an s o 4o | aab | 605 3.3
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SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: Wacdcew  Sohw Cellg ( 2x2 ox ) ghadad  Drocecs
S, D AR Coating ' = qp (%) achive anua
TEST CONDITION: AM O
TEMPERATURE : 2k © o DATE : §/2v/n%
‘0. Yoc Ise Iscs Iser Iyax YMax Prax CFF n
mV mA mA mA mA my mw % %
D5 5 b (2.9 53 54 (4 410 44, (55 2"
Dth 43 1% ¢ 2 N4 (19 435" 1.3 15 % 9.6




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: Control  Solar Cells (2X2 cm ) Wacker Stawdsrd Procesc ( Wafer A, 8,¢.D) -
MO A.R._crating o % active _avea .
* TEST CONDITTION: AMO - ’ .
TEMPERATURE : i5°C DATE: WA
0. Yoc Isc fscs Iscr I Max Ymax Phax CFF n
my mA mA mA mA my m % %

| 553 [{eJe) 4.0 4o 1z 439 4.0 T2.4 T.4
2 t44 10| 40 61 93 428 39.8 N2.4 7.4
3 552 {00 40 6| 29 44 o 39.2 0.4 7.3
4 54 % 1o 40 £ 93 42\ 39.5 714 7.3
& 539 10| 4 0 b2 14 420 40.4 N3.7 .4
4 54.2 (ol 29 b1 84 428 40. N3.0 7.4
7 544 05 4.2 63 R 430 G42.! M3, 9 7.8
2 540 (05 42 £3 1% 426 4.1.9 ENS 7.7
9 543 102 41 6! 14 42m 4, | N2.5 7.4
[o $44 Log AR:Y 65 93 42 4.7 70,4 7.9

ALrIvOD ¥00d 40
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CELL DESCRIPTION:

SOLAR CELL ELECTRICAL DATA

Comtref Solov_cells ¢ 2x2 ¢a D Wac‘(m ging(ara! Py €esg
S< Coating . =490 72, active oo
TEST CONDITION: AMO - . .
TEMPERATURE ; o % DATE: t/an/q%. ‘
" Yoc Isc Isca Iser 'Max VMax PMax A
my mA mA mA mA mv m % %
| s5n 13 | 4n 24 19 G4 53 n3 2.8
2 &g YA il A 125 440 2 n3.2 10, 2
3 55 135 50 o (19 44 53 73 2.5
a gt 138 B 832 Y~ 4-3p 53,3 69.9. .3
& 549 (38 -0 24 (28 435 559 n3s 10,3
€ 553 134 52 24- L2 435 4 8 72.9 Lo
9] 55| 133 49 24 123 440 54.1 4 €, 0
i 549 12N 49 23 119 430 512 73.2 .5
9 552 132 49 4. EN 4-4-0 _53.2 3.2 q.9
s 549 122 40 32 [{o G2 5 448 0.5 8.1
|
" !
|
i
|




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: _ Solay 'Gells caxa o) from Wackey wafev (T ), Standar e
No AR raa-’nv\g . ~ 90 % acltive agroa

TEST CONDITION: AMO

TEMPERATURE : ag o0 DATE: g/12/0%
N0 Yoc Isc Lscg 'scr IMax YMax PMax CFF n

my mA mA mA mA my mi % %
J2 539 RS B 445 34,7 ns.8 64
J3 540 2] 74 4485 33.8 72,0 £.3
J5 54-0 .l 30 45D | 360 26.4 £
J1 555 9= g3 440 38.2 n4.32 7.}
i3 55 3 89 23 445 3%.4 n2.4 9.
J 9 543 29 20 450 36.0 4.2 6.7
J 10 55% 9l &4 4170 9.5 77.8 7.3
J 11 555 90 £5 445 39.5 n4. | 7.3
NI 545 bl i 451 365 | 7] 6.%
Ji4 | 555 q ) G 445 | 39.5 0.3 7.3
J 15 555 9] 5 445 4.5 123 7.3
!

ALI'TVAD ¥00d J0
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SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: _ Splay Cells c2%2¢m ) {rom Wackey wafer (T

Stardard Pyocesc (Ho4.‘fl'f'o()
Sa(d AR cpating a 90 9, actvVe  ango -
TEST CONDITION: A O v ‘
TEMPERATURE: 2°0 DATE : QT/.:.[I/ 18
0. Yoc Ise 'sca Iser Tax YMax Pax CFF B
my mA mA mA mA my m % %
J2 544 it 4.4 71 10% 455 49, | 24,5 q. |
I3 55| (18 437 03 106 450 4177 124 2.3
J5 55| 119 4.4 13 (o 4577 49.% 746.0 9.2
37 563 (23 4b "1 s “4Lo 2.9 26:4 9.9
18 5b | (23 49 74 Ls 447 53.1 17.8 9.9
J 4 552 119 4 73 ) 4.40 S 74.2 94
J10 565 (26 S iy L9 465 | 549 7.3 (D, 2
J 1) 54 | (24 449 T4 1S 444 53.M 7.4 9.9
_J13 5549 119 4y 7] 1 459 50.% 97,1 q.4
J 14 543 1 24 50 ns g 405" 549 726 10,2
Jls 543 25 49 24 (LN 445 54.4 77.6 to, |




CELL DESCRIPTION:

SOLAR CELL ELECTRICAL DATA

(ool Solay (ells 242 0nm ) Wackey ¢F) standsvd process_ ( Modrfied )i
Ssb 4.R__coakivg =2 Y0 % detive  arge .
TEST CONDITION:
TEMPERATURE : 25 00 DATE: WY
" Yoc Isc Isca Iscr IMax VMax PMax CFF n
my mA mA mA mA my mh % %
4- 1 595 12 { 4F B3 (22 416 60.5 7.8 o=
( 538) | (9%) ' (28D (soe) | (444 | (99.6) | (82)
42, 593 (32 49 B4 [ 22 496 6b.S 99,5 1.2
(sRi) | (94 (88> | (5050 | (4%4) | (79.0) | (g.2)
43 59 | (32 50 82 | " 12p 500 éo ., 94,4 il
(s84) | (97D (87D | (a4a8) | 430) | (9.0 | (#.0)
44 593 (31 50 gl L2 | 594 1.2 18.6 . 3
(S®R6) | (96 (83) | (5os) | (444)| r9a\ (82)
: Feowry cedl # g6, 149,48 e gecod ol TP
46 oo (3] 4.9 8> (23 51l £2.9 n4.4 .6
(592> | (945 (890 | (f08D | (450) | (1a4) | (83> |9
4.1 591 133 49 £4 22l slo £3.2 19.7 Py S
(5905 | (99D (90) | (28D | (45.55] (M4 | (8.4 |®
47 | 59 132 4 84 | . t=23 | Sj0 | 25 | 199 g |8
(533> | (97) (81D | (sos) | (43> | (64> | (2.1) %
& P&Y‘M‘Ehﬁﬁ; Mimbergc fror bdfove AR ¢ pahing .

0

g1 gHvd TVNI



SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: Slar ells  (axa e ) From  Wackes Wafev E, F) BSH__process
No 4R tootine , "= 90 % actire  anpon

TEST CONDITION: A0 v ” '

TEMPERATURE : P DATE : /26 /7%
" Voc Isc Isca Iser IMax VMax PMax CFF n

my mA mA mA mA my mW % %

E | Sa ) ns 422 21.0 75 5.9
E= 530 21 79 495 3q., 4 N4. 5 6.4
E4 530 21 P2 440 36, 1 6.5 £-9
5 53 29 N3 440 34, > 3.4 6.4
E4 54-3 3 g3 455 317.9 N4.%2 | . 7.0
B 4.3 95 85 455 38.7 n5.0 7. %
EZ 534 9= 08 140 3%, 3 9.6 | . 4.4
= T4 9] 22 450 34.9 N4 £.2
Ei2 54N 94 g4 455 38, 2 N4, > 7, |
E13 5ag pakl Zioy 435 32. 6 0.4 1 . £.b
Elg4| 542 92 LY 450 38.3 7.7 7.4
EIS 54% 93 RS 454 28. 8 4.5 .2
B 518 y'4s) 92 | 425 30,6 £4.5 5.7
F2 530 29 19 4 a5 36, 2 N4-5" §.5
E3 530 29 19 240 34 R 73.9 .4
Es 521 ¥g 74 445" 35.2 15.8 LS
Fé 536 92 20 447 35,8 n2.s 6. 6




CELL DESCRIPTION:

Solay Cells ( 2.%2 Co ) 'Frow. Wauef LU;-(—:\’(E— F>

SOLAR CELL ELECTRICAL DATA

BsH Pro(es
0 AR Coaltine = ‘?U % _Active  oreen

TEST CONDITION: AMO 7

TEMPERATURE : 25 0C DATE: n /26703
0. Voc Isc Isce Iscr TMax VMax PMax CFF n

my mA mA mA mA mV mi % )

EN 539 ‘92 | T4 442 | 320 (5.9 '
RS 4.4 93 R4 456 | 378 - 4.7 7.0
A4 531 90 ¥ 44.2. 2b, 2 nt. ¢ £.N
E il 473 91 55 2.2 | 15,5 35.9 | 2.9
Fl2 544 9= ®5- 450 38,3 N6 & 7. |
T4 543 90 g0 45y 36,4 N4> 4.5
Fl6 | $40 90 R0 448 | 35.Q 3.1 6. &

&=

ALITVAD 9004 40
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CELL DESCRIPTION:

SOLAR CELL ELECTRICAL DATA

gOlBT Celle { 2X2 crm ) FYom

Wackey Wafev (F, R BSE _procesgs
Sl AR roatony . ~_ 90 % acfive aroem_
TEST CONDITION: Y SO :
TEMPERATURE : 25 0, DATE : 7 /20 /03
N0, Vo Isc Iscs Iscr Iiax YMax Puax - | CFF n
my mA mA mA mA my M % %

& | 533 ng s | 69 oS 432 45,9 72,9 3.5
E 2 54 | 123 & | 7] 11 450 5o, hs. | 9.3
E 4 54-0 25 52 N2 115 e sl 2 ns.9 9.5
Sy 59| (24 (S bl (1] a4t 49.% 3.9 a2
&6 553 ] 29 53 ns 11 8 455 53.0 75,3 9.9
EY 555 (32 53 ng 122 452 55, | YA L0 2
EX 54-% 128 52 15 114 441 51.0 D21 4.4
=g e 5> (af 52 4 LS $453 52, N4.9 1.1
£ 12 55N |31 ) Ny 120 45% 55,0 5.4 [0, 2
E 13 534 [23 52 71 110 440 43, 2 73.4 .9
= 19 S 43 [23 2 24 ny: 450 53 6. 4 9.7
T s 555 129 52 71 120 44 0 55,2 N7, | 1D 2
= 525 e s | 67 103 421 44 70,4 52
A2 54 | 124 =2 72 L14 445 50.1) 08 ¢ 4.4
E3 54 | [=5 52 173 115 4 50 S92 D4 b 9.4
FS 537 EXS 5] 71 Hha 4.50 5¢.% 24,9 9.3
Fé 54 125 5 2. ns L1 h 450 G2, 2 N4. 4 1.7




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: Solar_(alls (2x2 0> from Wadey Wafer (5, F ) BSE_ Process

Si0 AR __roating a_4q0 % acke _anga
TEST CONDITION: A0 v 7 '
TEMPERATURE : ago e ~ DATE: 2 Lo [op
"0 Yoc Isc | Iscs Lscr Ivax Yax | - Puax CFF
my mA mA mA mA my mi %
Fz 553 (29" 52 Jil| e 450 53,1 N4 4
FA9 54| 121 52 N4 LS 450 518 N&. 4
H {2 55y (25 Si= 1. 08y 1 g 440 54.3 Ng.é
A 19 55% 129 52 o b s 455 52,3 3.6
Elé 549 (25 5| | 0% s 450 5.8 ne.5

AUTVND 9004 J0
S1 dDVd TVNISTHO




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: __lar Cells ¢ = 2x2 e d  from Wh ler wafers ¢ B, F) .  RBST pracesc
ML AR Coating hine rovitact frne = CH % acdive .anbe
TEST CONDITION: TAMO g
TEMPERATURE ; 25°C DATE: R 723 /N3
" Yoc Isc Iscg IscR IMax Yiax PMax CFF n
my mA mA mA mA my mi % %
=14 56 | 135 55 19 |2 - 449 517.9 178.17 0.8
F 4 550 L33 54 79 |23 460 8.4 77.5 0.€
F {0 56| 139 54 83, 129 46 | 5.6 | 10, &
Mote + Avey vj cell:
=16 3. T84l o
E 4 3954 ¢
B 3 9% com?




CELL DESCRIPTION:

SOLAR CELL ELECTRICAL DATA

fontrof  Soay cells ¢ axa a0 ) Wacker (B, F ) BSE pro(ess
Sel) AR Coating = 30 % Retive  ang e
TEST CONDITION: P g . .
TEMPERATURE : "ac°C DATE: 7 /5% /9%,
0. Voc Ise Isca Iscr IMax YMax PMax CFF n
my mA mA mA mA mv mi %o y
Ll 6o 142 55 g1 (32 503 £6.4 27. 8 12, 3
(5930 ] ({64 (a6> | (sood | (4g0) | (77,80 | € 3.9)
(2 oz 1% | S 86 (30 500 §s.0 6. 6 {20
(593 ] (lo3) (82D | (So5) | (445) | (96,4) | (%6
13 £o | 143 A 87 132} 445 L4 8 5.4 12.0
(591} | (103) L ey | (wo0) | (adpd] (1230 ] (g2)
"Eoﬂowag cell I3t 1S 1 ane secand  cavlvb g Crraunp :
Iy £o3 3% 53 84 129 500 £4..5 7g. | i1.4
(5943 | (94D (2a) | (500> | (44.5)] (n5.ny: (2.2
LT 544 124 53 3 (3] 500 £5.5 78 7 E|
(5923 (999 (q0) | (o) | (455) | (9953 | (%3 )
N Povemthedis sumbeli-s j—m*' before AR _|coat ng. |
i

ALITVOD 800d 40
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CELL DESCRIPTION:

Solay_ Cells (2%20) SYom

SOLAR CELL ELECTRICAL DATA

Wncléw U\jb_-fem/ (I

; CT\'NV\ BOuV\AMY (CT. BD DGSSWQ-{:CM Proc

NO, AR coating 20 active ' alaen

TEST CONDITION: AMD Y ! '

TEMPERATURE : 26 %n DATE: v/18 /9y
" Yoc Isc Iscs Iscr Iax VMax Pax AR

mV mA mA mA mA my mW % %

A 524 |  go M= 432 2], | D4 2 5.8
12 540 8S n3 44 34.9 R4.0 6.5
I3 534 23 . 74 443 23, 4, FIN 6.2
14 4.0 25 1% 450 25, 04,5 6.5
15 $4-0 26 78 450 35} ns. b 6.5
16 550 NS 50 450 34.0 2.1 £
10 Cha 32 g5 ssh 32.9 76,3 72
18 st 9] A 456 39.8 7.3 7.2
X1 5387 9L 5 4-2D 2.5 £4.7] 5.0
Tlz 552 92 B4 443 3729 264 _ 7.2
113 530 24 0% %43 396 YUNA 4.4
114 S, 90 7] 4460 39.2 5% 4.9
L5 £so 11 82 453 37.6 ‘15,0 7.0
L16 550 9D T2 b5 38.] 77. 0 7.1




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: _Salar Gells (2xace) from Whckev watev ((T) , o Bovediny (G8) Passivation Process.
' S0 AR toating ' ” X Qo % Taitive anson

TEST CONDITION: AM D d 7 - -

TEMPERATURE : acle DATE: BLa) /g
0. Voc Isc Isca Lscr 'Max VMax PMax CFF n

my mA mA mA mA my . mW % %

T 534 llo 4-b £2 (o | 440 | _44.4 | Hs.7 2.2
L2 549 Tha! 417 69 110 450 | 4985 | 9.} 3.2
I3 498 14 44 (8 104 4-50 4.7 4.2 8.5
I4 c4Y (L4 41 £9 109 450 | 49.] 4.4 q.]
15 550 [ 48 £9 109 450 | 494 26, | 9. |
16 55% {2] 47 N4 1] 4-60 St &S 1.5
1N 562 (26 S0 né (13 461 $4.3 4.2 Lo. |
1% 561 | .25 s JE (11 4.60 53,8 79.] (0,0
It 544 123 49 N4 (04 430 440 6£4.5 2.3
ARES 565 [25 4.9 74 A 465 53.9 726 10,0
i3 44 (14 4 69 107} 443 47,4 4. ¢ 2.8
114 558 (22 4 4 114 455 s1.9 6.4 9.4
1i5 523 124 <9 5 1S 440 529 15,6 9. %
116 Tha 124 =l T4 LLh 465 | 539 76,4} 10, ©

AIFIVOD ¥00d d0

oI HHVd TVNIDIHO



SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: __ contuf  Sslay Gells ¢ 2x2 o) Wacker () &.B. passivateon  Process,
' ' 0 4R coating A 90 % active  argon
TEST CONDITION: AM O i i
TEMPERATURE : ST DATE : 8/H /03
N0, Yoc Isc 'scs Lscr iax YMax PMax CFF i ]
my mA mA mA mA my mW % * ‘ 'ﬂ
50 590 130 49 2] |20 490 | 8.9 4,9 0.9 F
(582 | (9b) (36) (490) | (420) | (gw.D | (03> |
Sl 59> (31 I30) g2 L% 03 S99 | 745 .o |
(5800 | (9D (842 | (492) | (4130 | (ha s | (96) |
52 | s93 | 133 52 7 | [24 503 | {24 | 9.3 g !
(35 | (97) (o> | (4% | (4apd | (nd.0) | (9.3)
Bl O L'y cl| # §ll amd L2 are  Setend  rocbil 0 Gyein :’
€] | 97 | 3= 4.9 8 124 | S0 | ¢3,.2 | g2 |
(5370 | (982 (1) (4962 ] (4500 | (783 | (#3) |
f2 | 594 EX 59 oA 119 500 | 58,5 9s.5" | 0.3 !
(S 1 (9¢) (840 | (43| (aled] (yz6d | (7.9) ___Ef
X Daverithests |y umbere for Iae-‘Lmrg AR C‘ac«d-en& .




APPENBIX 1V

ELECTRICAL DATA SHEETS FOR EFG SOLAR CELLS



2%
39
SOLAR CELL ELECTRICAL DATA %:;
23
CELL DESCRIPTION: __ (ells from _ERSr R{};E:w.vx : standavd Pyotess E%
[EST CONDITION: o AR roacfw% =~ 8% o Active _draa 26
TEMPERATURE : agle DATE: 9/ 172
Xo. Yoc Isc Lsea fser IMax Viax Phax CFF n AYeR
< omy WA mA mA mA mv mw % % Com
| 520 (09 4b £ = ey 394 24.0 51,1 3.9 581
3 T 32 g0 33 4.4 £0 403 242 | " 56% 4.3 & 15
4 £34 13 41 45 a9 435 42,2 £9.3 5.3 5,95
iy 532 (22 Sz 90| 104 440 4.6.46 7.4 6: 0 5.4
4 53q. 0% 4.5 {0 a% 445 43 | 97.% 6. % 41355
n £40 123 T2 "0 ns 443 50.9 74.M £.3 s.51¢
2 &3] {2P 54 72 jo¥ 4311 41,2 64.4 £} 5.5
q 532 (2] 55 72 e 43} 59, 9 15.3 6.6 5,935
e 515 {2 52 61 40 415 3T 4 £9.9 4.1 5,452
L2 IR 125 53 71 90 395 35 & 54 9
i3 509 (34 5% 75 1z 370 34. 0 44.9 4.2 5.43
j4 544 (14 4% (5 108 465" 5D, 2. 20.2 7.4 5,22
A 535 (35 5 76 |06 A3 1 4489 62,1 5.6 5.89
(8 541 12.8 5% 7 14 452 | 51,5 736 6 b 5,213
2| 494 2] 54 hz 80 340 | am.2 43,2 3.5 5815’
|




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: _ Gelle from EF&  Ribbon Standard  Process
' Si0 AR faating ~ 82 < Active _Anpa

TEST CONDITION: LM () J a

TEMPERATURE : a5 0 DATE : 2/2/0%
"0, Voc Isc Isca IscR IMax Virax PMax CFF "

my mA mA mA mA my mh % %
3 546 109 4.8 60 5 430 36.6 6| L5
4- S4b 158 61 9.0 128 45D €1.1 71 2.6
& 541 | 14a {9 93 [4-3 445 b2.4 vl g
6 543 139 5% 20 29 455 57.% YA 9.0
i 54§ |62 70 g1 5 ) 43S 65 £l 4 2.0
Q S (68 7] 94 [4pa 44 © (5.3 | "= 8.4
9 535 [£9 n3 94 1570 4-(0 69.0 2L R.9
L0 52 163 7] 24 | >8 435 sC." £5 6.9.
(3 SR (ns 74 99 130 340 4h 7 52 5,8
f<t S5% 153 65 2 [ 4-<) 490 £7.0 79 q. 6
6 4.9 178 11 (00 |42 2L20 9. 6 6| 7.5
B 555 173 74 95 152 455 | 4.2 2. 2.3
2 | 5N [0 73 96 [l 415 45 1 52 5 8
|




SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: _ Cont¥od Selav Cells cox a2 cwmd ERGT Ribbow Stawdavd  Process
S0 AR Coating Qo %  arbiue _amsa . .
TEST CONDITION: AW D - i ‘
TEMPERATURE ; a5 cC DATE: 2/2/n%
NO. VDC ISC. ISCB ISCR IMax VMax PMax CFF N !
my mA mA mA mA mV T % %
70 594 134 52 g2 (=b S5 L4 R 2| (2
(sga) | (an) | (36D | (1) (41 | (so¥) | (440d | (30D (3.5
2] 596 135" 53 23 127 500 $3.5 A 1. g
(s8> | (98> | (372 (6Y) (90) | (495D | (446) | (99.2) | (%3)
g2 | 59é 134 53 2| |29 Son 440 20 (1.9
EPDRENLLD) (362 1 (81D (1) | (seo) | (4580 | (9962 (249
B3 594 134 Sz g=. (2.4 CRI) 2.4 7% 1.4
! (e | (490§ (860 | (61> | (38 | (49%)] (4330 | (2690 (81D
4 596 134 53 2 125 500 £2.5 179 Wb
(6890 | (99> | (38 (412 (e2) | (4933 (34| (159D (80D
24 597 134 54 8] |25 625 £3.] ny .9
(5100 | (99 (362 | (81 (80) | (good | (445D} (7.8 | (522
71 57 (31 54 84- [ 30 Sio §6-3 20 (2.3
(S92 1 (a1 | (31> | (6> | (93 | (so02)| (4bn) | (magd| (84D
73 598 (2V] 53 g4 {29 5lo (5.9 80 (2.2
(S | (48> | (36D (£1) (31> | (won) | (442 | (qaRD | (B%) |
149 517 (35 53 23 (29 Slo 5.8 2| (2.2 |
(58831 (D | (36) | (61 (D1 (soD ] (4bd )] “g0a) | (85> |
cotl & 7é6.99,97 ad D4 oy Secandh Gwmbad 3?0:4:)5 <

ALVIVAD 9004 Jd0
SI 4DVd TVNIDIYO-



SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: __ (ells frpmi  ETRGr  Ribbomn BSH  process
MO _ AR Coatinwg | X 8% 4% active arsa. v

TEST CONDITION: AMO o - '.

TEMPERATURE : A5 op DATE: /24 /003
0. Voc 'sc | Ises Iser TMax YMax Phax CFF - AREA

my mA . mA mA mA my mh % P | om
24 547 125 53 | 4 45 Q 42.3 62 5.8 542
23 564 (33 [t 4 [ 2] 4770 £4.9 2.4 2.4 5,55
29 ey 34 |54 aly |22 4Ns 7,0 rds 7,8 5.56
2] 540 (2T 53 2 2 455 S0 2 S 5,58
32 538 {20 o b (o> 4-35 44 8 69 | 4. 5 42
33 50/ (s 2o 45 Iul 345 | 30,0 s | 4.4 |50
34, 529 (27 54 7] 38 4lo 36,1 54 4.8 1562
38 532 (14 59 64 log 435 | 452 03 .| 5,44
4.0 SEICY 1l 4N 3 92 dis 38, 2 Ay 5.4 [s.28
4- | 555 (2.8 54 ES (09 440 50, 71 G.2  }6 0}
43 529 (o6 4-4 £ 94 440 43,2 NS 6.5 1430
4.4 o556 22 53 £8 (0% 445 1 47,9 7 .6 1535
45 529 12 5§ £9 la ] 435 b b N3 £.3. 1552
44 S=4 (22 52 Do AEPY 435 | 4R "6 £.0 1537
4-9 24 (1= 4 £S5 [00 4306 43. D n3 S.70 1542
50 S24 (14 44 6.4 (06 420 42 0. X 5.9 1529
X 559 {34 6 17 (19 4170 S5.9 04 7.5 1552
i




" CELL .DESCRIPTION:

Cells

SOLAR CELL ELECTRICAL DATA

from EFSG  Ribbon BSE __ Praress
S0 AR togting , =23 2 detiVe  area

TEST CONDITION: AMO v, ” i

TEMPERATURE : 5 C o DATE : /20 /03
0. Yoc Isc Isce - 7| Iser LMax YMax PMax CFF n

my mA mA mA mA my mh % %

% 502 13 T4 97 5% 490 7.4 T8 {0, 3
31 555 166 7] Qe 154 a4& izl & N8 4.5
3> 55| 16 | 69 40 14-0 4. bo [ 73 2.9
33 | &33 {53 £6 35 |4 390 | 44.5 55 £.5
3£ 548 6] 73 13 |24 435 | %3.9 59 7.1
4.0 534 152 A 94 126 440 | 5.4 | (® 7. 8
4| 546 168 2 94 (48 4ns 79.2% 4 2.1
43 | 542 (44 &l g | 132 440 60.7 73 q.4
4.4 560 163 72 40 142 405 £n.5 13 9.3
45 54 (62 20 90 [4-9 450 67, | 74 1.0
449 34 (44 £ g3 [2¢ 450 $h.9 73 7.5
50 5234. |1SY- £% g4- (34 2445 59.6 N2 2.4

AIITVNO ¥00d J0
ST HDVd TYNIDIEO



CELL DESCRIPTION:

Cellg

FRor Ribban

SOLAR CELL ELECTRICAL DATA

-i‘mw\ l " BsH Pyocesg
' MI_AR Costinzg, = %%  active  aveo -
TEST CONDITION: AM O 7 .

TEMPERATURE : 2:°¢ ) DATE: Yan /93
— !
. Yoc Isc Iscp Iscr IMax YMax PMax CFF n 5'
my mA mA mA mA my mi % % ;
29 sn4 | g0 17 (o2 (64 . 490 80.4 nR w0y
5% 561 ing 7€ (02 160 4.85 RILATS 79 104



http:Pvorc.sc

SOLAR CELL ELECTRICAL DATA

CELL DESCRIPTION: Comt vo[ Qofaw cellf 2x 2 e ) R (:1; B:bhon Fi___profess
a0 AR roating = % dchiue  _dnpe
TEST CONDITION: A0 4 :
TEMPERATURE: 26 9 DATE: 9 L2 ’/?3.
NO. VOC ISC ISCB ISCRA IMax VMax PMax CFF n )
my mA mA mA mA my ml % % .
30 o 3 (26 52 34 (>3 S05 62| 7.6 .S :
(s9n) | (44D (36 2 1 (3> (8% { 5o5) 44 4 75 7.2 '
’X’ Paverthec: s pruumbers '{"m/ bd:ﬁore ARl cdat rc«a— '

ALITVAD 900d d40
81 HOVd TVNIDIYO



APPENDIX V

ABBREVIATIONS



Iscp:

CFF:

Le:

Vunx®

MLAR:
B.L.:

oc’
SC
s¢*
SCR’

MAX®

MAX®
BSF:

ABBREVIATIONS

Open Circuit Yoltage
Short Circuit Current
Short Circuit Current Density '

Short Circuit Current (Red Response) at Wavelength Above
o6 oum

Short Circuit Current (Blue Response) at Wavelength Below
W6 um

Curve Fill Factor
Solar Cell Conversion Efficiency

Minority Carrier Diffusion Length

 Current at Maximum Power Point

VYoltage at Maximum Power Point
Maximum Power Point

Back Surfacg Field

Multi-Layer Anti-Reflective

Minority Carrier Diffusion Length



