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ABSTRACT

TR .

Threo inch diameter Czochralskl «oilicon substrates sticed directly to

Trae e T

5 mil, 8 mil, and 27 mil thicknesses with wire saw techniques were procured.
Processing sequences incorporating elther diffusion or ion implantation
technologies were employed to produce n+p or n+pp+ solar cell structures.

These cells were evaluated for performance, ease of fabrication, and cost

Rt o S Se i o e i

effectiveness. |t was determined that the use of 7 mil or even 4 mil wafers

would provide near term cost reductions for solar cell manufacturers.
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1.0 SUMMARY

This contract was for the investigation, development, and characterization

of methods for establishing production-ready manufacturing processes which

utilize thin substrates for solar cells. The thin silicon substrates used for
these investigations were sawed directly from three inch diameter ingots to
thicknesses nf 8 mils and 5 mils, Waferc sliced to 17 mils were employed as thick

substrate reference samples., Sodium hydroxide etching techniques were used to

o st

prepare substrates with thicknesses ranging between the 5, 8, and 17 mi| values.
Wafers as thin as 3.9 mlls were processed.
It was concluded, in general, that by choosing an appropriate processing
sequence, exercising adequate care in handling, and providing sufficlent start- !
up time 1o ftranscend the learning period, the thinnest wafers could be handled
with ylelds only marginally smaller than those of the thickest wafers., Based

on wafer slicing and processing yields anticlipated for full scale production

e

oparations, It is cost effective to use even the thinnest wafers.

Several possible processing techniques were considered. A baseline process
sequence using phosphorus diffusion was established for n+p type solar cells.
This is perhaps the simplest process, corresponding to common industry practices
today. It was determined that, in agreement with theory, cell performance (hoth
voltage and current) decreases steadily as substrate thickness |s decreased.

Nevertheless, even for this simple cell structure it was shown that the thinner,

4 mil waferes would be most cost effective.

Numerous -ariations on the baseline process were considered, including

fhe'use of fon implantation to provide phosphorus and boron doping. It was
determined that by using ion implantation processing, an advanced n+pp+ cell

structure could be obtained whiie keeping wafer handiing to & minimum. This is
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important for maximizing ylelds for the very thin cells. lon implantation

techniques were shown to be capable of producing 7 mil cells with performance
equalling or exceeding 17 mil cells. Based on these considerations, a pilot
process sequence incorporating boron and phosphorus implants was established.

A tota! of 418 wafers, etched to various thickness values which spanned
the range from 3.9 mils to 16.9 mils, was processed by the pilot sequence. The
resulting cell test data indicate that solar cell voltage performance can be
malntained regardliess of cell thickness. However, for the process chosen it
was found that short circult current tended to decrease slowly for thicknesses
telow 7 mils. One difficulty encountered for the pilot procoss was that too
few substrates were processed to complete the learning experience and establish
a mature pilot line. This is particularly trus for the development of
routine handling techniques +o insure against thin cell breakage. Nevertheiess,
the results of the pilot process tests reinforce the conclusions of thin cell
cost effectiveness drawn from the baseline cell process.

It should be noted that this contract dealt primarily with the processing

of thin substrates. Investigations were not performed with respect to

slicing techniques. Thin silicon substrates for use in this effort were procured

from a material supplier (Motorola) where they were produced by present day

technology.
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2.0 I NTRODUCT ION

Today, most commercially manufactured silicon solar cells arg fabricated
on ingot grown and sliced substrates. The ingot technology Is primarily the
Czochralskl process. The ingots are sliced, typically with an ID circular saw,
to form the substrate wafers, As-sawed wafers are chenically etched to remove
sawing damage present on the surfaces.

Solar cell substrates prepared utilizing this irgot and sawing technoloagy
usually have thichknesses of 12 to 15 mils. This thickness is dictated by
conventional substrate preparation ylields and process handling considerations.
Ixperience with 1D sawing of crystals has shown that sawing yields decrease
dramatically as fthe wafer thickness [s decreased, primarily due to breakage
during sawing. Handling of thinner substates during subsequent solar cell
processing has also shown breakage problems for many current process sequences.
This is not necessarily true for all processes, and is primarily a result of
traditional rough and non-automated handiing techniques.

Thicknesses of 12 to 15 mils are greater than needed for good solar cell
performance. In general, the silicun substrate thickness should be comparabile
to the minority carrier diffusion length., For typical Czochralski substrates,
diffusion tengths are ore the order of 100 um {4 mils) at most. Substrate thickness
in excess of the diftusion length does not contribute substantially to cell
pertormance but serves primarily as mechanical support. This extra support
thickness contributes heavily to the cost of the completed solar cell since,
today, silicon material is a major ccst driver.

Further problems exist with 1D sawing of ingots, namely, kerf loss and saw
damage. For 3 inch diameter wafers, the kerf loss from ID sawina can be

expected to be 12 mils or greater. Moreover, surface damage generated on the
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wafer during sawing can range up to 1 mil deep. This surface damage must be

removed to achieve an efficient solar cell. This means that approximately 14

mils of silicon thickness are lost to kerf and saw damage for each substrate cut.

This amounts to a substantial cost for each solar cell, which Is incurred prior

to any solar cell processing. It would be very desirable to reduce both wafer
thickness and kerf loss.

Several companies are implementing technologies for multiple-wire sawing of

silicon ingots, routinely sawing thinner wafers with this technology than is
possible with traditional ID sawing. These wafers have sawing damage layers only
6 to 8 um deep on each surface, less than half the depth of damage In ID sawed
wafers. Therefore, less efching is required to remove saw damage. Further,

this can be done with a kerf loss of 7.5 to 8 mils. Such a slticing technology
can be used to cut wafers at least as thin as 5 mils. Wafers this thin and with |
such a small kerf loss can have a major cost reduction effect on near-term solar
cell manufacturing costs, if wafer preparation yields are acceptable and if solar

cell fabrication processes are employed which minimize wafer handling and

breakage.
i The possibility of using wafers sawed at 5 mils with a 7.5 mil kerf makes
the attainment of 1 m2 of solar cells per kg of starting silicon a realistic
short term proposition.

A square meter of silicon t+ mils thick welghs:

-3
10 in 2.54 cm  2.33.gm _
o~ X N X -3539— = 59 + gm.

100 cm x 100 cm x + mils x

Allowing for kerf loss, the thinner (5 mil) wafers utilize 12.5 mils of

crystal; this produces 32 wafers per cm of crystal. Hence, a square meter of
silicon 5 mils thick utilizes 59 x 12.5 = 737.5 gm of silicon. This allows a budget

of 262.5 gm out of the original 1000 gm of silicon for losses including crystal

growing, slicing, and solar cell processing. Such a loss - 354 - is well within

the bounds of practicality.
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At current prices for polycrystaliine silicon, about $90/kg, the siiicon cost

for such a square meter of 5 mil thick silicon would be $90. Assuming 14% encapsulafed;

efficiency, which Is now a generally accepted goal for single crystal s!licon solar
cell modules, one square meter of silicon would produce 140 watts, This results in a
cost of $390/kg / 140 watts/kg = 64¢/watt. At a projected intermediate poly-
crvstaliine silicon price of $25/kg, 1 shiicon content of a solar module wit!

be less than 18¢/watt, which is well w.:i~in the budget for a $2/watt module. At a
projected long term polycrystalline silicon price of $7.50/kg, the siiicon content

of a solar module will be about 5¢/watt. This figure Is not out of line for a
50¢/watt budget of about 15¢/watt each for the silicon substrate, wafer processing,
and encapsulation.

The purpose of this contract was the Investigation and characterization of
solar cell fabrication processes which could utilize thin substrates for solar
cells. The work proceeded on the assumption that thin substrates could be
nrocured from a material supplier and, thus, dig not include technical studies
or development of sawing techniques. Three inch diameter wafers siiced ty
wire-saw techniques were purchased from the Motorola Semiconductor Group Vaterials
Operation in three as-sawed thickness categories. 17 mils, 8 miis, and 5 mils,

The 17 mil wafers were received In the as-sawed condition and used as control
samples. The 8 mil| wafers were received in two groups, one as-sawed and the
other chem-etched to 7 mils to guarantee saw damage removal. The 5 mil
wafers were recelved only after chem-etching to 4 mils,

These three thickness categories, when combined with varying degrees of
surface etching immediately prior to cell processing, provided a range of
substrates from today's conventional wafers to the thinnest wafers deemed
practical with sliced-ingot technology. These substrates were used wlith

various various cell processes to investigate the tradeoffs between processing

e
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yields and cell performance as a function of wafer thickness. Processes
based on both gasecus diffusion techniques and ion iomplantation techniques
were studled. Both simple (front junction only) cell structures as wel! as
devices incorporating back-surface snhancement |ayers were considered. (n all
cases, a primary criterion for process sequence choice was to minimize the
required wafer hardling so as to reduce thin cell breakage and increase yield,
Working with wafers which are substantially thinner than conventional
substrates required a |sarning period, both in the development lab and on the
production line. The number of cells processed over the duration of this contract
was too small for an accurate statistical evaluation. |t is believed, however,
that sufficient quantities of material were processed to allow detection of
all major problems attributed to thin cells and associated with the processes
investigated. To this end, enough information has been developed to project
the cost effects of Iintroducing thin substrates into cell process lines in
production quantities.
The following technical discussion details the specific investigations completed.
In general, it has been demonstrated that the use of substrates thinner than
today's conventional silicon wafers is an effective approach to reducing solar

cell costs.
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5.0 TECHNICAL DISCUSSION

3.1 THIN SUBSTRATE PROCUREMENT

Orders were pluced with the Motorola Semiconductor Group Materials Operation
for thin silicon substrate samples. Sample wafers were sliced from 3 inch
diameter, p-type (boron doped) Czochralski ingots of approximately 1 Q-cm
resisitivity. The wafers were sawed to nominally 8 mil and 5 mil thicknesses
using a multiple-wire saw. After sawing, most samples were chemically etched
to remove approximately one-half mi| from each side to eliminate residual
sawing damage. Hence, final thickness values were 7 mils and 4 mils. A number
of the 8 mil as-sawed substrates were delivered before etching. These substrates
were used for the later "production process”" lots as well as for studlies on saw
damage removal.

in addition to the thin substrates, wire-sawed (and edge-rounded) wafers
approximately 17 mils thick were obtained. These wafers were used as control
samples to approximate the performance of solar cells of conventional thickness.

The substrates thus procured for testing had excellent statistical
distributions of wafer thickness and wafer resistivity. Sample measurements
from the group of 8 mil as-cut wafers and the group of 4 mil sawed and etched
wafers are given in Tables 1, 2, and 3.

Tables 1 and 2 show thickness measurements made at five positions on each
wafer tested. The five positions include a center position and four edge positions
as shown in Figure 1. The average for all thickness measurements on the nominaily
8 mil as=-cut wafers is 8.24 mils (standard deviation is 0.18 mils). The average
for the nominally 4 mil sawed and etched wafers is 4.27 mils (standard

deviation is 0.10 miis).
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JABLE !

Test wafer thickness measurements for nominal 8 mil, as-cut wafers,

Thickness In Mils
Test Water
Number Center Edge
Position Positions
| 8.10 8.00 7.93 8.18 8.08
Z 8.21 8,12 8.33 8.21 8.39
3 8.14 8.05 8.29 8.19 8,17
4 8.25 8,13 8.38 8.58 8.13
5 8.50 8.63 8.54 8.53 8.68
6 8.03 8.12 8.00 8.00 7.99
7 8.19 8.08 8.02 8.23 8.29
8 8.22 8.12 8.15 8.19 8.15
9 8.42 8.42 8.40 8.28 8.27
10 8.39 8.52 8.41 8.25 8.24
Center Al
Readings Readings

Mean 8.25 8.24

Standard Deviation 0.15 0.18

% Standard Deviation 1.8% 2.2% %

1
3
S 8




TABLE 2
Test water thickness measurements for nominal 4 mil, sawed and etched wafers.
Thickness In Mils
Test Wafer
Number Center Edge
. Position Positions
1 4,3 4,30 4.41 4,12 4.4
2 4,33 4,20 4,25 4,21 4,32
3 4,32 4,35 4.10 4,32 4,05
4 4,28 4.15 4,41 4,08 4,18
; 5 4,39 4.28 | 4.39 4,28 4.37
; 6 4.35 4,38 | 4.36 | 4.30 4,30 ;
| 7 4.38 .28 | 4.27 | 4.40 4.23 ]
; 8 4,34 4.20 | 4.30 4,33 4.2 i
: 9 4.32 a.24 | 4,38 | a8 4.26 %~
' 10 4.4 4,30 | 4.44 4,48 4,49 i
1 4,25 4.10 4,26 4,19 4. 11 3 g
12 4.20 a.12 | 4,28 | an 4.10 ] g
3 4.3 a.51 | 4012 | a7 4.19 i
g 14 4.37 a.22 | 4.18 | 4.39 4.12 i
; 15 4,28 4,31 4,22 4,11 4,19 i
16 4,32 4,33 | 4,23 4.21 4,27 ;
, 17 4,37 4.47 4.24 4,28 4,27
i 18 4.41 4.19 4.47 4,05 4,49
19 4.36 4,725 4,38 4,20 4,29
20 4,22 4.09 4,14 4,23 4,28
21 4.37 4,35 4,27 4,32 4,21
22 4,31 4.12 4,22 4,26 4,18
23 4,38 4.40 4,19 4.24 4,23
24 4,35 4,21 4,42 4,18 4,26
25 4,36 4,31 4,43 4,12 4.351
Center All
Readings Readings
Mean 4,33 4,27
Standard Deviation 0.05 0.10
% Standard Deviation 1.2% 2.3%
9




TJABLE 3

Tast water resistivity, measured at wafer center with four point probe.

Resistivity In @ cm
Test Wafer

Number 8 mil 4 mi
|1 Wafers Wafers
| 1.29 1.30
| 2 1,39 1.35
3 1.31 1.18

4 1.23 1,13

b 1.38 1.2

6 1,25 .21

7 1.34 1.15

| 8 1.20 1.14
} 9 1.24 1.16
‘ 10 .19 1.17
" 1,22 1.16

12 1.24 1.24

13 1.23 1.30

14 1.21 1,23

15 1.06 1.25

16 1.10 1.15

17 1.07 1.16

18 1,22 1.31

19 1.23 1.32

20 1.15 1.32

21 1,06 1.23

22 1.12 1.20

23 1.12 1,17

24 1.08 .21

25 1.27 1.17

Mean 1.20 1,22
Standard Deviation 0,09 0.07

% Standard Deviation 7,5% 5.4%

10
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Figure 1: Diagram showing positions where
thickness measurements were made
on sample wafers,
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Table 3 shows resistivity measurements made at the center of each wafer

; tested. The average thicknesses stated above were assumed for calculating wafer

resistivity. Wafers of either thickness have resistivities averaging near 1.2 Q=-cm.

Fe

These thin substrates represent what must be considered to be feasibility
trials in sawing thin wafers, The substrates sawed directly to 8 mils are
among the first to be produced by Motuicta, and those sawed directly to 5 mils

are the first., The actual wafering ylelds obtained with these initial attampts

I b - -

are good, but these yields are expected to improve rapidly as experience is
accumulated. It is anticipated that a yield of 85% is readily attainable for
R mil wafer production. This means that, of the maximum number of available #
wafers per Inch of crystal, 0.85 times this number will be achieved. The
maximum number of wafers per inch is determined by dividing one inch by the sum
of the sawed wafer thickness in inches and the kerf loss. For the process used
to saw wafers for this contract, the kerf is 0.0078 inch. At 85% yield, an inch

of crystal should yield 63.3 wafers which are 8 mils thick.

The actual data for two of the wafer procurements made for this contract |
are given below., For the first procurement, wafers were cut to nominally 3
8 mils. The actual measured thickness is 8,25 mils. A total of 14.0 inches §
of crystal was sent to be sawed and 438 wafers were delivered. From 14.0 inches,
the maximum number of wafers available Iis 872 wafers (62.3 wafers/inch). Thus é
the yield from the initial attempt was 50.2%. This Is equivalent to 31.3
wafers/inch.

For the second procurement, wafers were cut to nominally 5 mils., The

actual thickness Is 5.33 mils. A total of 11.1 inches of crystal was sent
to be sawed and 296 wafers were obtained. This represents a yield of 35.0%
since 26.7 wafers/inch were obtained while the maximum available was 76.1

wafers/inch.

12
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3.2 INLT AL WAFERING COST ANALYSIS

During the work on this contract, no substantial difficulties were
ancountered in utilizing the same processing sequence for wafer thicknesses
ranging between 17 mils and 4 mils. This is due, primarily, to the nature of the
process sequences studied., While initial experiments, as discussed in later
sections of this report, resulted in lower processing ylelds for the thinnest
wafers, this is deemed to be due to the learning experience and s not
considered to be a future impediment. No reason can be envisioned at this
time for assuming that the thinnest wafers must result in lower vields in a
production process., Additionally, it is expected that down to a wafer thinness
of 4 mils there whould be no loss in sotar cell power conversion effliciency
it the proper cell design features can be employed.

Accordinaly, the principal cost tradeoffs occur in the wafer slicing rrocess.
It thin wafors can be sliced with reasonable ;i.lds, more substrate area can te
obtained per kilogram of silicon ingot, thus offecting a cost sévings.

An initial wafering cost analysis has been performed using the JPL/IPEC
(Interim Price Estimation Guldelines) formulas. The IPEG methodology Is
thoroughly described in JPL Document No. 5101-33, IPEG calculations have been
made to estimate the price per watt for substrates of three separate thicknesses:
15 mils, 8 mis, and 5 mils, These thicknesses represent a standard reference
fhickness plus the two as-cut thicknesses actually being used for this contract.
Only present=day, three inch diameter wafers are considered.

An important part of this analysis is use of a wire-saw process for sticing
standard Czochralski silicon ingots. The basic saw prameters, listed in Table 4,
are obtained both from reported data and in-house experience. These parameters
are used to compute the required EQPT, SQFT, DLAB, MATS, and UTIL quantities for

the IPEG equation. In addition, a cost of $13.79 per square meter of cutting areca
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TABLE 4: MULTIPLE-WIRE SAW PARAMETERS

Stiicon ingot diameter
ingot length per cut
Kert loss
Set-up time
Cutting time
Total cycle time
Cost per saw (1977)
Machines per operator
Maintenance Mechanics
Electricity usage
Raw (domestic) water usage
Manufacturing space required
Projected slicing yields
13 mil wafers
8 mi| wafers

5 mil wafers

3 inches (7,62 cm)

4 inches (10,16 cm)
.0078 inch

40 min,

180 min,

220 min,

$30,000

10

0.48/machine

500 watts

| gal/min,

40 sq. ft./machine

934
85%

14




in auvuensod to covar axpendable supplies ~uch as abrasive, wire, wire qguides,
and other miscel laneous |tems,

The cost of the 3 inch diameter Czochralski ingot used as the slicing input
material is assumed to be $250 per kilogram. This is taken from a 1978 price
calculation based on $60 per kilogram poly=silicon which was reported by SILTEC
at the ninth JPL Project Integration Meeting.

The price of a wafer obtalned from this slizing process depends strongly on
sawing yields and throughput. Since the direct slicing of 5 mil wafers or 8 mi|
wafers is not yet a production process, some reasonable assumptic' » must be made
concerning ylelds. Actual ylelds in a production process are expected to be
considerably greater than the 50.2% and 35,0% values discussed in Section 3.1.
Sticing ylelds for 8 mil wafers should quickly approuch 85%, a reasonably
conservative value. Anticipating that 5 mil slicing won't quite be capable of
duplicating the yleld for 8 mil slicing, it is assumed that yields for 5 mil
slices will approach a value of 80%. Standard 13 mi| wafers should be siliced
with at least 93% yields. Hence, for the purposes of this cost analysis, It
Is assumed that 13 mi| wafers are siiced with 93% yield, 8 mil with 85% yleld,
and 5 mil with 80% yield,

The maximum allowable throughput values for each wafer thickness must be
weighted by the yields assumed above, To determine throughput per saw, no‘e
from Table 4 that one 4 inch long crys. | is sliced In each 220 minute period.
This 4 inch length, divided by the sum of the slice thickness plus .0078 inch
kerf, gives the maximum number of wafers produced in 220 minutes. Hence the maximum

throughput rates are as follows:

13 mil 0.874 waf/min. or 52.44 waf/hr.

8 mil 1.151 wat/min. or 69.06 waf/hr.

5 mil 1.420 waf/min. or 85,20 waf/hr.
15




If these maximum rates are weighted by the assumed ylelds, then the assumed

throughpuis used for IPEG calculations are as follows:

13 mil 52.44 x 0,93 = 48.77 waf/hr.
8 mi: 69,06 x 0.85 = S58.70 wat/hr.
5 mi 85.20 x 0.80 = 68.16 waf/hr.

These throughput values will be used to determine the floor space, number of
machines, number of labor personnel, utility usage, and materials requirements
associatea with slicing tor a factory oparating at approximately one megawatt per

year output,

It is assumed that a 3 inch diameter solar cell power conversion efficiency

of 14% is obtained. Then a throughput of 190 wafers/hour is equivalent to 999,146

watts/year. Thus all of the cost celculations will be based on a throughput of
190 waf/hr.

As an example calculation, consider floor space. A manufacturing space of
40 sq. ft. per machine is required, as noted in Table 4. For the three cases of
13, 8, and 5 mil slices, 190 waf/hr, requres more than one machine, since the
yielded throughputs per machine are less than this. To determine the floor
space requirement, the desired throughput (190 waf/hr) is divided by the yielded
throughput for each case and then multiplied by 40 sq. ft. Thus, the fiocor space

requirement for each case is as follows:
190 waf/hr

13mil  SQFT = 2O-MAUAL_ . 40 sq. tt, = 155.83 sq. ft. |

_ 190 waf/hr } : |
Bmil  SQFT = J3OMAHINC_ . 40 5q. t+. = 129.47 sq. 1. |
Smil  SQFT = 20wat/hr__ . 45 ol ¢+, = 111.50 sq. ft.

68.16 waf/hr
Similar weightings are performed for the cost of materials (MATS), the

cost of labor (DLAB), the cost of capital equipment (EQPT), and the cost of

utilities (UTIL). The total values so obtained for each category are listed in

Table 5.
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Using the values in Table 5, the IPEG price equation is applied. In this
equation, total price P = 0.489 EQPT + 96.9 SQFT + 2,133 DLAB + 1.255 MATS + 1,255
UTIL. This equation gives an estimate of the total selling price in dollars.

A more convenient set of units is dollars per watt, obtained by dividing the

total price equation by the total number of watts produced for that price (in this
case 999,146 watts, assuming 190 waf/hr for one year at 14% efficlency per wafer).
The total IPEG price and its component parts are given in 1975 dollars per watt

in Table 6. Hence the price of sliced substrates should be $2.767, $2.330, and
$2.031 for 13, 8, and 5 mil thicknesses, respectively, per watt.

Over two thirds of each of the total prices resulting from this cost analysis
are directly attributable to the cost of the Cz ingot starting material. |f that
portion of the total price which is due to ingot costs is subtracted from the total
price, the effective add-on price for the slicing process is obtained. This is
shown in Table 7.

The total prices for sliced substrates given in Tables 6 and 7 are in
reasonable agreement with near-term price allocation guidelines established by
JPL. A table of near-term guidelines presented at the Ninth JPL Project
Integration Meeting is reproduced in Table 8, The expected price of $2.34 per
watt for the 1980 timeframe when polysilicon is priced at $60 per kilogram
is very close to the predicted prices of today's wire-wawed 13, 8, and 5 mil

substrates resulting from the IPEG analysis above.

3.3 INITIAL EXPERIMENTAL LOTS

Three inch diameter Czochralski wafers sawed to thicknesses of 17 mils,
8 mils, and 5 mils were prepared by the Motorola Semiconductor Group
Materials Operation. A multiple-wire sawing technology was employed. Some
of the 8 mil wafers and all of the 5 mil wafers were further prepared by
chemically etching 0.5 mil of silicon from each side to guarantee removal of

sawing damage. Statistical measurements on this material were reported in

18
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Section 3.1 of this report. A number of these wafers, along with some
control wafers produced by Wacker, were used to establish the first six test
lots for thin cell fabrication. The cells produced in these lots provided

a baseline for judging cell performance and processing improvements

directed toward incorporating thin substrates into p’oduction processing.

Each test lot was started with 24 wafers per lot. This number allows a
space position for a test wafer in the standard carriers and diffusion boats
which hoid 25 wafers. Each of the six test lots is described in the following
paragraphs. Each starting wafer in each of the six lots has been measured to
determine wafer resistivity and thickness at the wafer center. All wafers
are Czochralski material.,

Lot Al is a control. |t contains wafers piroduced by Wacker which are
chemical ly etched on the back and polished on the front. The average wafer
resistivity is 2.34 Q-cm (0 = 0.10 2-cm) and the average center thickness
is 14.28 mils (o = 0.21 mils).

Lot A2 contains wafers from crystals grown at Motorola; they are in
the as-cut condition and are edge rounded. The average wafer resistivity is
1.01 @-cm (0 = 0.11 Q-cm) and the average thickness at the center is 17.74
mils (o = 0.19 mils).

Lot A3 is a lot of thin, as-cut wafers grown and cut at Motorola.

These wafers are not edge rounded. The average wafer resistivity is
1.30 Q=cm (0 = 0.02 Q-cm) and the average center thickness is 8.24 mils
(o = 0.20 mils).

A4 is a lot of thin wafers sliced at Motorola to approximately 5
mils and then chemically thinned to eliminate saw damage. Average wafer
resistivity is 1.20 Q-cm (o = 0.04 Q-cm) and the average center thickness
is 4.39 mils (o = 0.05 mils).

A5 is a lot of thin wafers sliced at Motorola to approximately 8
mils, edge rounded, and then chemically etched. The average wafer

22
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tosintivity i 1,44 Q=cm (0 = 0.19 2-cm) and the average center thickness
is 7.22 mils (0 = 0,11 mils),

Lot A6 Is identical to lot AS in starting condition., The averaqe
wafer resisitivity is 1.5 Q=-cm (o0 = C.19 Q-cm) and the average center
thickness is 7.09 mils (o = 0.09 mils).

Detailed tabulations of resistivity and starting thickness medsurements
for each lot will be presented as part of the data in Section 3,5,%,

With the exception of surface texturing, all six lots were processed
through the same Junction formation, antireflection coating, and metallization
staps,  The wafers in lots AY, AZ, A3, A4, and A5 have been textured on
both sides using the standard Motorola texture etch process. As a resulft,
lots At and AZ have textured peaks with a nominal height of 7 microns, lot
A% has textured peaks nominally 6.5 microns high, and lots A4 and A5 have
textured peaks nominally % microns high.

Lach wafer in each lot was measured after texturinag to determine wafer
thickness loss. The average '"peak-to-peak" thickness loss from before to
after texturing ranged from 4.8 microns to 7.6 microns. Thickness measure-
ments were performed with a stage micrometer, so measurements with textured
surfaces reflect the distance from tertured peaks on one side to the tips of
textured peaks on the other side., Thickness data after texture are aiso
tabulated in Section 3.5.3,

Lot A6 was not textured and has been retained in the smooth, chemically
etched surface condition.

Table O summarizes the substrate characteristics for each of the six test

lots.
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: 5,4 INITIAL_PROCESS SEQUENCE
The initial six test lots of thin substrate solar cells were processed with

the fcllowing process sequence:

v 1. Start with sawed, or sawed and etched, wafers,
2. Clean wafers in hot piranha solution (a mixture of sulfuric acid

and hydrogen peroxide), rinse, etch in dilute HF solution, rinse.

-

3. Texture etch both sides of wafers and rinse (excluding lot A6).

s 2 .~

4, Dry wafers using Freon vapor "degre ser" technique.
5. Plasma oxidation/clean (Mashing").
6. PH3 diffusion, both sides, at 900°C for approximately 18 minutes.
7.  Sivip phosphorus glass in HF and rinse,
8. Dry wafers using Freon vapor "degreaser" technique.
9, Mesa etch front perimeter and etch back to remove phosphorus layer.,
This is done with a standard photoresist procedure tc protect the
desired junction from the silicon etch (nitric~hydroflucric-acetic
acid mixture).

10.  Plasma oxidation/clean.

11. LPCVD 533N4 depositlion.

12, Etch front metal pattern, stripping back surface Si3N4 layer.

13. Metallize.

In step 13, fo elimina*e initial concern for stress in using a solder
coating process for the metal contact, a plated palladium-siliver metallization
system was used for lots Al through A6.

In step 4 of the process sequence |isted above, wafers are dried in the
folltowing manner. After rinsing, a carrier of wet wafers Is placed in a
container of isopropal alcohol which displaces and mixes with the water on
the wafer surface. The carrier is then placed in the hot vapor section of a

Freon vapor degreaser. The hot Freon vapor condenses on the colder wafer

25




surftaces and drips off the wafers to the Iiquid sump below, carrying any
particulate residue away. As the carrier of waters is withdrawr from

the vapor, the Freon remaining on tho wafer surface evaporates, leaving the
wa'ers dry. This drying process was originally chosen because it provides a
very gentle method for drying the thin substrates. However, it has since been
determined with other experiments that conventional centrifugal spin-drying
can be used, even for the 4 mil substrates, without substantial risk of
breakage.

In step 11 of the process sequence, LPCVD silicon nitride deposition
refers tc a low pressure chemical vapor deposition process whereby a uniform ‘;
553N4 film is deposited on both sides of the solar cell substrate at pressures 4
below atmospheric pressure. The nitride film thickness is such as to
serve both as a metal plating mask and as a front surface antireflection coating.
This process provides uniformity and reliability of Sl3N4 coating with excellent
throughput.

Plasma oxidations were introduced in steps 5 and 10 as the first effort
to eliminate some of the wafer handling involved in using wet chemical cleans
and rinses prior to high temperature furnace operations. Using the dry
plasma process requires less handling and is more gentle with respect to
breakage of very thin silicon substrates.

Pertinent data were taken for each wafer in lots Al through A6 after
each major step in the process sequence. Junction sheet resistances were
measured for the phosphorus diffused layer after completing step 8. Photo-
generation current was measured after step 9 by using a diode curve-tracer

Yo observe the solar cell reverse-biased chatacteristic |-V curve under

simulated AM1 i[llumination. The illumination was provided by a quartz-halogen

lamp source and calibrated with a reference cell fabricated by JPL.
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Thase in=process data are qgiven in the detalled tabulations to be found
in Section 3.%,.%. Wafer loss through in-process breakane was also recorded and

thie information was used to calculate cumulative yields after major process

steps,
3.5 INITIAL EXPERIMENTAL RESULTS
3.9.1 BASELINE CELL STRUCTURE

As a result of the process sequence described in Section 3.4, the base-
line solar cell structure is a very basic n-on-p configuration. This is
similar to what might be used if one were choosing a structure for the least
oxpensive fabrication costs with today's technology.

Of the six lots discussed in this report, five consisted of wafers which
weroe textured, both front and back, at the onset of processing. One lot was not
textured, but was chemically etched to smooth the as-sawed surface.

The n-type front surface junction layer was formed with a phosphorus
diffusion (from a PH3 source) followed by a mesa etch process. The mesa
etch process strips the unwanted diffused laver from the bach of the substrate
and from a ring around the edge of the cell front. Those areas which have been
etched to remove phosphorus are smoothed considerably compared to the original
sharp-edged textured surface but still retain tetrahedral shapes. The
resulting p-n junction area is 43.3 cmz. The average junction depth for lots
Al through A6 is near 0.6 um. No back surface enhancement diffusion (p+ layer)
or back surface field (BSF) was employed for these lots.

The completed solar cells have an antireflection coating of silicon

nitride (S‘BNA)' Average Si%N coating thickness for the six fest lots is

4
7448,

27
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A metal plating mask is formes with the Si3N4 by srripping the back

surface of the wafer and patterning the front with a metal grid pattern.

Thus, the completed cells have metal totally covering the back surface. The

front surface grid shadows approximately 8% of the p=-n junction area.

As previously stated, the metallization used for lots Al through A6
consists of a palladium-palladium silicide contact layer and a silver
conducting layer. This system was chosen because It was avallable and
because the 4 mil substrates could be safely plated without concern for
breakage |ikely to be encountered if a solder-dip process were chosen,
Unfortunately, tha front surface grid pattern used Is optimized for a
soldered metallization, The amount of shadowing could be reduced if the

pattern were optimized for sliver instead. With the pattern used and the

sl iver conductor, the total series resistance of the cell is typically about

5 mitiiohms. This corresponds to a voltage loss of about 6 mV at an output

current of 1200 mA.

2,

3.5,2 LOT DATA SUMMARY

Important parameters and experimental results for the baseline cell
test lots are summarized in Table 10. Where items are |abeled average they
are the mean value of measurements taken on all the cells in a given lot.

The as-processed wafer thickness is the measured '"peak-to-peak'
wafer thickness after texturing except for lot A6, which is not textured.
This measurement was discussed in Section 3.3, The textured surface peak
size is an estimate (by optical microscopy) of the largest typical distance
from the base of the silicon surface tetrahedra to the peak.

The open circuit voltage (VOC) and short circuit current (ISC) values

represent measurements on the completed solar cells. VOC measurements were

28
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made with a Jdigital voltmeter and 'SC values were read from a curve-tracer
display. Ali such measurements were made under tungsten-quartz-halogen
lamp (typu ENH) illumination set to an insolation of 100 mW/cmz by a JPL-
calibrated reference cell (No. MO-04).
The maximum power (Pmax) data represent values taken from current-
voltage characterictic curve plots which will be given in Section 3.5.3.
Processing yielc Is simply the number of completed solar cells left
intact per lot divided by 24, the number of wafers started per lot. The
yield loss iy strictly a result of wafer breakage. Two notes of caution must
be given for interpreting the yleld numbers. First, these lots represent the
first attempt to process substrates of such thinness and must be expected
to suffer somewhat from inexperience. As more experience is obtained and as
processing is altered to accommodate the speclal nature of thin substrates,
yield will be improved., Second, the wafers in these lots were subjected to
an extra measure of prodding and probing by trying to accumutate substantial
amounts of in-process data. This Increases the amount of handling and
increases the chance for initiating fractures. Such data accumulation would

not ordinarily be - .no 1w routine celi production.

3.5.3 DETAILED DATA PRESENTATION

The data summarized in Table 10 are given in detail at the end of

this section in Tables 11 through 16 and Figures 2 through 7 for lots Al

through A6, respectively. |In addition, Tables 11 through 16 |ist measurements

of starting substrate thickness, phosphorus diffused layer sheet resistance,

and solar cell photo-generation current obtained before antireflection coating

and metallization are applied. For each set of data tabulated, the statistical

mean, standard deviation, and percent standard deviation are given. Percent
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TABLE 1Y: Wafer data for test lot no. Al
A =
g 5 P g -l -~
e e o g w3 W e @
B | 3 | Eo|cgs|%%s |fs. [aB | 23S
g ¥ ge-) 8- | gE” N gz
E | § | B |z |%F |88 |sBs | 8Es
1 13.91 2.47 | 13.93 33,2 1230 1300 579
, 2 14.15 2,54 1 13.94 33,9 1240 1300 575
! ’ 14.06 | 2.27 | 13.82 | 1.9 | 1230 1300 577
f A 14,40 2.417 | 14.25 34.0 1240 1280 D
. 4 15,97 2.39 | 13.81 —-- --- -——- —--
’ 6 14,33 2,42 | 14.12 31.0 1230 1280 97¢,
, i 14.4% 2.49 | 14.27 34.8 1230 1280 57%
| 8 14,22 2,30 | 14.10 31.6 1230 1280 577
9 14,48 2.29 | 4.3 32.3 1220 1280 577
| 10 14.50 2,44 | 14,37 35,6 122 1280 574
3 " 14,42 2,30 | 14.21 31.6 1220 1280 576
g 12 14,07 2.37 | 13.90 29.0 1230 1280 57%,
| 13 14.47 2,33 | 14.29 33,6 1210 1280 574
14 14,23 2.44 | 14.10 31.0 1220 1270 574
15 14.55 2.48 | 14.40 31.6 1230 1270 573
16 14,43 707 | 14.26 51,1 1220 1280 577
' 1/ 14,16 2.29 | 14.00 33,2 1220 1280 577
19 14.68 2,36 | 14.51 30.2 1230 1300 577
| 19 14.20 2.12 | 14.05 31,5 1230 - ---
- 20 13,93 2.29 | 13.74 31,7 1240 1280 575
: 21 14,41 2.3% | 13.85 29.5 1240 1290 n77
i 22 14.18 2,37 13.90 30.1 1250 --- —--
S 23 14,38 2.38 | 14,2 31.3 1250 ——- ---
: 24 14.04 2,19 | 13,84 30,2 1270 1290 574
MEAN 14.28 2.3 | 14.09] 22,0 1232 1284 576
STD. DEV. | 0.21 0.10 0.22 (.7 13 9 ?
g STD. DEV{ 1.5% 4.1% 1.5% 5.3% 1,14 0.7% 0.3
‘CUﬁ?écg'VE HoA. oA tong | 95.8% 55,34 --- 13,37
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TABLE 12: wafer data for test lot no. A2
a &
g E mw § j: 5*—
§ | 22| g2 a8s |35, (588 | 538
o3 | 0|87 | 550 K3 |Boo¥ | BZgs
5 - 61_ev gt— b= )~ - —'2}--‘
POl E |Bg|: |EY %8 (8% | ks
1 17.82 | 0.89 17.28 | 32.4 1220 1290 607
| 2 17.68 | 0.88 17.22 | 32.0 1210 1300 605
! 3 17.82 | o0.87 17.41 | 33.5 1200 |* 1310 605
; 4 17.67 | o0.88 17.35 | 33.7 1200 1310 605
, 5 17.58 | 0.89 17.32 | 32.9 1200 1300 603
l 6 17.63 | 0.87 17.39 | 33.9 1190 1300 603
| 7 17.51 | o0.88 17.27 | 31.9 1190 1300 603
| 8 17.50 | o0.88 17.28 | 34.6 1190 1310 605
9 17.68 | 0.89 17.28 | 32.0 1180 1300 602
10 17.89 t 0.88 17.43 | 34.0 1200 1300 604
} " 17.77 | 1.09 | 17.55 | 31.1 1200 1300 599
, 12 17.96 | 1.12 17.70 | 32.0 1200 1310 600
| 13 18.10 | 1.1 17.68 | 34.0 1220 1320 601
14 17.79 | 1.12 17.48 | 31.5 1200 1320 600
15 17.58 | 1.09 17.35 | 31.3 1200 1310 600
16 17.94 | 1.10 17.70 | 32.7 1200 1310 599
| 17 18,07 | 1.10 17.79 | 29.8 1190 1300 599
18 17.65 | 1.08 17.43 | 30.3 1200 1300 598
| 19 17.59 | 1.10 17.38 | 31.0 1210 1310 600
. 20 17.62 | 1.04 17.35 | 28.4 1210 1310 600
21 17.59 | 1.09 17.37 | 31.7 1200 1310 600
22 17.60 | 1.08 17.35 | 28.9 1200 1310 601
23 17.70 | 112 17.38 | 28.6 1220 1310 600
’ 24 18.13 | 1.10 17.75 | 28.0 1200 1310 599
{
: -
: MEAN 17.74 1.01 17.44 | 31.8 1201 1306 602
5 STD. DEV. 0.19 0.1 0.17 1.8 10 7 3
$ STD. DEV 1.1% | 10.9% 1.0% 5.6% 0.8% 0.5¢ 0.4%
CUMULATIVE] N.A. N.A. 100% 100% 100% - 100%
' YIELD '
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F“;f" . g g o s o sat
F ‘ TABLE 13: Water data for test lot no. A3
5’ . | 8 B 1B, |u8 |5 3
: R E 285 |85, |50% |53
: g7 | =§|8E3| 853 |85F |EceF | ESas
s | 55 | «z%| 8% | g% [28° |EeEt | Bk
| t |2 |8 | |3% |§& |&3% | &&E
% | 8.83 1.28 | 8.45 | s4.6 1240 .- .-
2 8.06 1.27 | 7.81 46.5 1240 1270 588
? 3 8.3 1.26 | 8.05 | 40.3 1230 1250 586
‘ 4 8.60 1.28 8.28 --- --- --- ---
5 8.31 1.30 | 8.03 | s6.4 1240 1250 586
6 8.08 1.30 7,82 63.4 1240 1220 579 I
7 8.30 1.26 | 8.05 | s4.3 1240 1260 586 ‘
8 8.50 1.28 8,20 | 64.6 1220 1280 588
9 8.22 1.30 | 7.92 | s5.8 1230 1260 586
10 8.03 1.32 7.76 | 46.5 1230 1250 585
| " 8.09 1.32 | 7.82 | s2.8 1230 1260 586
g 12 8.08 1.31 7.80 | s2.0 1230 1250 586
13 8.14 .32 | 7.89 | s0.5 1220 1250 585
14 8.20 1,30 7,95 | 48.7 1240 1250 586
15 8.28 1.27 | 8.00 | 47.2 1240 1250 586 |
16 8.31 1,31 8.0% | 44.6 1240 1240 536 |
| 17 8.42 1.31 7.99 | s54.9 1240 1240 585 ;
18 8.12 .35 | 7.35 | 4s.8 1230 1260 567 |
19 8.06 1.32 | 7.80 | 44.0 1240 1240 577
20 8.08 1,31 7.81 45.1 1230 1250 535
21 8.25 1,31 7.98 | 40.3 1230 1250 58¢
22 8.12 1,31 7.90 | 40.0 1230 1250 586
. 23 8.06 1.33 | 7.75 | 37.6 1240 1250 586
' 24 8.25 1.29 7.97 37.1 1210 1240 585
i MEAN 8.2 | 1.30 | 7.95 | 9.4 | 1233 1251 586
o sT0. DEV. | 0.20 | 0.0z f 0.17 7.3 8 12 >
F» : ¢ STD. DEVI 2.4% .65 | 2.1% 14.85 | 0.7% 1.08 0.3 4
Co
: SUNERTIVEL nea N.A. 1005 | 95.8% | 95.8% - 91.7¢
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TABLE 14¢ wafer data for test lot no. A4

a z
: E | B g as P
§ |2z | E58%| %8s |gs; (B | e
33 | :8|UE%| 2oy (BoE |Eo:F | oyt
B | B | Bg7|2 | B¢ |gb (EEE [ Egi
s o s# | & 3 3 3] &S
| 435 | 1.37 | a3 | 39.1 1220 1170 575
2 4.3 | 1.19 | 4.6 | 43.6 1280 - —-
3 4% | 1.2 | 4.2 | 41.4 1280 - ---
4 439 | 1.20 | 4.7 | 39.4 1240 1180 579
5 a.40 | 1.20 | 4.20 | 39.2 1240 1180 578
6 4,41 .20 | 4.20 | 36.5 1250 1180 578
7 439 | 1.7 | 4.7 | 40.8 1300 1190 578
8 4.40 | 1.20 | 4.16 | 38.2 1270 1190 577
9 a.43 | 1.8 | 422 | 39.2 1260 1200 578
10 4,37 | 1.20 | 4.18 | 42.3 1220 1190 577
" a.47 | 1.20 |- 4.25 | 38.0 1230 1180 578
12 a.50 | 1.18 | 4.29 | 36.8 1260 1180 579
'3 4.5 | 1.7 | 423 | 37.7 1230 --- —--
14 4.3 | 1.7 | 4.5 | 36.5 1220 1180 578
15 433 | 1.8 | 4.9 | 37.2 1220 1180 576
16 4.3 | 121 | a9 | 3507 1220 1190 578
17 a.32 | 1.20 | 4.2 | 3601 1240 1190 577
18 a.40 | 1.23 | 4.9 | 35.8 1210 1190 576
19 438 | 124 | 4.4 ]| 35.0 - - —-
20 4.3 | 1.8 | 4a.20 | 33.0 1230 1190 578
21 a.83 | 120 | 423 | --- - - -
22 a.28 | 1.8 | 4.00 | 29.6 1240 - .-
23 442 { 123 | - | --- —- — —
24 439 | 1.9 | em- | --- — —- —
MEAN 4.39 | 1.20 | 4.8 ] 381 1243 1185 578
STD. DEV. 0.05 0.04 0.05 2.6 25 7 !
¢ STD. DEV 1.2% 3.4% 1.1% 6.7% 2.0% 0.6% 0.2%
CUMILATIVE|  N.a. | WAL | 91,78 | 87.58 | 83.3% - 66.7%
17
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TABLE 15: Wafer data for test lot no. A5
4 j=
g 5 |y £ | 5 |
o = C - W W u8 d: t'uJo-— ]
‘ § | 5F | Ealgfi|ils |iE; o8 | s i
;-, ¢ | ZiifgE|sh; |5:% |Bopd | BIs ;
: B[ & | EES|8%| §8° [ef §EE | Ezc )
i = H ¢ | £ 3 36 gé g%? |
" 1 7.15 1.36 | 7.00 34.8 1340 1270 596
2 7,29 1.35 | 7.05 35,7 1280 1270 594
i 3 7.10 1.41 | 6.93 37.1 1280 | 1270 593
| 4 7.18 1.41 | 7.02 36,4 1320 1280 593
5 7.10 1.36 | 6.97 37.2 1300 1290 594
6 7.16 1.39 | 6.98 38.3 1280 1280 594
7 7.17 1.67 | 7.00 39.5 1290 1280 588
| 8 7.14 1.68 | 6.99 38.4 1300 1290 588
9 7.01 1.18 | 6.82 39.6 1270 -—- -
10 7.18 1.66 | 6.93 35,2 1280 1280 588
’ " 7.17 1.24 | 6.98 41.1 1260 | 1280 594 ']
% 12 7.16 1.21 | 6.98 a1.8 | 1240 | 1280 595
13 7.12 1.25 | 6.95 38.8 1250 1280 594 ,
14 7.35 1.42 | 7.18 41.6 1240 1290 593 '
15 7.49 .73 | 7.16 44.9 1260 1290 583
’ 16 7,39 1.68 | 7.21 43.0 1250 1290 500
17 7.26 1.64 | 7.10 43,2 1260 1290 589
18 7.25 1.64 | 7.09 13.9 1270 1290 53
| 19 7.22 1.68 | 7.05 45,3 1260 1300 538
" 20 7.23 1.37 | 7.05 46.6 1260 1290 597
21 7.36 1.37 | 7.09 44.4 1280 1290 57
22 7.22 1.32 | 7.05 51.9 1270 1300 593
; 23 7.26 1.20 | 7.08 52.7 1260 1300 503
24 7.29 1.25 | 7.00 44.6 1230 1290 593
MEAN 7.22 .44 | 7.03 41.5 1272 1286 592
STD. DEV. 0. 11 0.19 | 0.09 4.7 25 9 3
£ STD. DEV 1.5% 12.9% 1.24 11.4% 2.09 0.7% 0.5%
CUELOIVEL Nea N.A. 100% 100% 100% | --- an. 87
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TABLE 16: Wafer data for test lot no. A6

—an e

2
5 E 1B E BE 3
g Es | E<|2ys| 585 (2. (%88 05.8
Pl | clgEs e ae (et | el
w-— & -
| E |5 | |EE |gh (B |
| 7.23 1.69 36.9 970 1200 582
2 7.30 1.70 36.4 960 1220 585
3 7.32 1.42 36.9 970 1230 587
4 7.08 1.33 37.7 960 1230 589
5 7.11 1.33 37.4 970 1220 589
6 6.95 1.24 37.8 960 1230 591
7 7.06 1.30 39,2 960 1230 590
8 6.98 1.23 39.9 950 1230 591
9 7.06 1.37 38.7 980 1240 589
10 7.02 1.62 40.4 960 1240 587
" 7.00 1.15 " 37.9 950 1240 592
12 7.06 1.67 o 41.5 960 1240 583
13 7.13 1.69 : 39.3 960 1250 586
14 7.08 1.61 %) 39.7 960 1240 580
15 7.04 1.61 = 38,5 980 1250 586
16 7.12 1.62 @ 42.1 970 1240 585
17 7.09 1.61 ?‘- 40.1 970 * 587
18 7.02 1.67 41.2 950 * 582
19 7.11 1.69 35.8 930 ——- -—-
20 7.08 1.70 ; 41.5 970 * 586
21 7.06 1.31 z 43.8 940 ——- .-
22 7.07 1.32 44.6 940 * 587
23 7.14 1.61 47.2 950 1250 578
24 7.09 1.65 45,6 960 1240 577
MEAN 7.09 1.51 39.8 960 1234 586
STD. DEV. 0.09 0.19 2.8 12 12 4
% STO. DEVY  1.28 | 12.4% 7.08 | 1.3% 1.0% 0.7¢
CUMULATIVE [ N, A, N.A. N.A. 100% 100% --- 91.7%
© YIELD
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standard deviatlion is the standard deviation divided by the mean and multiplied
by 100.

Each of the current=-voltage curves glven in Figures 2 through 7 represents
a sample from lots Al through A6, respectively. Data taken and computed from
the curves include VOC » tSC’ maximum power voltage (Vmp). max imum power

p , bower conversion efficiency (n), and curve fill *factor

current (lmp), max

(CFF)., Efficiency numbers are based on the total area of a three incr diameter
silicon wafer with flats (45,35 cmz), tor which the junction mesa rattern

and the metallization grid pattern are designed. If only the p-n juncticn

area (including metal shadowing) were considered, or if the junction were
formed to the edge of the wafer, the efficlency values given would be increased
by an additional 0.6% (i.e., n - 13,9% would become n = 14,5%), The cell data
for cach of the samples of Figures 2 through 7 are summarized in Table 17.

Diffusion length and spectral response measurements were performed on each

of the samples listed in Table 17, Diffusion length measurements were made on tne
completed cells by the open circuit photovoltage (OCPV) method, a variation cf the
surface photovoltage (SPV) technique. With this method, the open circuit voltage

generated by incident monochromatic light at varlous wavelengths is monitored and

held constant by varying input light intensity. From these data a graphical
calculation is made for effective minority carrier diffusion length., With most
techriques In general, it is difficult to obtain an absolute value for the
diffusion length, but the relative resuits with the OCPV technique should be
meaningful because this technique mimics actual solar cell operation.

The specitic Jdiffusion length measuvrements are aiven in Table 13, 7w

¢

presented there are reasonable and are consistent with the cell electrical performance

summarized in Table 17. The wafers of lots A3, A4, A3, and AE were prepared from

simitar material and have similar diffusien lengths, The lower value for cell

43
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TABLE 18: DIFFUSION LENGTH MEASUREMENTS FOR
BASEL INE SOLAR CELL SAMPLES.

LOT CELL CELL oCPy
NUMBER NUMBER THICKNESS DIFFUSION
(mils) LENGTH
(microns)
|
, Al 8 14.10 68
l A2 12 17.70 93
i
| A3 18 7.85 23
1
A4 9 4,22 37 |
AS 10 6.93 39 |
)
L A6 13 7.13 38
| |
1
|
]
’
s
4 |
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A3-18 is probably explained by the fact that A3-18 was preparea from an as-sawed
wafer, without saw damage removal before texturing., The wafers in A4, A5, and A6
were chem=etched after sawing. In general, the diffusion lengths for lots A3-A6
are lower than may be desired, but this is likely a result of the material
preparation and growth process. Lots Al and A2 are each from material independently
prepared. The 93 um diffusion length for A2-12 is respectable, and this is
reflected in the good Infrared response discernable in a spectral response
measurement for this ceil.

The relative spectral response for each of the sample cells discussed above
was measured using a Cary 17 Spectrophotometer. The relative response curves are
shown in Figuares 8 through 13 for cells from lots Al through A6, respectively.
The spectral response measurments agree with the diffusion length data provided
in Table 18, Cells A5-10 and A6-13 are about the same thickness and have the
same diffusion tength and thelir spectral response curves are virtually identical.
Cell A3-18, which has a lower diffusion length, shows a decreased infrared response
compared to A5-10 and A6~-13. The irregular bump in the response curve for A3-18
near 0.53 micron is believed to be an artifact of the particular measurement and
not an actual response. In the region 0,40 to 0.55% micron, this curve should
probably be shifted downward slightiy to blend more smoothiy with the rest of
the curve beyond 0.55 micron. As noted earlier, the relative response for cell
A2-12, which has a measured diffusion length of 93 microns, shows very good

performance in the long wavelength region.

3.5.4 RELATIVE PERFORMANCE VERSUS THICKNESS

With inclusion of the spectral response and diffusion length data, analysis of
the results of the baseline process sequence is essentially complete. In general,
the simple phosphorus diffused cells from lots Al through A6 performed just as

expected. The important correlation is that, without a back surface enhancement

46
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diffusion or back surface field (8SF), the cell efficiency decreases as the

substrate Is made thinner. Coumbining the results of the data from lots A7, A4, and

A5 (which have similar substrate resistivities ond are textured), the relative
performance versus thickness Is summarized In Table 19, It should be noted that
there is a small loss (3.2%) of available power using 7.0 mil substrates and a

significant loss (12,9%) using 4.2 mil substrates. Again it must be emphasized

that no back surface enhancement was usec and that the use of a BSF layer should be

capable of increasing the performance of both the 7.0 mil and 4.2 mii substrates.

3,6 PROCESS ADAPTAT IONS
3,041 CELL STRUCTURL IMPROVEMENTS WITH DIFFUSION PROCESS
Previous experim>ntal studies (lots Al - A6) determined itn effects of

substrate thinness on solar cell performance for a baseline process sequence

which resulted in a simple n+tp solar cell structure. This process sequence
formed the nt layer with a phosphine diffusion step., It was anticipated that
the inclusion of a back surface enhancement diffusion of p-type dopant tc¢
form a back surface field (BSF) region would significantiy enhance the
performance of the thinnest substrates.

To study this possibility a test matrix of six lots (D1 througn 26)
was ostablished., Lots D1, D2, and D3 consis* of 24 wafers each of
nominally 7 mil substrates (sawed o 8 mils and chem-etched to 7 mils)
while lots D4, D5, and D6 consist of Z4 wafers each of nominally 4 mil
substrates (sawed to 5 mils and chem-etched to 4 mils). A planar process
was used to define a phosphorus diffused junction for all six fots.

In addition, lots D1 and D4 received a back surface boron diffusion at
1000°C to form a pt layer. Lots D2, D3, D5, and D6 served as controls.

The test matrix is outlined in Table 20.
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TABLE 20: BACK SURFACE ENHANCEMENT TEST MATRIX

LOT NUMBERS
STEP 01, D4 D2, D5 D3, D6
1. SI3N4 deposition for mask yes yes yes
2. Strip wafer back yes no no
3. éCl3 deposition and oxidation yes yes no
4. Planar pattern front yes yes yes
5. Texture etch yes yes yes
6. PH3 diffusion yes yes yes
7. Strip wafer dielectrics yes yes yes
8. SISN4 AR coat yes yes yes
9. Metal pattern etch yes yes yes
10. Metal plate yes yes .Yes
Final cell structure n+pp+ n+p n+p
Wafer Thickness:
D1, D2, D3 7 mils
D4, D5, D6 4 mils
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Table 20 lists the process steps used and the order of thelr occurrence.

Where a "no" is entered into the table the particular step was omitted.

Lots D1 and D4 have an n+pp+ structure while the other lots have

only the baseline n+p structure for direct comparison. The process sequence
for lots D3 and D6 simply omits the boron trichloride (BClB) diffusion step,
The sequence for lots D2 and D5 incorporates the boron diffusion cycle but
masks the substrate from the effects of boron diffusion with a protective
layer of silicon nitride (SSSNA). This was done to provide a control group
of cells with the simple n+p structure but one which has undergone the
additional thermal cycle of the 1000°C BCI3 deposition which the test lots
D1 and D4 must experience.

The thickness and resistivity of each wafer started In lots D1 through Do was
measured before processing. The average thickness for substrates in lots DI, DZ,
and D3 was 7,19 mils (0.12 mi| standard deviation) and the average resistivity
was 1.70 @=cm (0.27 Q-cm standard deviation). The average thickness for
substrates in lots D4, D5, and D6 was 4.29 mils (0.06 mil standard deviation)
and the average resistivity was 1.28 Q-cm (0.11 Q-cm standard deviation).

A comparison of typical |-V characteristic curves for cells from lots D} and
D2 is shown in Figure 14 and a comparison for D4 and D5 is shown in Figure 15. In
general, the p+ back surface enhancement effected a significant improvement for the
7.2 mi| substrates, while, for the 4.3 mi| substrates, the improvement was marginal,
It is likely that this difference in effectiveness is due to the non-optimum back
surface field (BSF) created with the particular boron enhancement layer. With
the very thin substrates, BSF conditions probably need to be much closer to ideal
to mask the front surface junction from the effects of back surface recombination.

It should be noted that, as for the case of test lots Al through A6, a

totally plated metallization system was employed for lots D! through D6. However,
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thiv time o nickel=-copper system was used, with copper serving as the conductive

R 4
o ,waw-nj

layer rather than silver,

It is interesting ic compare the 7.2 mil, diffused n+pp+ device

performance with the 17 mil n+p devices discussed in Section 3.5. Figure 16

shows such a comparison. With the incorporation of a p+ (boron) back surface
\ enhancement layer, the solar cells on 7 mil substrates are capable of equalling
the performance of solar cells on 17 mil substrates,

3.6.2 INITIAL iON IMPLANTATION INVESTIGATIONS

A major processing adaptation which may improve yield and throughput

of the cell fabrication process is the use of lon Implantation in place of
diffusion. With implantation techniques, a back surface p-type enhancement can
easily be incorpoi.ited to fabricate an n+p-p+ type cell. This should result

in improved performance from the thin substrates. By using ion implantation for

’ both the front surface phosphorus junction layer formation and the back surface

boron enhancement layer formation, nandling of the substrates is minimized and
processing sequences are greatly simplified over those for all~diffusion processes.
f This simplification of processing and minimization of handling will enhance "'he
ability to maintain high processing yields regardless of substrate thickness.
‘ irst experiments using ion implantation with thin substrates were
attempts to reproduce the baseline process cell structure so that results would
be comparable to the data of lots Al through A6, discussed earlier, Wafers sawed
to 8 mils and chem etched to 7 mils for saw damage removal were ..ssembled in lot BS8.
The average measured wafer thickness for this lot was 7.22 mils. Wafers sawed o

5 mits and eftched to 4 mils comprised lot B7. The average measured thickness

y
%
;

for B7 was 4.36 mils. None of these wafers were textured.
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Some of the wafers in B7 and B8 were lon implanted with phosphorus to form

DA i i . |

a front junction. After annealing, these cells underwent a mesa etch process

Basdh

to provide a junction area identical to the areas of lots Al through A6. A %
v ‘ silicon nitride AR coating was deposited, and this coating was patterned to form

the front ohmic contact grid. The exposed silicon in this pattern was plated with

E the palladium=-silver metallization system.
A
E ' A number of the completed cells displayed somewhat undesirable series ’

resistance and shunt problems. The exact reason for this has not been

determined but it may be related to difficulties with the mesa etch process.

Two of the better cells are characterized in Figures 17 and 18. Figure 17
shows cell No. 6 from lot B7. This cell is 4.4 mils thick and is not textured.
The short circuit currant value of 1205 mA is sliightly better than the average
for the diffused process lot A4, which was 1185 mA, However, open circuit

‘ voltage is lower for B7-6, being 560 mV compared to 578 mV for lot A4. Note,

r however, that lot A4 was textured.

Figure 18 shows cell No. 3 from lot B8. This cell is 7.2 mils thick
and is not textured. As such, it should be directly comparable to the data of
lot A6, which consisted of the same non-textured material. The 'SC' VOC values
of 1190 mA, 567 mV for B8-3 are slightly lower than The average values 1234 mA,
586 mV for lot A6.

The first attempts at an ifon implant process sequence were encouraging.
Severa! refinements in the implantation process sequence were then pursued.
Candidate ion implantation processes considered inciuded phosphorus implanted
front junctions and boron implanted back surface enhancements. Proce.s
variations studied included Implanting to the wafer edge with both phosphorus front
and boron back Implants and masking either the front or back implants to prevent
formation of a possible "high-leakage" p+n+ junction at the wafer edge. These

- experiments are tabulated in the next section.
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3,6.3 EXPERIMENTAL MATRIX SUMMARY

A summary of experimental lots studied is given In Table 21. This summary
notes the type of wafer and cell structure, as well as whether lon Implantation
or diffusion was used for processing. A few of the lots were abandoned before
being completed. Lots Bi, B5, and C2 were abandoned at metallization. Lot C2
could not be plated because of incomplete etching of the metal pattern into the
silicon nitride coating. Lots Bl and B5 exhibited large shunts because of metal
plating on the wafer edges.

Most of the lots designated as using an ion Implantation process were
attempts to optimize processing sequences for the 7 mil and 4 mil thick
substrates. The culmination of this effort Is represented by lot D30. Lot D30
was split in half., One half of the lots was glven a back-surface boron
implant to form an enhancement layer, the other half was not. Figure 19 shows
current-voltage characteristic curves for two cells from D30 -- one with a
boron back implant and one without, The important observation is that with the
boron implant, the 7 m: | thick cell performs as well as a 17 mil, phosphorus
diffused cell from lot Az, This is exemplified in Figure 20. The process

sequence for D30 Is given In Table 22.

3.6.4 P1LOT PROCESS CHOICE

On the strength of the good performance obtained from lot D30, an ion
implantation process was chosen for the pilot process sequence. Using lon
implantation techniques will ultimately allow minimization of the number of times
individual substrates must be handied. The basic outline for the pilot line
process is listed in Table 23. This outline is detailed, and the pilot

process experiments are discussed, in Section 3.7,

64




S TR BT e T T

Gl

N T

KLY

TABLE Z1: SUMMARY OF EXPERIMENTAL LOTS INITUIATED FOR

THIN CHLLL PROCESSING DEVELOPMENT,

as~cut to 8 miis, 1.5 u-cm
cut to 8 mils, chem-etched to 7 mils, 1.8 d=cm
cut to 5 mils, chem-etched to 4 mils, 1,5 si-cm
as-cut to 17 mils, 1.0 Q=-cm

AATER TYPE
|
i
1
Y
Vv

LOT
NO .

Al
A2
AR
A4
AS
At
31
TN
533
134
135
£330
37
833
C1
o
02
D3
D4
W
D6
D30

chem=etched and polished to 14 miis, 2.3 9-cm

diftused

ion implanted
mesa etched
planar

imptanted to cdge
n+p

n+pp+

oh

WAFER TEXTURED CELL
TYPE SURFACE TYPL
Vv yes n, M, STD
v yes 0, ", STD
f ves D, ', STD
P yes o, M, STD
{1 yos 0, M, STO
I no p, M, sTo
Hl yos I, £ 8S8F
I no I, &, BSF
Hl Qs I, P, BSF
Pt yes -
bI vizs I, £, Gof
I no b, &, 2gF
H no o0, ST & s
I no b, M STO & 85
I yes ', £, D3F
) yes I, E, BSF
H front 2, P, BSF
I front 2, P, STD
i front D, P, STD
1 front D P, B5F
11 front D, P, STD
11 front v, P, STD
I yes b, P, STD & Q&F
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TABLE 22: ION IMPLANTATION PROCESS SEQUENCE USED FOR
LOT D30

1. Start with 8 mil as-cut wafers which are chem-etched to 7 mils,
2. Texture both sides.,

3. implant front with phosphorus +ngug§ metal mask which protects
wafer perimeter, Dose: 5 x 10 “cm Energy: 35 keV,

4. Implant back yith bgron.
Dose: 5 x 10°7 cm Energy: 35 keV.

5.  Anneal 30 min at 200°C in N,

6. Deposit LPCVD silicon nitride.

o _a..,..ﬁm' e

7.  Anneal 60 minutes at 550°C in N,

8, Form ohmic pattern using photoresist to mask etching of silicon
nitride.

T T e T T e £

9. Plate Immersion Pd, electroless Ni, electrolytic Cu with
sinter after NI plating.

NOTE: for half the wafers in D30, step 4 was omitted so that there was ;
no boron back surface enhancement,
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TABLE 23: PILOT LINE "ROCESS SPECIFICATION OUTLINE,

Damage etch, clean, and textiure substrate,

lon implant front with phosphorus, masking perimeter, and back with
boron,

Thermal anneal and activate implanted dopant.

\

Form ohmic contact pattern by ctching silicon nitride.

Apply silicon nitride antirefiection coating.

Plate metal contacts using (palladium) nickel=-copper system,
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b 3,7 PI1LOT LINE PROCESS

E This section describes the preparation, processing, and test results

for a matrix of 418 substrates processed by the pllot process sequence previously
outlined in Table 23. This outline will be detailed later In Section 3.7.4 and
in the "Speclfication Process Sheets and for the Pilot Line Process" attached

in the Appendix to this report.
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3.7.1 DAMAGE_REM