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1.0 SUMMARY

' Several'speéific processing steps, as part of a fotal process sequence for
manufacturing silicon solar Cells, were studled during this contract.

lon implantation has been identified as the Motorola preferred
process step for impurity doping. Unanalyzed beam ion implantation has been
shown to have major cost advantages over analyzed beam Implantation. Further,
high quality cells have been fabricated using a high current unanalyzed beam.

Mechanically masked plasma patterning of silicon nitride has been |
shown to be capable of forming fine lines on silicon surfaces with spacings
between mask and substrate as great as 250 um (10 mils).

Extensive work was performed on advances in plated metailization. The
need for the thick electroless palladium layer has been eliminated. Further,
copper has been successfully.ufillzed as a conductor layer, utilizing nickel as a
“barrier to copper diffusion into the silicon.

Plasma etching of silicon for Texfuring‘and saw damage removal has been

shown technically feasible, but not cost-effective compared to wet chemical

etching techniques.



2.0 INTRODUCT ION

There is a high probabilify that flat plate solar photovolitaic modules
will become a major source of electricity generation throughout most of the .
world, and that the silicon solar cell will be the preferred generating element.
In order to provide a realistic framework on which to build an effective
program of R&D and demonstration for silicon solar cell modules, a series
of objectives has been established to lead to a 1986 goal of 70¢/peak watt (1980 $).
At this price, solar-generated electricity will be able foAcompeTe with
electric power generated by'any other means, provided the solar cell modules
are sufficiently reliable (e.g., have a mean life of 20 years).

To reach the 1986 JPL goal will require several advancements: 1) a
cheaper source of pure silicon, 2) a much more economical way of transforming
the source silicon into large, thin,. (essentially) single crystal substrates
having a controlled geometry, 3) an economical, large module package that
will protect the interconnected solar cells It contains for at least 20 years
from degradation caused by éxposure to Tﬁe weather, 4) an automated process
sequence that produces high efficiency, rellable, cheap solar cells, tests
them, interconnects them, and encapsulates them, and 5) a large market, of the
order of 500 Mw/year.

When the JPL/ERDA Low-Cost Solar Array (LSA) Project started, the Moforola
Solar Energy R&D Department participated in the Phase | of the Automated Array
Assembly Task. The Phase | study identified a few potenlially puwerful process .
sequences for silicon golar cell-prodUcTion; and experimentally verified the
overall consisfenconf the process sequence. 1t concluded that no basic
Techﬁological innovations were necessary fér solar cell fabrication or

encapsulation in order to meet the long range LSA Project goals. Detailed



economic analyses were performed, baséd on today's technologies, and showed
that it shouid be possible to meet the JPL cost projections for solar panels.

The overall conclusion of the Array Automated Assembly Task, Phase 1,
was one of cautious optimism. The present program, for Phase 2, has as its
objective the further development of specific process steps (in a particular,
powerful,proceés sequence) leading to a completely specified solar cel!l (and
module) production process sequence. This sequence must be capable of a
high degree of automation and control. A detailed economic analysis is a
major part of the program to ensure that The most cost-effective approach is
taken.

During the first part of the Phase || program, feasibility of the process
sequence and its individual process steps were confirmed. This, the second part
of the Phase || program, is concefned with specification of process.con+rol
parameters and |imits which will allow progress toward automation of the process
sequence. The main objective of this contract is sufficient process control
limit definifion to permit advanced equipment prototypes to be designed for

incorporation into an advanced pilot line facillity.



3.0 TECHNICAL_DISCUSSION

3.1 ION IMPLANTATION

Studies on ion implantation fbr impurity doping in solar cell structures

have emphasized the areas of process. control and high current unanalyzed beams.

3.1.1 SILICON'SURFACE LAYER CONTAMINATION DURING ION IMPLANTATION

I+ has been nofgd in the liferafure (1) that the ion implantation process can,
in itself, be a source of surfacelconTamlnaflon. Although the process is done
in vacuum, residual parfial pfessures of hydrocarbons from diffusion pump oil can -
result in polymerized.hYdrocarbon films because of bombardment by the ion beam.
Such films may change the etching properties of the silicon surface and; ultimately,
may affect fthe quality and integrity of metai-semiconductor electrical contacts.
lon implantation using large ion beam currents (In the milliamp range)
may be espeéially susceptible to this surface qoﬁfaminaffon effecf.

A c]ean, fiim=free silicon is hydrdphoblc, i.e., water does not wet
the silicon'surface. Alternatively, .such surface films as silicon dioxide (Sioz),
silicon nitride (Si3N4),.and‘ph§+oFesis+ are hydrophllic, being compte*eiy
wet by'wafer.' These properties are useful fof control in wet chemistry
processing steps, ailowing definitive end-point detection when removing surface
flims from silicon.’

In using the Varian/Extrion model 200-1000 high current machfneAfo form
solar cell junction and back surface enhancement layers, én etch resistance
phenomenon has been repeatedly observed. Wafers implanted with highvdoses
in this high current machine could not be made hydrdphobic“fn hydréflouric

acid solutions, implying that sounie surface contomination ic present.

(1) K. A: Pikar,."lon Implantation in Silicon" Applied Solid State Science,
Volume 5, R. Wolfe, ed., Academic Press, N. Y., 1975. '
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Such surface contamination may present production control problems, and a clean
silicon surface in the ohmic éonfacf areas is imperafive if consistent metal-semi-
conductor contacts are fto be produced. A recent paper in the literature (2) has
addressed this problem. it has found that ion-induced carbonaceous layers could
be removed from the silicon surface by anodic oxidation with subsequénT stripping
in HF solution. This technique appears to safisfacforily restore the silicon surface
cleanliness: (As long as the carbonaceous layer and subsequent oxide growth are at
most a few hundred Angstroms thick, the properTiés of the original silicén surface
may not be altered significantly.)

Alternatively, investigations were performed at Motorola using both
thermal and. plasma oxidation, followed by oxide stripping, to achieve the same
cleaning effect. Oxide layers grown in the range'from 2508 to 1000% thick
have Eeen effective in restoring TheAhydrophopic'na?ure of the silicon surface
after stripping Tha+ oxide in dilute HF solutions. For a thermal oxide, gfowfh
can pe accomp! i shed dyfing or after a fhermal‘acTiQaTi¢n ahﬁeal cycle. This can
be done in the same furnace tube or.in a‘sebarate furnace tube. As for a plasma
process, the only p[asma oxidation cche,cOnsTdéEedlfo d§+e provides about

40R of SiO at most. Therefore, this cycle mﬁsf be repeated several times,

2
stripping the oxide after eaqh cycle, to effectively remove the carbonaceous
layer;

The fact that a polymerizéd hydrocarbon film or carbonaceous layer is
responsible for the gnusual efchiﬁg/cleaning characteristics of high doée,
ion implanféd wafers is assumed (but not proven) from the cited reports iﬁ
the literature and the oﬁservafion that fhé oxidafion/sfrip fechnique'
sucessfuliy restores the surfane. If this assumption Is norrect, the best

processing response’ is to eliminate the effect in the first place, rather

than to fry to cure it afTerWards.

(2) fM.‘Y. Tsai, et. al., "Study of Surface Contamination Produced During
High Dose lon Implantation, "J. Electrochem. Soc.; $o|-$f. Sci. and Tech.,

Vo. 126, No. 1, Jan. 1979, pp 98 - 102.
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As recommended in Reference 2, the hydrocarbon vacuum pump oils
used in the ion implanter vacuum system were removed and replaced with
prefluorinated polyether pumpioil. Examination of implanted surfaces then
showed an improved ability to become hydrophobic, buf'nof to the extent deemed
desirable. Subsequent examination of‘fhe pump oils showed the presence of some
residual hydrocarbons from the original pump oils. Apparently, sufficient
quantities of these oils are still present in the system to cause difficulties.
A thorough dismantiing and cleaning of alt vacuum components appears
necessary to eliminate this residue. The resulfs,Awhile somewhat
inconclusive, indicate the desirability of the perfluorinated polyether oils.
Future vacuum systems for ion implanters should incorporate these oils from

the start to eliminate subsequent contamination from the hydrocarbon oils.

3.1.2 COMPAR1 SON OF.STARTING MATERIALS THROUGH ION IMPLANTAT!ON

A cbmparison.of deferenT,IngoT-grqwn,sférfing wafgrs for ion implanted
solar cells has been initiated. Wafers cut from both float zone and Czoéhralski
ingots have been ion implanted and activation annealed for comparison. Early
experiments indicated the pqssibilify»thaf float zone material was suﬁerfor'fo
Czochralski material.. Accordingly, a more defined experiment has been performed
to study the validity of the early results.

To minimize'possible processing variables, bare, smooTh, non-texture
efched wafers have been utilized for fhe comparison. While a number of lots
have been run, three representative groups are reporfed here. FEach of the
three groups consisted of 24 wéfers. In each lot, one hélf (12)
of the wafers were float éone wafers purchased from Wacker. These wqfers
were utilized as cOnfrolé fOrvcomparlson between lots. The other half of

each lot was comprised of Czochralski wafers from Wacker, Monsanto, and




Motorola, respectively. All dubstrates were p-type, but various resistivity
ranges were utilized.
Wafers were front ion implanted at 35 KeVIWIThiphosphorus at a dose of
2 x»1015/cm2. Back surface ion implants of 4 x 1015 boron were élso performed.
All wafers were then given a furnace activation anneal of 16 minutes at 850°C
in a nitrogen amblent, followed by a 120 minute anneal in nitrogen at 550°C. -
Open circuit voltage readings were recorded for each wafer under. both room

(fluorescent) lighting and a fungsten (ELH) simulation of 1-sun. The room

light open circuit voltage gives an indication of the cell fill factor -- high
values of room |ight VOC indicate good fill factor. For these wafers, short
circuit current readings were identified by measurement of the illuminated cells in

reverse saturation. The results of these tests are shown in Table 1 as an aQerage
for each Half lot. |

These measurements indicate that, withTn.experimental variations, all
materials give comparable values of 1-sun param;¥ers. A statistical difference

.

is seen for the Czochralski material for room 1igh+\5pgg circuit voltage. Further
processing of these cells through a silicon nitride anfirg¥{ec?iqn«coa+ing and
pre-metal patterning shows that +he~varia+ionjdisappéars at %@islsfage of cell

fabrication. For all practical purposes, thus, no basic différences have been

observed between the various ion implanted materials.

3.1.3 UNANALYZED BEAM |ON IMPLANTATION

lon implantation equipment which is commercially available today is not
capable of being incorporated into a process sequence which can meet the 1986
DOE goal of $0.70/peak watt (1980 dolilars). There are several factors which limit

today's implanters. First, the throughput of cells in today's machines is tog low.



TABLE 1

COMPAR1 SON OF ION IMPLANTED, SMOOTH-SURFACED MATERIALS

WITH AR

BEFORE AR
OPEN CIRCUIT SHORf CIRCUIT CURRENT -| OPEN CIRCUIT VOLTAGE
_ _ VOLTAGE (VOLTS) {milliamps) (VOLTS)
LoT MATERIAL ROGM LIGHT 1-SUN 1-SUN ROOLIGHT
YRL Voc 'sc VoL
SDO19 Wacker FZ ‘
1.3 - 3.0 Q=cm .308 .564 1050 .39
Wacker CZ :
1.9 - 2.6 Q-cm .276 ' .563 1050 .423
- $D020 Wacker FZ'
Mcnsanto CZ ‘ '
0.2 - 0.5 2-cm .283 573 1055 .440
S0021 Wacker FZ '
1.8 = 3.0 G-cm 338 . #9379, 1115 .432
~Motorola CZ
0.8 = 2.0 ¢-cm 1125 .386

.145 .564




being limited both by low ion beam'cuffenfs and'by mechenjcal tranport mechanisms.
Second, today's machiﬁes are very complex, resulting in three specific pfoblems:
(1) high cost, (2) large size, aﬁd (3) extensive maintenance. Restated, the cost
per machine is far too hjgh fer the +hr6ughpu+ rate of the equipment, while the
large size and Iew throughput reduire significant additional capital investment for
building floorepace.
- Two major areas of cost reduction are avaflable for ion imblahfafion. Eirsf,

ma jor increases‘in ion beam current Ievels.afe necessary fo make ion
implantation a viable long range solar cell manufacturing technology. (lncreases
of more than an order of maghitﬂde, to at least 100 mA, are required;)A In
addition, reduction of equipment cost is required to ensure that ion implanfafion
is a pre%erred technology for future selar cell high volume manufacturing.  If
successful, these innovations would ensure that ion implanfafion will be the
favored long range process for‘bofh p-n juncfidn'and BSF formation. A new
machine eesign philosophy, however; is required to achieve these objectives.

One of the major'facfors now IimiTing ion beam current (and throughput)
is the requirement of mass analysis of the ion beam. In general, any ion beam
will contain all of the possible molecular and atomic species which can be
formed from the source material. In addition, the ion beam may have foreign
species from the source chamber, vacuum Qalls,‘or pump oil. |n order to implant
only one afemie or molecular specie, the beam is mass analyzed to eliminate all
the undesired species.

Mass analysisvis commohly.performed by,accelerafieg #he ion beam, and
then changing the dlrec*non of the beam by passing it through a magnetic field.
lons which are too heavy are not bent enough. while ions which are too light
are bent beyond the desired direction. Only ions with the specifically

desired mass can pass +hrodgh the analyzer. By changing the field strength



of the analyzing magnet, the desired specie can be chosen. Mass analyzed
spectra for three source gases, phosphine (PHS)’ arsine (AsHS), and boron

+rifluoride (BF,), are presented in Figures 1 through 3, respectively.

3
The mass analysis process creafes a non-focused diverging ion beam.
Following analysis, thus, the beam is normally focused by magnetic fields
to the desired beam geometry. While this is suitable for small beam currents,
at -high beam currents the beam becomes self-shielding from the magnetic fields,
requiring greater complexf?y of equipment,
The equipment components for mass analysis and beam focusing are both large
and expensive, major factors In the total cost and floorspace requirements
of present equipment. |f mass analysls is not, in fact, required for ion

implanted solar cells, the equipment can be greatly simplified. Such a

simplification would be highly desirable from a cost stand-point.

3.1.3.1  SIMULATED UNANALYZED BEAMS

A series of experiments to Investigate the feasiblility of utilizing a
simulated unanalyzed beam were performed. For these experiments, all of the
major components of the ion beam, as identified In the spectra of Figures 1
through 3, are implanted into the cell in proportion to their relative
intensities in the spectra. This, in effect, simulates an unanalyzed beam
implantation from the gaseous sources. |t is not a full simulation, however,
since trace components of the beam are ignored. However; if high quality
solar cells can be fabricated from the present experiments, the potential
feasibility of an unanalyzed beam machine utlllzling yasevus svurces can be
established. The experiments, thus, while not sufficient, provide necessary
informéfion for the utilization of unanalyzed lon beams for solar cell

fabrication.

10
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In these simulations, the major ionic species present in the ion source
are implanted in proportion to their relative concentrations in the source
mass spectrum. Different isotopes of the same species are not implanted.
The species implanted are identified in Table 2 for each source. Groups of wafers
for fabricating solar cells are divided such that one half of each lot
received the simulated unanalyzed implant.
Cells were completed for both the arsine and phosphine sources. Data
for the specific cells.made from the analyzed and simulated unanalyzed implants
are shown in Table 3. For these two typas of implants, no statistical difference
can be observed for the arsine and.phosphine sources. For arsenic and
‘phosphorus doping, thus, no dele*erlous effects can be seen from the
implantation of hydrogenated lons.
While cells were noT‘compIéTed, ion implantation using all of

the major beam peaks in a BF, ion spectrum has been shown to produce high

3
qual ity photoresponse in sillicon p-on-n solar cells. Substrates of 7 mil thickness,
nominally 0.1 f2-cm arsenic doping, and smooth surfaces, have shown'open
circult voltages in excess of.600 mV and very high fill facters. In all
cases, “the BF2 component of the ion spectrum was implénfed first, followed
Ly uvther boron and tluorine components. The results show, in fact, the
fluorine is performing some "gettering" effect.
The use of a simulated uhanalyzed beam certainly appears {éasible based

on these experiments, The potential problem of implanting trace impurities,

however, remains unaddressed by these simulated techniques.

3.1.3.2  UNANALYZED BEAMS

In order to address the possible implantation of trace Impurities in

an unanalyzed beam, implantation with a totally unanalyzed beam is necessary.

14
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TABLE 2

SIMULATED UNANALYZED ION BEAM I“PLANTS

GAS SOURCE | ‘ PH3 .ASH3 BF3
Primary Species P3] (+1) : As75 (+1) B“ (+1)
- (Control)

31 75 11

"Unanalyzed" Species PT (+1) As' ™ (+1) B (+1)
P! (+2) As’® (+2) F'2 G
Pg‘ (+1) As;5 (+1) BFBO'(+1)
. 4 A 49
H, (+1) _ H2 (+1) o . BF2 (+1)



91

TABLE 3

CHARACTERISTICS OF SELECTED ION IMPLANTED SOLAR
CELLS FABRICATED UTILIZING ANALYZED AND SIMULATED
iUNANALYZED 10N BEAMS. (NON-OPTIMIZEC PROCESS)

! ]
, lSC (A) _ . \OC (v)
Arsine iAsH;) Source
'75 ) . :
As'” (+1) 1,335 0.575
~ Unanalyzed ' 1.37¢8 C¢.585
Phosphjnew(PHS) Source
Pl (+1) 1.325 C.582-
Unanalyzed ‘ 1.350 C.580

F.F.

73.7

74.7

73.6

(%)




In addition to eliminating mass analysis, a second change in implanter design

is desirable fo.accqmmodafe a very high ion beam current. The change is to
utilize a large area beam rather than a small area focused beam. I|f very high
beam currents are focused to a small area, current densifies would be very high.
- These high current densities are capable of‘causing significant localized
substrate heating effects, thought now to be defeferious to device performance.
Sﬁch localized heating effects, causéd by the very high local dose rate, can be
reduced or eliminated through the use of lower iocalized dose rates available
through a large area, high current ion beam.

Both features of a totally non-analyzed ion beam and a large area
beam are available through the modificafion of commercially available ion
mitling equipment. Modifications for safety, since phosphorus, arsenic, and
some boron compounds are highly toxic, are necessary.

lon mTiIing equipment has many features desired for mass production of low
cost solar cells.' A comparfson of simijarities and differences between
conventional ion implanters and ion millers is shown in Table 4. The ion miller
has the desirable features identified for future implanfafion equipment.

The Solar Energy R&D Department at Motorola does not noﬁ posess an ion
miiling unit. Arrangéments were made, however, to modify a unit in
anofher area for preliminary'experimehfs.

In an attempt to fabricate n-on-p juncfions‘forAsolar cell devices with
low energy, hi beam current, unanalyzed ion implantation means, an experiment
was organized to use a Commonwealth Scientific lon Milling machine. This
machine has a 4" diameter ion gun, 2.0 keV and 0.4 mA cm-2 capabilities. It was
modified to accept the dopant gas, 15% PH3 in 85% H2 and to exhaust the Qasfe

gases in a safe manner.

17



TABLE 4

A COMPARISON OF CONVENTIONAL !ON.IMPLANTATION

SIMILARITIES:

HIGH VACUUM

AREA DEPENDENT

AND ION MILLING EQUIPMENT

UTILIZE ACCELERATED IONS

DIRECT IONAL

"DIFFERENCES:

CHARACTERISTIC
IONS |
ANALYSIS
ENERGY

CURRENT

AREA

VACUUM

IMPLANTER
DOPANT SPECIES
ANALYZED

5 - 200 keV

1 - 10 mA

<10 cm2

1078 - 107 TORR
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MILLER

MOSTLY ARGON

UNANALYZED

0.3 - 1.0 keV

© 200 - 4000 mA

>200 cm2

2 -5 x 104 TORR




Substrate material chosen for Thié first experiment was Wacker float
zone 1.8 - 3.0 Q-cm, chemically etched, nontextured. In order to establish
useful ranges for the first attempt, various process parameters were given
wide limits. The p+ back surface enhancement layer was fabricated by several

means. Fifty percent of the wafers were ion implanted with B]1 at a

concentration of 4 x 1015 cm_z, 25% weré diffused with "standard" BCI3, and
25% undoped. Both of these process steps were completed before the p-n
junction was formed and both saw the anneal cycle that followed the non-mass-
analyzed ion implantation (ion milling) process step. The last 25% were ion
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implanted and annealed with 4 x 10°~ atoms cm-2 of 811 just before metallization.

No appreciable differences were seen between groups with ion implanted and
diffused methods of back enhahcemenf fabrication.
The n+ front surface was formed by utilizing the PH3 + H2 mixture in the
ion miller. This.was the first occasion that this species and-mixture of gas
had been used fo achieve an ion beam'in this machine} however, no difficulty
was experienced at all.
The substrate stage has 8 ea. 3".diahe+er wafer capability and 4 ion
Milling runs were done at different aécelerafing voltages and exposure
Times{ All the runs were done at about 0.10 to 0.15 mA cm_2 of beam current.
The fifsf group was implanted in the milling machine with 1.5 keV of energy and
with each wafer passed in front of an aperature in a shield which allowed about
3 - 4 seconds of beam exposure.on each wafer in turn corresponding to near
3 x 1015 ions ém—z. The second group Qas implanted in the miller with 2.0
keV of energy with each wafer passing twice in_fronf of the aperature for about
6 - 8 seconds of exposure, or apbroximafely 6 x 1015 cm-z. The Third'group was
not shielded at all and all 8 wafers saw about 2 - 3 seconds of beam. The fourth
group was not shielded and saw about 20 seconds of beam. or aboﬁf 6 x 1016 ions cm “.

The anneal cycle was 15 min. at 850°C in N, followed by 120 min. at 550°C

in N,. : .
2" 19



A mesa configuration on the cells (junction edge-etched structure) was achieved
by stacking all wafers in direct contact and plasma etching the edges of all wafers.

The AR coating was performed by first forming a thin silicon dioxide (8i0,)

layer -on the wafers followed by vacuum deposition of 700R of Si;N, and a further

_anneal of 120 min. at 55OOC in N The thin oxide Iayef was grown by a plasma

2t
oxidation step for 10 minutes. |In the plasma process, a plasma of oxygen ions is
formed from O2 in a standard plasma gleaning system widely used in the semiconductor
industry. The energetic oxygén ions from the plasma are capable of uniformly
oxidizing silicon surfaces to form thin SiO2 layers at temperatures near room
temperatures. | |

The preohmIC'p§++ern was accomplished with standard photoresist methods.

The pre-metal probe o% electrical pa}amefers showed group #4 (20 sec. of
beam) to be the only group worth metallization.

Meféllizafion was done by immersion, elecfroiess and'elecfroiyfic
methods to form a Pd-NiFCu-Ni layering.

Tésfing before mefallizafionAgavé the parameter estimates for the eight
cells of group #4, shown in Table 5. |

V-1 characteristi¢s (AM1) following metal of 4 of the célls are shown in
Figures 4 - 7. |

The results of This,experimenf show that solar cells can be made with
totally unanalyzed beam high cdrkenfbion sources. The potential cost benetits

of this techriique demand Thaf_fufure.effdrfs be expended in this area.

3.2 PLASMA ETCHING STUDICS
- The use of pfasma processing. as a rép(acemenf.for Qef chemistry
steps has been studied during this contract. Specifically, plasma réplacemen+
of three steps has been invesfigated: (n Mechanically‘masked plasma patterning

of silicon nitride layers, (2) plasma etching of silicon fo-remove either surface

layers or sawing damage, and (3) plasma texture etching.
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TABLE 5

PARAMETER ESTIMATES OF UNANAYLZED BEAM
ION IMPLANTED -CELLS PRIOR TO METALLIZATION

LOT NO. WAFER NO. OPEN CIRCUIT VOLTAGE - SHORT CIRCUIT CURRENT
5C018 5 594 my | 1135 mA

6 563 B 1110

17 523 780

18 593 1380
$C024 8 560 1080

9 578 1200

i0 - 570 | 1230

¥ 561, 1080



éc

1600

FIGURE 4: FLLUMINATED, ONE SUN, (AM1, TUNGSTEN SIMULATION)
VCLTAGE-CURRENT CHARACTERIST.C FOR NON-MASS-ANALYZED,
ICN IMP_ANTED SOLAR CELL. IMPLANT NAS PERFORMED AT LOW
ENERGY WITH AN ION MI_LING APPARATUS:. BACK SURFACE

FILELD: BCIB DIFFUSION.

1200

{000

' 600

299

CURRENT (mA)

CELL NO. 3¢oI8 -%

POLISHED SURTACE
Scy Ny AR coar

3 pin. WAFCA

voLTabE (wmV)
Zoo : 3900 . 400

I




€2

1600

FIGURE 5: ILLUMINATED, ONE SUN, (AM1, TUNGSTEN SIMULATION)
VOLTAGE-CURRENT CHARACTERISTIC FOR NON-MASS-ANALYZED,
ION IMPLANTED SOLAR CELL. IMPLANT WAS PERFORMED AT LOW

ENERGY WITH AN 1ON MILLING APPARATUS. BACK SURFACE

FIELD: BCI3 DiIFFUSION.

— 1000

j— 800

- 600

— 400

e 200

cuerenT (mA)

CELL NO, Scolg- 6

PoLISHED SVAFACE

3 Dia . WAfFel

VOLTAGE CmV)

200 3 <400
| [T



¥e

— 1600

e 1400

- FIGURE 6: ILLUMINATED, ONE SUN, (AM1, TUNGSTEM SIMULATION)

CHARACTERISTIC FOR NCN-MASS-ANALYZED, ION IMPLANTED

SOLAR CELL. = IMPLANT WAS PERFORMED AT _OW ENERGY WITH AN
ION MILLING APPARATUS. BACK SURFACE FIELD: B! IMPLANT
AND ANMEAL JUST PRIOR TO METAL PLATING. ’

1000

— 800

P 4900

— 200"

CURRENT (wmA)

teo

-éeu.' Mo, Scor® -t

POLISHED. - SelFACE -

2" DiA . WAFER

-

VOLTAGE  CmV)
200 300 %400 : €00 -

| N N




G

— 1400

FIGURE 7: ILLUMINATED, ONE SUN, (AMi, TUNGSTEN SIMULATION)
CHARACTERISTIC FOR NON-MASS-ANALYZED, ION IMPLANTED
SOLAR CELL:. IMPLANT WAS PERFORMED AT LOW ENERGY
WITH AN 1ON MILLING APPARATUS. BACK SURFACE FIELD:
811 PRIOR TO PHOSPHORUS FRONT SURFACE IMPLANT.

— (200

e} Q0O

— 200

p—— 600

— 400

— 200

CURRENT (mA)

\60

CELL No, Scoz4-9
POLISHED SURFACE
SiyNe AR cCoaT

3 prAa. warel

VOLTAGE CmV)
200 300 . 400 S00

600




3.2.1 PLASMAAPATTERNING

In the solar cell fabrication process sequence under development at
Motorola, a gilicon nitride layer deposited on the surface of the solar cell
must be éTched away'in the cdnfigura?ibn of the desiréd metal contact pattern.
This patterning of the silicon nitride has been achieved by use of a plasma
etching fechnique.

A baseline process sequence was established early in the contract
extension period for the blasma patterning process, and applied to textured
surfaces. From This baseline, variations were performed to improve
manutacturability, reprqducibili+y, and control.of the plasma patterning
technology. The technology is aimed at selectively and simultaneously
etching ohmic contact patterns into the silicon nitride on bofﬁ sides of a
silicon substrate without significantly etching the éilicon_surface beneath

those ohmic areas.

3.2.1.1  THE BASELINE PROCESS

The best pattern definition and selectivity have been achieved
by etching in what is referred to as the "reactive ion etching" mode. In
this mode, the water to be patternéd s piaced On Top o6t the same electrode
to which RF energy is applied. A plasma is struck befween that electrode and
the surrounding wa]ls of the vécuum chamber, which is at ground potential. The
plasma is established at low pressure, less than 0.1 Torr. The RF electrode
is capacitively coupled to the RF power supply and will float to a negative
UC bias with respect to the plasma potentlal. Thls esfablléhes ah electric
field which can accelerate ions from the plasma to the surface of the wafer
supported on the RF elecTrodé. This effect enhances the anlsoTroﬁy of the plasma
etching reaction and helps promote good line definition and mask opening

replication without etching beneath the masked areas.
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The baseline plasma patterning process sequence ié described'in the
fol lowing paragraphs. | |

A‘sfeel4shadow mask with openihQS/whereAfhe silicon niftride is to be
etched away is mechanically aligned tfo the front surface of a silicon nitride
coated solar cell. The cell and mask are placed on a sheet of flat ceramic
magnets which serve to hold the steel mask in registration with the cell
surface.

The magnetic pIaTe,'celI, and mask assembly is positioned in a vacuﬁm
chamber on the RF electrode plate. (Plate area is 196 cm2.) The electrode.
and chamber are preset at a temperature of 50°C.< |

The chamber is closed and pumped down to below 0.05 Torr. This requires
about 30 seconds. ‘ |

When pump-down is complete, RF power (100 waTTs.af'13.56 MHz) and etchant
gas flow (approximately 1 cm3/min.) are started simultaneously to generate the
plasma. In work to date, a gas mixture of 8% oxygen in Freon 14 (CF4) has been
used. Thé'plasma is.maintained for four minutes.

At the completion of the etch cycle, the RF power and etchant gas flow are
stopped, the chamber is vented wifhfniffogen, and the wafer removed.

This process yields excellent replication of the etch mask openings.

In fact, due to the nature of the reactive ion'plasma and the metal mask,

the |ine openlings etched In the sllicon nitride are typically a tew tenths
mil smaller than the line openings in the steel mask. The masks used for

the experiments have approxlmaTely'S mil line obenings.

This process can be performed without degrading SOIar.celf electrical
characTerfsTics. This.has been shown by dlrecf‘compariéon of solar cells
whose only difference in processing was the ohmic patterning step. Plasma
patterned cells have been coﬁpared with those patterned by conventional
pHoToliThographic +echniques using phofbfesis* to protect against buffered

HF etching.. Both patterning processes can yield high quality solar cells.
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This must imbly that even though -the CF4-O2 gas mixture is capable of etching
silicon as well as silicon nifride; any silicon etching which occurs while
clearing (patterning) Tﬁe silicon nitride is not significant.

This implicafién is confirhed py the etch rate dafa.presenfed in Figure 8.
These data were from a series of samples run at the same pressuré, and flow rate as
the baseline process. (Some electrode heating during the runs was possible in
These cases, however.) Both etch time and RF power were varied. Bare 'silicon
wafers were protected with photoresist so as to expose silicon areas in the shape
of a metal grid pattern. After plasma etching, etch depths into the silicon were
measured with a mechanicallinsfruﬁenf similar to a profllometer. While It is
obvious from the data in Figure 8 that the etching process is complex. silicon -
etching is not a serious problem. For example, silicon etch rates at 100 W RF
power are small enough so that even for the case df 100% overetching (etching
to clear Si3N4 in 4 miﬁ., then etching Si for an addifionél 4 min.), only 0.08 u
of silicon surface would be lost, Note that these data imply that the etch rates
for Si and for Si N, were:nearly equal for this particular process. Of course,

34

such a large amount of overetching is not required in the actual process.

3.2.1.2 ADVANCED PROCESSES

Advanced solar cell structures will probably have patterned both front
and back metallization contacts. For such cell geometries, it is.désirable to pattern
both sides of the cell simultaneously in order to minimi;e the number of process
sfeps and to maximize equipment throughput. In this way, front and back
symmetry of the patterns can be,readfly achieved without the necessity of
realignment fo an existing paTTerh on one side.

Advancements in ion-enhanced plasma etching of the silicon nitride layer

have been demonstrated. These advancements are the result of modifications in

equipment configuration.
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The baseline equipment configuration, figure 9A, has the cell on the RF
powered electrode with the vacuum chamber walls as the ground electrode. This
equipment has been mofified to have a grounded electrode parallel to the power
electrode, figure 9B. This is similar to the arrangement used for RF sputter
etching, and in general increases the plasma potential and ion density (3).

As expected, an increase in etch rate was observed; unexpectedly (but fortunately)
a significant improvement in etch anisotropy also occurred. This etch anisotropy
is evidenced by better dimensional replication of the mask in the nitride

pattern.

To evaluate the improved etch anisotropy, a metal mask was placed over the
cel |l separated from the surface by a spacer ring as in figure 10. The
nitride was then etched with plasma conditions similar to these ulilities for
the baseline process. Various thicknesses of spacers were used with resulting
separations of 0.005 to 0.020 inches. The maximum line definition lost (width
increase) was 10% for the 0.020 inch separation. To obtain such results, an
ion-enhanced etching mechanism (reactive ion etching) must predominate the
process. As illustrated in Figure 11, random gas motion of unaccelerated ions
and neutral species would cause efched lines several times larger than the mask
opening, even without surface migration of absorbed neutral and ionic species.
The accelerated ions, as assumed, would have paths essentially normal to
the power electrode and possibly have a fousing effect at the narrow line
opening in the mask, This effect has been observed in various ion sources (4),
and could explain the etched lines being narrower than the mask openings when the

mask is in direct contact wiih the surface.

(3) J. L. Vossen, Journal of the Electrochemical Society, Vol. 126, pg. 319

(February 1979).
(4) H. R. Kaufman, J. M. E. Harper, and J. J. Cuomo, Journal of Vacuum Science

and Technology, Vol. 16, pg. 899 (May/June 1979).
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Of major significance is the fact that the required paTTan can be
etched without intimate contact between the mask and cell surface. This implies
that a double sided process is feasible and may be easily implimented. Also,
the process can now be applied successfully to sheet substrates which may be
.less flat (and more .fragile) than as-sawed, single crystal material.

The plasma reaéfor was further modified by adding another grounded
electrode, and c¢hanging the péwer elecfrodé to allow the substrate to be
held between two metal masks, as illustrated in Figure 12. Using this new
configuration, the silicon nitride layer is etched iﬁ CF4 with 8.5% 02, at 100
watts of RF power, and at a pressure of 0.1 Torr. The front side of the cell
is placed face down on the bottom mask to obtain better resolution for the
front pattern, while the back side has an approximately 0.010 inch spacing between
the substrate and mask.  The results were éxcellenf, generafing sjmulfaneous
patterns wiTh sharp geometries equal to those previously generated one
side éf a time. Solar cells with efficienéies iﬁ excess of 14% (AM1) were
fabricated using these simultaneously forﬁed front and back ohmic patterns.,

The masks used during these experiments were thicker than those used in the
reported single side basel | he process, i.e. 12 mils versus about 5 mils.

Thicker masks are required to support the substrate, but have a limitation

in the line width which can be formed using common etching techniques. Line-
width on the j2 mi | masks are 7 - 8 m}ls. AT present this represents a

major requfremenf in developing of a production=ready process, and efforts
must be difeéfed toward mask development Technofogy.

A constraint of'fhe equipment design used to demonstrate the advanced'
process was the low ga§ flow rate, when opefafing in the ion-enhanced pressure
region near 0.1 Torr. This flow rate was difficult to control, causing
some process control variations. Accordingly, the equipment required

additional changes to Increase vacuum pumping speed. After some modification,
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an improvement was‘nofed In maintaing stable gas flows in the 3 cm3/minufe
range. However, this was still not totally adequate for a reproducible,
efficient process. |

- Another limitation of that equipment Is what can be generically called
"wall effects". These include both vacuum variations and ion recombination
effects due to the chamber's size and electrical interactions, since the
chamber was itself an electrode at ground potential. "Wall effects" of that
equipment physically limit the size of substrates that can be uniformily etched,
the usable pressure Eange, and the etch rate. These effects were reduced
by utilizing a more suitable equipment configuration; to this end, a unit
designed as a parallel-plate development system was obtained as a replacement
for the unit used for experiments to date. This unit is shown schematically in
Flgure 13.

The new unit uses a glass bell jar for the vacﬁum chamber; fhfs eliminates
the conductive ground surface near the electrodes. .|f also has a frfpie
electrode configuration = an RF poﬁer electrode between two ground electrode plates,
with gas inlets in all thres. This is easily adaptable to simultaneous front and
back pattern etching. The system's design'alléws highér pumbing speeds of
reactive gases and a lower resldual-gas Ievel'of 10$4 Torr. Aiso, larger
rectangular electrodes, 4" x iO", offer the capability of handling ribbon
substrales. |

Tests were initiatéd in This new syslem. The results seemed more
consistent with some improv;hen? in uniformify; However, somewhat lower
etch raTes'were experienced due to Iower power density from increased

electrode size.
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After preliminary evaluation of the new plasma equipment, however, a

major and persistent problem developed. There Is a mechanism whereby polymerization

of the fluorocarbon ions competes with the etching silicon nitride. The polymeriza- .
tion effect varies from a slight reduction in the nitride etch rate to causing

a secondary etch mechanism under the etch mask in areas which should not be
etched. Under certain condifions,.polymefizafion of the reécfanf gases totally
replacea all,efghing, Although it had been‘observed on occasion in the

previous equipment, it is more prevalent at the lower pressures. The gas

‘phase effects are also easier fo observe with the glass bell chamber. The
polymerization phénomenon is believed to be related to the Iow flow rate

or long residence time of the gases in the RF field and to the selection of
reactor materials. Increasing the pumping conductance of the vacuum system and
increasing the oxygen concentration significantly reduced the polymerizafion;
Also, the electrode spacing was increased to reduce the confinemenf‘of the
plasma dark space sheath at the Iower4pressure required for ion enhanced

etching. Piasma confinement increases the reaction of the plasma with the
electrode surfaces and concentrates the field within the plasma resulting in
increased polymerization. These steps baslcally eliminated the gas phase reaction
but nicke! and molybdenum components such as used for elch masks were found

to also cause surface polymerization. It is thought that since nickel and
molyhdenum form volatile fluorides that these may act to ini+iaTe polymerization.
However aluminum and copper form nonvolatile fluorides and do not promote
fiuorocarbon polymerization. A recent published study (5) verifies these
assumptions and gives a qualitative theory of 1The polymerization mcchanism

that is found in low-pressure, long-residence-time plasma systems used for

ion enhanced etching. Polymerization no longer presents a significant control

problem.

(5) J. W. Coburn and Eric Kay, "Some Chemical Aspect of Fluorocarbon Plasma
Etching of Silicon and its Compounds", IBM Journal of Research and Develop-

ment, Vol. 23, No. 1, January 1979.
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Mechanical ly masked plasma patterning of silicon nitride layers on
silicon solar cell substrates can now be considered to be a well established
process. What can be considered fine linewidths for solar cell processing, i.e.,
1 mil, has been demonstrated. Photomicrographs of specific etched examples are
shown in Figures 14 through 16. Figure 14 is a photomicrograph of an exposed
silicon grid line etched in silicon nitride AR film on a polished silicon
surface. This is a portion of the preohmic plating mask routinely etched on
3 inch solar cells. Figure 15 is a photo of a sharp 1 mil line delineated using
a resolution test pattern mask. An example of the resolution on textured
silicon surface is shown in figure 16.

It must be noted that while the process is proven, extensive efforts are

still required in both mask fabrication techniques and in automated equipment

design.

a2l PLASMA SILICON ETCHING

The sawing of large silicon cyrstals or ingots into thin substrates l|eaves
the surface extensively damaged. This damage consists of chips, deep
microcracks, and dislocation clusters. Recently, (6) the damage resulting
from a Hamco |ID saw has been described as 1 = 2 um chips with large microcracks
extending 10 to 15 um below the surface. A somewhat thinner damage layer
of 5 to 7 um has been observed with Motorola's wire saw technique (7). A
solar cell cannot be fabricated directly in such a loose, fractured surface
layer. Usually a considerable amount of material is removed (20 - 30 um)

before fabrication. Even though the texture etch processes used in the Motorola

(6) T. S. Kalan, K. K. Shih, J. A. Van Vechten, and W. A. Westdorp, "Effect
of Lubricant Environments on Saw Damage in Si Wafers," Journal of
Electrochemical Society, Vol. 127, June 1980.

(7) B. L. Sopori, "A Rapid Non-Destructive Technique for Monitoring Polishing
Damage in Semiconductor Wafers," To be published in Journal of Applied
Physics: Doe Contract No. AC-02-79ET-23104.
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FIGURE 14: PHOTOMICROGRAPH OF 5 MIL ETCHED
GRID LINE AT 110X.
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FIGURE 15: PHOTOMICROGRAPH OF A 1 MIL ETCHED GRID
LINE AT 430X.
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FIGURE 16: PHOTOMICROGRAPH OF A G MiL ETCHED GRID
LINE ON TEXTURED SURFACE AT 110X.
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sequence removes a considerable amount of silicon, most of the worst damaged
layer must still be removed. |f not removed, the damaged layer can result in
texture non-uniformities in peak heights, increases the time required to obtain
desired texturing and effects etch bath control and life. More importantly, some
electrical degradation may be contributed to not removing some saw damage before
texture etching.

Plasma chemical etching of silicon can be divided intfo two major
processing categories whose different properties are determined by the equipment
configuration. These are a volume loading process and a surface Ioéding process.
The volume loading process uses a barrel type reactor In which the plasma is
formed around the chamber wall and the eftchant species diffuse into the
substrates at the core. Thus, the silicon is etched by a gas containing
active species, usually atomic fluorine. In the surface loading process,
the substrates lie on one of two electrodes between which a plasma glow is
generated. This provides etching from active atomic species and ions but only
on the exposed surface. (Both processes were.InvesflgaTed to determine
operational and cost effectiveness for plasma etching of silicon saw damage.)

The barrel type reactor was evaluated first since its large batch
substrate processing and relatively low equipment cost made it a likely
cost effective choice. The equipment used was:-a Tegal Model 421, typical of
the type used cxtensively in semiconduclor processing. Using CF4 and O2 reactant
gas mixture, etch rates of over 3,000 R/min. were attainable. However, attempting
To remove silicon from both sides of a large number of substrates greatly
reduced the achievable etch rate due to the volume loading effects on the
reactant species concentration. As the silicon area increases the efch rate
decreases since the species production rate remains fixed with constant pressure

and RF power. There is a finite |limit of reactant species generation due to the
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power limit of the system design, and reactant species |ifetime decreases as
the pressure is increased. Besides reducing the etch rate, the closer
substrate spacing with large batch carriers introduced etch non-uniformity
across the substrates. Since the reactant gas diffuses from the edge to the
center of the substrate, there can be a substantial decrease in etch rate
near the center due again to reactant depletion. This can be improved by
increasing the spacing (reduced loading) and by lowering the pressure. An
additional observation of concern was that the plasma chemistry preferentially
etches the larger microcracks as shown in the SEM'micrographs in Figure 17.
These can adversely effect the texture etch peak height uniformity or cause
additional problems even if a texture etch is not used.

The maximum etch rates obtained were 600 to 800 R/min. using a reduced
wafer loading of 50 - 3" wafers at a pressure of slightly less than 1 Torr and
250 watts of RF power. This is higher than has been reported for integrated
circuit etching applications. This improvement was due to vacuum pumping
changes and increased ftemperature. This rate is far too slow to make this
technique economical for bulk silicon etching. For example, at BOOR/min., it
requires over 60 minutes to etch the minimum of Y um on 50 - 3" wafers. The
volume flow nature of this process also requires considerable amounts of carbon
tetrafluoride gas.

The parallel plate or planar reactor configuration was evaluated next. This
process is surface area dependent since the substrates lie on one of the RF
electrode plates. There is not the etch rate reduction due to reactant species
due to recombination before reaching the substrates since they are in the
plasma discharge. Both neutral and ionic species can effect the etfching
rate within the discharge. The etch rate is therefore much higher in the planar
reactor. Gas usage is more efficient and the equipment is more easily auto-

mated than the barrel configuration.
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FIGURE 17: SEM MICROGRAPHS OF (A) WIRE SAW DAMAGED SURFACE AND
(B) CF, PLASMA ETCHED SURFACE IN A BARREL TYPE REACTOR.
NOTE DéEP ETCH GROOVES.
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The equipment used in the evaluation was a modified barrel system
equipped with parallel plate electrodes which was also used for the initial
plasma patterning work. The efch rates were determined by weight loss and
substrate thickness measurement. Etch rates of 5,000 R/min. were obtained at 1
Torr and 300 watts of RF power. Using the small electrode, there was good etch
uniformity across the substrate. There was, further, no preferential etching
of larger microcracks as seen in the barrel reactor probably because the reaction
mechanism is confrolled by surface collisions. In fact, the surface appears to
be very similar to those obtained using wet chemistry etching except for smaller
features.

To evaluate loading effects and operational scale equipment, multiple
wafers were efched on a larger parallel plate reactor. This unit was also
equipped with an atomic fluorine emission detector. Since silicon etch
rate is determined by atomic fluorine, the emission intensity of the plasma
can be used to optimize the reactor parameters. The loading effects were found
to be less complex (two dimensional) and less severe due to reduced wall effects
with this process. The results were very good with etch rates over 1.2 um/min.
for small axial loading to 0.8 um/min. for fully loaded conditions. Uniformity
was more than adequate tor this process (>5%) with no apparent difficultios.
Consistent etch rates of 1 um/min. should be a reasonable performance |imit
using slightly higher power density and recent developments in gas distribution
to compensate for loading effects by several equipment suppliers.

Based on a 1 um/min. etch rate, this process is of questionable cost-
effectiveness tor saw damage removal. Assuming that a 10 um must be removed
to ensure all damage removal, the throughput, equipment cost, and gas
consumption be approximated to cost about 0.75 cents per watt per side.

This is not competitive with alkaline wet chemical etching to remove a
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comperabie thickness. |If a greater thickness of damage removal is required,
piasma efching becomes even less attractive. This method does, however, appear
to be cost-effective for removing thin (less than 1.0 um) on direct grown

sheet material ‘such as RTR or EFG ribbons, if this proves fo be necessary.

3.2.3 TEXTURE_ETCHING AND BACK SURFACE TRANSMISS ION

In the process of wet chemical +exfure eféhlng, both the front and back
side of the substrate will texture uniess an effort is made to mask the back

side with either a dlelectric. (S10 Si_N,) or a screened wax. This mask

2’ T34
must then be removed before further processing. Plasma texturing, with
mechanical masking of one side, can be envisioned as a technique for'fexfurlng
only one side of the substrate. The advantage of fexturing the front side
only is that as the |ight whléh fs-refracfed at the textured front surface
reaches a non-textured back, total internal ref[ecflon will take place. The
increase in short circuit current that this affords (for a patterned back
cell) must be weighted against that addifional_processihg expense of the
back protection and stripping steps or the cost of plasma texturing.

An experiment waé performed .to measure the actual amount of increase
in transmission through:-Si wafers which were given wet texturing of both
front and back as compared to only front texturing. In the experiment, a
high efficiency-silicon solar cell was used as an optical detector. The
edges of the detector were covered with a mask to breven? stray light or
scattered room light ‘from striking the cell. The experimental wafer was
+Hen placed directly over the:detector. An ENH duar*zline-lamp was then
used as a light source. The geometry of this apprafus»ig shown in Figure 18.

By using a high efficiency silicon solar cell as the detector of |(ight

47



N

/ \
' SHADOW ING MASK
CEEE—— )

TEST WAFER //

U

SILICON SOLAR
CELL DETECTOR

FIGURE 18: SCHEMATIC DRAWING OF TEST APPARATUS FOR TRANSMISSION
EXPERIMENTS. . '
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transmitted through two wafers, one Texfufed front and back and one textured
on the front only, an accurate measure of useful transmitted light
(i.e. .400um < A < 1.1um) can be obtained.

It was found that for 20 mij (500uh) thick wafers, the wafer that was
textured front and back TfansmiTTed‘ﬁore +han 3 (3.24) times the useable
incident iight, but the actual magnitude of the transmission would result
in only 0.175% loss in JSC’ compared to a loss of 0.054% for the polished back
case. For the thinner, more practical case of 7.6 (190um) mi| wafers, the
I};ng_of transmitted light is, fo first order, the same, but the magnitude is
much larger because, of course, more light remains fo be absorbed after 7.6 mil
(190um) penetration than after 20 mils (500um). Empiricélly, the ]dss in
JSC increases from 0.054% (for 20 mit, front textured, back polished) to
0.18% for 7.6 mil. The loss for the textured front and back increases
from 0.17% (20 mil) to 0.65% (7.6 mil). In all cases, no front or back
metal was on the test wafér, making the observed amount of transmitted light
greater than for an actual cell.

Thus, for the %hinher wafer, the much simpler fexfﬁring of both sides

of the wafer results in a reduction of Ju.. of 0.65%. Since such a smal |- change

SC
in JSC will have no measurable effect on~VOC or the fiil factor, the overall
reduction in conversion efficiency will be by the same factor, essenffally

reducing a 15.00% cell to a 14.90% cell. At.a cost of.$0.70/wa++, this
amounts to an increase in cost of 0.46 cenfs/waff. The cost of protecting the
back side froh texturing, either by masking or by plasma fexfuring must not
exceed this cost.

The above-anélysis is a wofsT case condition, Thfé is because .of
two assumptions made, namely; all of the light that is totally internally

reflected by the one sided textured sample will.be fully absorbed; and that none
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of the light Trahsmiffed through the two sided textured sample is reflected

back into the cell by the back of the module.

| The second assumption deserves further comment. Because the back side

has a patterned mefallizafion, a pé?ferned Si3N4 coafing is present as a

ptating mask. The S|3N4 thickness is the same as that on the front, textured
surface where it serves as an antireflective coating. It will serve exactly

the same way for |ight which, having been fransmitted through the cell, is

now redirected onto the back surface from any reflective backing utilized In the
module. This implies that the above discussion of losses Is overestimated,

and that the actual reduction in efficlency due to front and back texturing may

be negligible once the cell Is properly encapsulated.

3.2.4 ___ PLASMA TEXTURE ETCHING

Texture-etched |ike surfaces on silicon have been achieved in a
convenfiqnal plasma etching system. Demonstration of this process was perforhed
on ribbon-to-ribbon (RTR) material grown Internally at Mofbrola.

Texture etching of polycrysfalllne sllicon materials occurs readily.
ln the case of polycrysfalllne materials, as in the case of single crysfal
wafers, the (111) crystal surfaces are left, forming pyramidial shapes. In
the case of pqucrysfalline haferials, however, these pyramids are not
normal to the surface, as fhey would be on a (100) single crystal substrate, but are
. rotated to oﬁe side depending on the orientation df the grain in which they
exist. A SEM photomicrograph of a texture etched RTR sample, etched by
conventional wet chemistry techniques is shown in Figure 19.

In contrast, SEM‘phoTomicrograsz of a plasma "texture etched" samplé
are shown in Figures 20 and 21. These were etched in a CF4 0, (8%)

plasma in a barrel type reactor. The total etch time was about 30 minutes.
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FIGURE 19: SEM PHOTOMICROGRAPH OF A TEXTURED RTR
SAMPLE ETCHED 'BY WET CHEMISTRY AND SHOWING
A GRAIN BOUNDARY.
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FIGURE 20: SEM PHOTOMICROGRAPH OF A PLASMA TEXTURED RTR
POLYCRYSTALLINE AREA. ;
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FIGURE 21: SEM PHOTOMICROGRAPH AT GREATER MAGNIFICATION OF
ONE AREA SHOWN IN PREVIOUS FIGURE.
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The geometrical shape of the plasma textured surfaces is not as sharp
as that formed by wet chemistry and can be described more accurately as
an egg-carton type geometry. This shape is extremely attractive as an
effective |light trap, but appears to be much more fragile and susceptible
to peak breakage. Further, the geometry may present problems in ion
implantation, perhaps causing locallized shadowing.

In order to achieve the anisotropic efching, the etch conditions were
changed from attempts at plasma etching saw damage removal. The gas flow and
pressure must be reduced to allow a much slower etch rate. These conditions
would be necessary regardless of the reactor geometry or type. |t is concluded,
thus, fthat the low throughput and high equipment cost preclude the use of
plasma ftexture etching. Further, based on the discussion in the previous
section, one sided texturing is not critical from a cell (module) efficiency

standpoint.

D23 METALL | ZATION

At the present time, two techniques for forming metal contact on solar
cells remain potentially viable from both cost and technical considerations:
plating and printing (silk screening). The plated metal process has how
shown distinct advantages over the printed process.

The PdZSi - (Pd) - Ni - solder metallization system for silicon solar cells
has been developed at Motorola. This system can be considered the baseline system

which all other competing systems must strive to outperform. A full description

of the Pd2$i—(Pd)-Ni-so|der metallization is available in another report (8).

(8) R. A. Pryor, DOE/JPL Report No. 954689-78/4, "Metallization of Large
Silicon Wafers, Final Report for JPL Contract No. 954689 (1978).
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Several developments in plated mefaillzaflon were éfudied simultaneously
for this contract. Using the palladium=-nickel-solder metal system developed
under JPL Contract No. 954689 as a baseline process, new procedures were
generated to substitute coppef for solder as the conductive layer and to.
| eliminate the use of the relafive|y thick and expensive elecfroless palladium
for the silicon contact layer. - The thin immersion pallédium, however, may be

retained.

3.3.1 NICKEL PLATING

In the past, experiments attempting to plate electroless nickel directly
to silicon using the usual ammonia-based. nickel chloride bafh’haQe ylelded
Inconsistent, and therefore unsuccessful, results. In some Instances,
éxcellenf bond strength and contact resistance would be obtained, while in some
others, contact sTFengfh would be ¥ofally'inad§quafe. The primary reason for
inconsistent contact performance was a tendency for fhelplafing bath to |
produce an oxide interface layer on the silicon surface faster than it produced a
plated nickel layer, THis oxide.inferfaclai layer prevented the effective (and
confrollablé) nickel silicide formation needed for adherence.

The interfacial oxide‘prob!em was solved in The baseline (PNS) process by
using immersion'and eleqfroiess'p{afed paliadlium layers, bﬁ# The‘eleéfroless -
palladium |ayef confribufés a éignlficénf coszfo the prccesé. Experiments
have been initiated to eliminate the elec%rofess pélladiuh plating step |
in the PNS process, using onjy an immersion palliadium silicon surface
preparation followed by the elecffoless hickel‘deposifion. While this has been
readily pérformed with the original nickel bafh, it has not yet resulted in |
consistently satlisfactory nicke! layer adhesion. It seehs that the same

oxidizing effects may be present whether TheAspecified nickel solution is
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used on bare silicon or on silicon sparsely coated with palladium from an
immersion solution. |

The direct use of nickel and nickei—siliéide ohmic contact layers have
been re-evaluated. In facf, it has been discovered that .consistently
strong nickel contacts can be obtained after heat treatment of nickel layers
formed directiy on the silicon surfacé by electroplating, Apparently this
is possible becabse of the differences befwéen the behavior of the.-alkaline
electroless nickel baTh-specified in the PNS process and the acid electrolytic
nickel bath used in the present experiments. The nickel layer produced‘by the
alkaline electroless bath is the nickel-phosphorus mixture, containing a.few percent
phosphorus, while the léyer produced by the acid electrolytic bath is essentially
pure nickel with no component of phosphofus; Moreover, in directly pla+ing the
nickel layer onto silicon with the electrolytic nickel proéess, there appears to
be no Tendency to form an interfacial oxide. Thus, the nickel iIs in inTimqfe
contact with the silicon'surface. The result is to allow the conTroIlabie
formation of a very adherent nickel-silfcide.layer (Ni?SI)'af very low Tempefafures
(250 - 300°C) and in time infervals of 15~ 60 hinufes.

Experiments were conducted using a commercial electrolytic nicke! bath.
A formulation based on nickel sulfamate was chosen because This'chemisfry is
widely recognized as providing nickel depbsifs with veryvlbw Internal stress.
Low stress is important for building reasonable deposit thickness without
generating adhesion problems before nickel silicide formation and for not
Imparfing stress to the silicon crystal lattice near the juncfién (which could
&egrade currenf—volfagé characteristics of a solar celf).

- The electrolytic nickel .plating solutions were prepared from nickel

sulfamate solutions hanufacfured by Allied-Kelite of Des Plaines, 1liinois.

Instructions for preparing and using the plating solutions were obtained from
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technical data sheets for the "Barre++ Sulfamafe.Nickei Plating Process,'Type'SN'.
The basic formula for the Barrett SN solution is 76.5 g/% of nickel. metal in the. )
form of nickel sulfamate.plus SO‘g/z'of boric acid. The nickel metal content |
is supplied by Barrett Sulfamate Nickel Rép]ensiher Solution, Type SNR-24, which . .
contains 180 g/% of nickel metal. Other solution additives such as an anodg
corrosion chemical (Barreff Additive "A" , 3 g/2) and an anti-pit agent (Barrett
SNAP, 0.4 g/&) may be used (but were not used for most of the expérimenfal éTudies).
Optimum operating paraméfers given for the Barrett SN process include a bath
temperature of 49°C, solution pH of 4.0, tank Volfage between 6 énd 12 volts,
and cathode cufrenf densify‘sefween 10 and 20 mA/cmz. Typiéal 3 inch diameter
solar cells with patterned front metal and solid back metal have an exposed area
of about 50 cm2. Therefore{ cathode currents of about 0.5 to 1.0A were actually
used.

Experiments with electrolytic nickel were performed with the plating
solufion contained in quartz beakers on top of magnetic stirring hotplates. A
sulfur depolarized nickel anode was used.. Plgfing voltage and current were
‘supplied.wifh a sfandard-regﬁlafed power supply, and typical plating times
ranged béfween 1 and 10 minutes.-

It was determined that for:aT least some solar éell&sfrucfures, nickel
p[a+ing could be initiated directly 6n the exposed silicon front and back
surfaces wWith no pretreatment other than a diIuTe'hydrofluorlc acld (e.g.,
10:1 HZO:HF of 50:1 H20:HF) rinse to ensure oxide;free sillcon. surfaces. In
performing the electrolytic nickel plating process, no tendency to form
oxide inferfa;es between the silicon_and nickel waé observed. This is probably
the major reason for the excellent adhesion obtained with nickel layers which
have been deposited with this bafh (and subsequently heat-treated). Such layers,

afTer‘+rea+men+s of as littie as 15 minutes at BOOOC, have passed the requirement

that verfical pul i-test failure occur by silicon substrate fracture. Moreover,
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the process of applying the nickel ‘layer and forming the nickel silicide
contact does no*4degrade solar cell electrical berfofmance.

There. are, however, some prebautions to be noted before the successful

producfion-ready development of electrolytically plated nickel contacts is
comp leted. 'Firsf,’fhe‘plaflng process is dependent on solar cell structure
since electrolytic plating performance depends very much on silicon surface
conductivity. Therefore, celfs with both a froﬁf surface diffusion and a back
surface enhancement will adapt more readlly to the electrolytic process
than cells with no back surface layer. Secondly, electrolytic processing requires
electrical contact to the solar cell so that I+ may be made cathodic. The .
proper fixturing required to make effective elec+rica| contact to the bare
silicon of the solar cell, and yet not -shadow the cell or rob current from the cell,
Is not a trivial design problem and may require a fair amound of engineering
development.

A potential drawback, thus, of electroiytic nickel plating to bare silicon
may be the requiremehT of careful attention to the fixturing and jigging arrangements
which provide electrical contact to the cathodic solar cell. Because of the
tixturing compliexity (especially associated with the electroplating of bare
silicon), it would be desirable to use an electroless nickel bath to form
the silicon contact layer. Thus, a re-evaluation of electroless nickel solutions
was undertaken.

Electroless nicke! solutions routinely used by the semiconductor industry
for plating silicon usually consist of nickel chloride and a sodium hypophosphite
reducihg agent in an ammonical bath maintained at proper pH'by excess amounts
of ammonium hydroxide. A complexer such as~sodiuﬁ citrate is also used. From past
invesffgafion of electroless nlickel solutions, it appears that a basic, high

pH solution is required to effectively plate silicon. Therefore, in
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re-evaluating the direct use of electroless nickel, chemistries were considered
which were alkaline in nature but which used substantially different solution
_componenfs. Baths using nickel sulfate rather than nickel chloridé were.
prepared. The amount of ammonium hydroxide required for pH control was reduced.
'Sodium pyrophosphate was used as a complexing agent. Both sodium hypophosphite
and dimethylamine borane were considered for feducing agents. In general,

no substantial difference was noted between the phosphorus reducing agent and the
.boron reducing agent with respect to plating sliticon solaf cells. Hence

the less expensive sodium hypophosphite was chosen for further experimentation.
The formula used for further experiments Is glven Iﬁ Table 6.

The performance of this electroless nickel chemistry has been studied by
Schwartz (9) and Feldstein (10) for applications other than silicon plating.
However, this solution has proven to give excellent performance when used at
ﬁoderafe temperatures (SOOC -.70°C) to plate slliconf Direct plating can
be initiated in a matter of seconds .on clean, heavily or lightly doped n-type
silicon, or on lightly doped p-type silicon. .Some difficulty which has .not yet
been resolved occurs when trying to plate heavily doped p-type silicon, such
as a BSF layer for an n+pp+ solar cell,

To circumvent such difficulties, and fo intfroduce a uniform, repetitive
plating situation, a surface bre-freafmenf has been employed to prepare the p+
and n+ s!llcon surfaces fur simuitaneous nfckel pla+ing; The pre-treotment
consists of a short (2-4 min.) immersion in a dilute paltadium chloride
solution which deposits a very thin and adherent palladium filmon all
exposed silicon. This film need not be continuous but is dense enough to

effectively caTaIyze the subsequenf elecfroless nickel dep05|f|on The

(9) - M. Schwartz, Proc. Am. Electroplat. Soc., 47, 176 (1969).

(10) N. Feldstein, RCA Review, 31, (2), 317 (1970).
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TABLE 6

ELECTROLESS NICKEL FORMULATION USING NICKEL SULFATE

REAGENT CONCENTRATION
Nickel Sulfate (NiSO4'6H20) 25 g/¢
Sodium Pyrophosphate (Na4P207-IOH20) 50 g/%
Ammonium Hydroxide (58% NH4OH) 22 mi/%
Sodium. Hypophosphite (NaHZPOZ-Hzo) 25 g/4
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immersion palladiﬁm solution has been déscribed in other Motorola reports

and consists of palladium Chloride in aAdiluTé, aqueous ammonium fluoride solution.
After palladium sensitization and water rinsing, the solar cell is

plafed in the sulfate electroless nickel solution for about 4 minufés. This

_is sufficient to ébfain a ﬁickel contact layer on the order of 5000 R thick.

With this electroless nickel chemistry, no tendancy fo oxidize the

silicon surface has ever been observed. The result is a nickel layer (with a

very small percentage of palladium) which is in intimate contact with the

silicon surface. This assertion is born out by the fact *ha+ very low

temperatures (250°C) are sufficient to react the nickel-silicon interface

to form nicke! silicide (NiZSi), thus obtaining strong metal contact adherence.

Such rapid silicide formation at low temperatures is in agreement Wifh studies

found in the technical Iiférafure where vacuum deposited nickel layers are formed

on freshly cleaned silicon surfaces. As much as 400 - 500 R of nickel

silicide can be expected after heat ftreatment at 250°C for 60 minutes (11).

3.3.2 COPPER AS AN ECONOMICAL CONDUCTOR LAYER

The minimum cost achievable for any mefa|liza+ioq system is |imited by the
cost of cbmponen+ materials. All printed metallization systems which have been
‘safjsfacfbrily utilized with soiar cell structures (for contact to the
shallow Junction areas) are based on silver as the primary canducfor. No
printable base metal system has been reported to be satisfactory for
utilization on soilar ce[ls. The Moforpla plated metal system, discussed above,
utilizes soider as the brimary conductor. While solder can be broadly classed
as a base-metal, it ig‘relafively expensive. A conductor layer material such as

copper would be much cheaper.

(11) K. N, Tu, W. K. Chu, and J. W, Mayer, Thin Solid Films, 25, 403 (1975),
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Some pertinent properfies‘of potential conductor layer materials are
presented in Table 7. fwo important observaffons can be made. First, the
conductivities of silver and copper are comparable, thle solder is a relatively
poor conductor. Second, in order to achleve a given conductivity for any given
conductor geomefry, 11% more silver, and over 800% more solder, (by weight),
would be required compared to copper.

The cost of metals varies significantly as a function of flmé In a manner
determined more by supply and demand factors than by inflation. For the basis
of this discussion, the prices for the three metals were ldentified on March 29, 197§
and are presented in Tabie 8. On a welght basis, copper Is signifiéanfly cheaper
than solder and less than 1% of the cost of silver.

When the cost per pound of a mefél Is correlated with the weight
requirement for a unit conducfi?lfy, the cost of a metal as a conductor can be
determined. UTinzing +he.3-29-79 prices, solder %S‘abouf 40 times as expenslye
as -copper, while silver Is about 115 times as expénsive as coppef. During 1979 and
1980, metals prices varied wildly. Silver prices rose by an order of magnifude,A
while copper pfices rose less than 50%. Subsequently, prices have decreased.
but copper has held even greater cost advantages over silver and solder than
indicated by the prices above. On a cost basis, thus, copper is extremely

attractive as the primary conductor metal on solar cells.

3.3.3 COPPER-SILfCON INTERDIFFUS ION

Any solar cell metallization for Terrestrlal applicafiqﬁs must, in
addition to being sufficiently economical, pEovide both excellent electrical
performance and ensure reliability under actual operating conditions. Numerous
‘candida+es exist which wII} provide suitable electrical perforﬁance, Suf which

fail the reliability criterion. In order to perform reliably, the solar cell
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TABLE 7

COMPARISON OF SELECTED PROPERTIES OF METAL CONDUCTOR LAYERS

SOLDER :

(6OSN-4OPB) . COPPER SILVER
RESISTIVITY :
(Micro Ohm-cm) 14.5 1.673 1.59
DENSITY
(g/cm™) 8.53 . '8.96 10.49
RELATIVE WEIGHT PER UNIT . ’
CONDUCTIVITY 8.26 1.0 1.1
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TABLE 8

COST* OF CONDUCTOR METALS ON MARCH 29, 1979

SOLDER**
(60SN=-40PB) COPPER
COST PER POUND ‘ 4.67 1.00

*BASED ON PURE METAL COMPONENT COSTS

*¥*NNES NOT INCLUDE ALLOY FORMATION COSTS
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metallization must both maintain exceilénf adherence to the solar cell and, at
the same time, not contribute to deéradafion of the electrical characteristics.

A severe criterion would be that the only satisfactory adherence test
of a metallization system for solar cells is a mechanical pull-fest which
shows ﬁo separation of metal layers and which guarantees that separation
of the metal from the cell is accomplished by silicon fracture. (Motorola's
palladium silicide-nickel-solder metallization system satisfies this
criterion.) |

During operation, for a minimum of a 20 year life, the metallization
must not contribute to a significant loss in output power from the solar cells.
Such a loss could occur either from an increased series resistance, due to
such phoenomenona as corrosion or metal migration, or from degradation of Thé
silicon cell behavior, such as could occur by diffusion of the metal
iﬁfo the silicon. Diffusion of metal fnfo'fhé silicon could cause degradafiﬁn
of minority carrier lifetime in the silicon, decreasing cell efficiency. From
all tests performed to date, the PdZSi-(Pd)-Ni-solder system appears'sui+able
from these standpoints.

The substitution of copper for solder as the primary conductor layer.in the
metallization system would result in substantial materials cost savings. Subsfifufioﬁ
of copper for solder should have no impact on metal adhesion, but copper can have a
degrading effect on cell electrical performance if it accumuiates near the
p-n junction.

The diffusion of copper in silicon is exfremely rapid at low temperatures.
While copper present in silicon before device processing can be gettered or

precipitated (12) copper penetration following any high temperature processing,

(12) A. M, Salama, "The Effects of Copper and Titanium on Silicon Solar Cells,"
The Conference REdord of the Thirteenth |EEE Photovoltaic Specialists
Conference - 1978, p. 496, 1978.
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such as from cell metallization, can significantly degrade cell efficiency (13).
Diffusion kinetics can generally be described by an Arrhenius type

relation,

: -9

D=D_e RT
o}

where D is the diffusion coefficient, Do Is the pre-exponential or frequency
factor, Q is the activation energy, T is absolute temperature, and R is the

gas constant. The penetration of a |imited amount of impurity into another

species at one temperature can be approximated by a gaussian distribution

where C is the concentration of the impurlty at dl$+ance X, Co is the surface
concentration, D is the diffusion coefficient, T Is fﬁe time of the diffusion,
and n is.a constant determined by the diffdsloﬁ geometry. On Tﬁe other hand,
if the source of impurity is infinite, penetration is described by

X

nbDt : '

A measure of impurity penetration for either case can be taken as the

C = C0 erf

distance ¥Df. Further, at a distance of 10 ¥Df, vanishingly small amounts
of the impurity will be found. A suiltable diffusion barrier, thus, has a thick-
ness of at least 10 /Dt. |

In operaT{oﬁ, the solar cell will be subJecTed only to haxlmum temperatures
near 100°C. Unfortunately, no diffusion data exist for copper in silicon for
this temperature range, requiring exTrapoiaTion from higher temperature data.

Such -an extrapolation, howsver, does not appear unreasonable.

(13) T. Daud and K. M. Koliwad, "Effect of Copper Impurity on Polycrystalline
Silicon Solar Cells," Ibid, p. 503. .
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Diffusion of copper in silicon has been studied for the temperature range of
400°C (14). These data are approximately reproduced in Figure 22 and extrapolated
to the lower temperatures of interest. From this figure, diffusion coefficients
for copper in silicon in the range of 50°C to 1200C have been determined and are
shown in Table 9. These data have been utilized to calculate the distance VDt
for copper in silicon at these temperatures for a time of 20 years, Table 10
for copper in silicon at these temperatures for a time of 20 years, Table 10.
These distances are on the order of 1 c¢m in this time-frame, a distance which
virtually ensures copper throughout a silicon solar cell operating for 20 years.
Thus, cell degradation is virtually ensured during the required operating life if
copper is allowed direct contact to silicon.

It is apparent, thus, that a barrier to copper diffusion info silicon is
required to ensure cell reliability. Nickel appears to be ideal for this
purpose. Diffusion data for copper and nickel have been compiled (15), and
representative data are presented in Table 11. Again, extrapolation of high
temperature diffusion data is required. Both copper and nickel exhibit complete
mutual solid solubility, and both have face-centered-cubic crystal structures.
Extrapolation of diffusion data for face-centered-cubic materials over large
temperature ranges has proven satisfactory due to the extreme dominance of
diffusion by a single vacancy mechanism in these materials. The exfrapolation
is primarily dependent upon the accuracy of the high ftemperature data.

The diffusion data for copper and nickel, shown in Table 11, are
reasonably self-consistent. There is, however, sufficient scatter to make

precise extrapolations unreliable. Precise diffusion distances are not

(14) R. M. Hall, et. al., Final Report, AFCRL Report 62-533, Contract AF 19
(604)-6623, May, 1962, as quoted in Fundamentals of Silicon Infegrated
Device Technology, Volume 1, Oxidation, Diffusion, and Epitaxy, Edited
by R. M. Burger and R. P. Donovan, p. 235, 1967.

(15) John Askill, Tracer DiffusionData for Metals, Alloys, and Simple
Oxides, 1979.
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TABLE 9 -

' - 14)
EXTRAPOLATED DIFFUSION DATA FOR COPPER IN SILICON ¢

TEMPERATURE DIFFUSION COEFFICIENT

T ~ D (cm?/sec)
50 3.0x 10710
80 1.35 x 107°
100 3.15 x 1070

120 6.7 x 107
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TABLE

PENETRATION OF COPPER IN SILICON FOR A PERIOD OF 20 YEARS

TEMPERATURE
T (°c)
50
80
100

120

10

.70

DI STANCE
(cm)

0.44
0.92
1.4

2.1




L4

BULK MATERIAL

Copper
Copper
Copper
Nickel
Nickel
Nickel
Copper
Coppef
Nickel
Nickel
Nickel

21.5 at % Ni
45.4 at % Cu
13 at % Cu_

Cu
Cu
+ 21.5 at % Ni:

+ 45.4 at % Cu
+ 13 at % Cu

DIFFUSING
SPECIES

64
64
64
64
64

" Cu

Cu
Cu

Cu

Thet
Ni &3
Ni &3
Ni S
Ni 63

TABLE 11

REPRESENTATIVE DIFFUS ON DATA FOR COPPER AND NICKEL

ACTIVATION ENERGY

64

Q (kcal/g.atom)

48,2

48.9
55.3
60.3
63.0

61.3

69.2

49.7

60.3
74.9
60.5

(15)

FREQUENCY FACTOR

Dg (cm4/sec)

0.33
1.86
1.9
2.3
1.5
0.65
2.22
0.063
2.3
35
9.96

TEMPERATURE

863
780
863
985

1054
850
900
930
985

1054

1000

"RANGE ("C)

1057
890

1112

1210
1360

. 1360

1200
113
1210
1360

1400



necessary +o_de+ermine the suifabilify.of nickel as a diffusion barrier for
copper; a general range is satisfactory. Accordingly, typical data, rather
than specific high accuracy data, will be utllized.

Typical qafa for diffusion of coppéf into nickel and nickel rich alloys
of copper and ﬁickel can be épproximafed from the data in Table 11. For this
.purpose, values have been chosen as folloﬁs: |

Q = 60 K cal/g. atom

b, = 1.5 cm2/se¢.
Utilizing these numbers, values for dlffusion coefficients, D, and diffusion
distances, vDt, have been calculated, Table 12. From these calculations, it
can be seen that /Dt is vénlshingly small at 100°C. 1f 20 years storage |
occurred at SOOOC, YDt would be 10-7 cm ,<)r"10"3 micrometer. This means that
at SOOOC, 10¥Dt would be only 100 angstroms in 20 years. Nickel 1s, thus, an
extremely effective diffusion barrier to copper. |f processing inlerconnection
or encapsulation requires times as long as 30 minutes at a temperature near
SOOOC, the nickel is still an extremely effective barrier. Copper substitution

for solder in the Moforola plated mefal‘sysfem can be both technically anﬂ

economical ly possible.

3.3.4 COPPER PLATING

Copper plating is a widely utilized technology. Adaptation to piafing
pf copper on solar cells, however, required development. Diue to the
reqUiremenT of a nickel barrier to copper diffusion into silicon, plating of
copper on solar cells is realy always plating of copper on nickel.’

In addition to being necessary as a barrier to copper, nickel serves én

_additional function for copper plating of solar cell metallizations. The
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. TABLE 12

CALCULATED DIFFUSION DATA FOR COPPER INTO NICKEL,
UTILIZING ASSUMED VALUES OF Q= 60 k cal/g.atom AND

+ = 20 vyears |

T (°C)
100

200
- 300

+ = 30 min

300

1.6 x 10

1.5 cm /sec

D .(cmz/sec')

7.8 x 107°°

2.2 x 10728
23

1.6 x 1075

23
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7 x 10714
3.7 x 1010
1% 1077

1.7 x 10~19



nickel tayer increases surface.conducfivlfy of the cell contact areas, so that,
once a nickel layer is bresenf, even though it has only moderate conductivity
itself, it expedites the subsequent uniform elec#roplafing of additional layers
of mefaf. Major requirements for obtaining a saTisfaéTory copper layer are
design of the fixturing for making electrical contact fo the cell while plating,
and the choice of the electrolytic copper plating solpfion chemistry.

In preliminary experiments, electrical connections to the external power
supply (providing electrolytic blas) for copper plating were made in the same
*ashion as those described for.electrolytic nickel plating. ‘Thaf is, fixturing
was employed which was as simple as an-alligafor clip, or as elaborate as specially
constructed holders consisting of copper rings and contacts mounted in teflon
handles. Of course, making electrical contact to the nicke! for copper plating
is much easier than making contact to.the silicon to plate fhe‘nickél layer. The
nickel layer guarantees more uniform current distribution across the surface of the
cell and hence more uﬁifofm plating. - In addition, the plating bath contact
itself is more consistent because It is metal (fixTure)‘fé metal (solar cell nickel
layer) rather than metal to silicon. Optimization of a plating contact
“fixture has not yet been attempted buT;shoufd be a straightforward exercise in
engineering design. |

Cholce of an.elecfrolyfic copper pIaTlng sblufion is less obvious. . Initial
coppeeriafing experiments utilized a cyanide solution, such as for the
Lea-Rona | % Q-Level Copper Plating Process. Such solutions are known fo
providé highly efficient copper depositions with good throwing power.

Throwing power is a measure of the degree of uniformity with which metal is
deposited on an irregularly shaped elecfrode; By .providing good throwing power
(uniformity of aeposi+), effects of the actual elecfkical contact fixturing, and

position of the cell in the plating tank with respect to the anode, are subordinated.

‘*Lea-RdnaI Inc., Freeport, New York 11520
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There are, however, several difflculfies with cyanide copper procesées.
One immediate problem is the séfeTy requirémenf of a cyanide plating hood and
drain which are sepafafe from all other acid faclliTles; This means that the
plating tanks and rinse baths must be separate from-anyApre-blafing, acid
cleaning facilities or any pre-copper pléTlng sotutions such as acid
elecfrolyfic nickel plating Safhs. Another problem with cyanide copper
plated layers is the inherently high internal stress in the metal layer.
Of the four widely used types of electrolytic copper solufléns (sul fate,
f luoborate, pyrophosphate, and cyaﬁide), the cyanide solutions deposit layers
with significantly more internal stress. Such stress can promote future
delamination of plated copper layers as well as Impart strain to the silicon
'Iafffcé in the vicinity of the metallurgical p-n junction, and thus introduce.
fill factor degradations. |

To circumvent cyanide problems, subsequent experiments wefe Initiated
with acid copper sulfate éoluquns. The first tests were made using the
'Lea—Rénal Copper Gleam PC bath which is adQeifised to provide a bright -
ductile copper deposit particularly suited to the needs of the printed circuit
indusfry; This bath consists of coppef,sul?afe‘(B-iZ oz. gal.), sulfuric acid
(22-28 62./gal.), chloride ion (30-60:ppmf, and a proprietary brightener (Lea-Ronal
Copper Gleam PC, 0.4 - 0.6% vot.). The operating temperature range for this
bath Is 70 - 90°F. |t was used at room temperature (wi%hin this range);
proving successful in that it was capable of plating to the nicke! layer on the
solar cell, and of .being operafedlln the same hood along side the electrolytic
nickel plating solution. | |

Anficipafing that it may be desirable to reduce internal stress to a-

minimum in thickly plated copper layers, experiments were initiated to study
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low stress copper pfafing soluTioné. An excel lent refernece (16) was

found which'gives detailed measurements of the properties, such as stress,
of deposits from numerous copper solutions. Two low stress copper suITafé/
sulfqric.acid solutions suggested by (16) have been evaluated. Two formulas
are listed in Table 13, |

Formula 1 provides a plating bath which has low internal tensile stress.
Formula 2 provides an internal stress which can range from very low tensile to
low compressive. These Sfmple formulas have proven to give satisfactory
plated copper layers over electroless nickel base layers. Copper layers as
thick as ten micrometers.can be plated in 5 to .10 minutes. Adhesion is excel lent
and stress appears to be no problem. Plating can be accomplished at room
temperature.

Formula 2 has been adopted for routine use in eQaIuaffng the.nicke!l copper
solar cell mefallizafion system. Results of cell tests wiil be reported later.
One addition to the copper solution which may prove to be desirable is a
brightening agenf. Addition of a brightener can lower stress and improve

ductility. A commercial brightener has been ordered and will be fested.

3.3.5 CELL FABRICATION STUDIES

Tg test the ability of a plated nickel layer to serve as a diffusion
barrier for an electroplated copper conductor layer, several heat stress
experiments-have been performed. Various samples have been heated in
nitrogen to temperatures of 300°C and 400°C for times of 15 to 60 minutes,
tn all cases, no degradation of solar cell perlormance was noted when a
plafed nickel barrier was presenf, buf‘cafasfrophic degradation, usually in
the form of a total elecfricél shunt of the solar diode, occurred when no
nickel was present.

(16) V. A. Lamb, C. E. Johnson, and D. R. Valentine, Jouhnal of the Electrochemical
Society, 117, 291C, 1974.
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TABLE 13

LOW STRESS ACID COPPER ELECTROPLATING SOLUTION FORMULATIONS

FORMULA 1:
Distilled or Deionized Water, HZO to desired volume
Cupric Sulfate, CuSO4-5H20 87 g/2
Sulfuric Acid, HZSO4 o 14 ml/z
FdRMULA 2
Distilled or Deionized Water, HZO ' '+o desired voliume
Cupric Sulfate, CuS0, *5H,0 | 187 g/
Sulfuric Acid; H,SO 21 ml/g

2774

77



As an example of stress tests, two cells were prepared with electroless
nickel layers approximately 50008 thick. These were nominally three inch diametet
cells with complete metal coverage on the back and abouf 8% coverage for the
metal grid on the cell front. The front grid pattern was formed by eféhing
the ohmic paTTefn into an existing sllicon nitride antirefliection coating
using photoresist techniques. Thus, the silicon nitride also serves as a
plating mask for the selective plating of electroless nickel.

After nickel deposition the cells were heated at 250°C in nitrogen for
30 minutes in order to form an adherent contact by nickel silicide formation.
When pull tested, similar cells prepared at the same time as the two test
cells failed only through concoidal fracture of the silicon under the pull
test tab. |

One of the two test cells was then etched in an aqua regia solution
(3:1 HCI:HNO3) to remove all of the nlckel layer. This cell, and the cell
with nickel still intact, were then both plated with copper in an acid |
electrolytic copper solution., The copper was plated to a thickness of about
8 microns.

At this point, current-voltage characteristic curves were measured for both
cells. Measufemenfs were made with no illumfnafion and with éimulafed
(fungsten quartz-halogen lamps) one sun illumination. In the dark, sufficient
data were taken to plot the fogarithmic current versus voltage curves.

These curves conveniently display the behavior of low-level excess curré%fs
which directly influence solar cell fill factor. Under illumination, the
standard solar cell ﬁharacferfsfic curve was plotted to obtain values for

open circuit voltage, short circuit current, efficiency, and fill facfor.'
Before heat stress, both Teéf devices are excellent solar cells, each with £ill

factors just exceeding 80%. -Bofh cells were then heated to SOOOC for 15 minutes.
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Current-voltage characteristic curves for the two test cells for
measurements taken both before and after heat stress are given in Figures 23 and
24 for the cell with the nickel barrier removed and in Figures 24 and 25 for
the cell wiTh.The nickel barrier intact. The results are dramatic. The _
cell without the nickel layer is thoroughly destroyed. The cell with the |
nickel retains its excellent characteristics.

As indicated in Figure 26, the illuminated characferisfic curve remains
unchanges after heat sfress for the celi protected with nickel. The only
change occurs for very low level currents, as seen in the log | versus V
curves of Figure 25. In conTrésf,.The log | versus V curve for the cell
with nickel removed, Figure 23, shows an enormous increase In excess current -- so
much so that the cell characteristics are totaliy dominated by this cqrren*.

The effect, as seen in Figure 24, Is to lower the cell output voltage to less
than one fourth of its original value. |

~The failure of the cell without the nickel barrier layer after just 15 minutes
at 300°C is no surprisg. I+ is expected that copper will easily diffuse on the
order of 200 miérons through silicon for this level of thermal stress. This
is, in fact, about the same as the wéfer thickness (7 mils) used for the
test celfs.

The test cell with the nickel barrier layer that suffered no ill éffecfs
after 15 minutes at 300°C was given an additional 45 minutes to etfectively equal a
Total stress Tfme of 60 minutes, four times longerAThan the first treatment. As
observed in Figures 25 and 26, the additional time at temperature had no
effect on the solar cell operating characteristic and had only minimal effect
on the diode low level excess current. In fact, the cell fill: factor was still

maintained at 80%. Although improbabie, the slight changes observed in the low
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FICURE..23: Lngarithmic current versus voltage

curves for solar cell plated with
copper but with no nickel .barrier
layer. Severe degradation occurs -
after heat treatment.
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FIGURE 24: One sun, illuminated characteristic

curves for solar cell plated with
copper but with no nickel barrier
layer. Performance is thoroughly
destroyed after heat treatment.
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FIGURE 25: Logarithmic current versus voltage

curves for solar cell plated with
copper on top of a nickel barrier
layer. No important changes occur
alter heal lroalment, o
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current portions of the Iog'l versus V plots of figure_ZS may be due to very
small and localized pinholes in the hlckel layer through whlch_coppe( has
penetrated. On the other hand, the slight Increases may be due to nickel
itself diffusing to the junction in localized areas, may be dué to other
impurities from the plating operation, or may be due to stress.

These results indicate that the plated nickel-copper metallization system is

truly viable as a solar cell metallization system.

3.3.6 METAL TOP SURFACE PROTECTION

The nlckel-coppgf mefalfizafion system has the desirable qualities of
high performance and low cost. As previously discussed, nickel serves as a good
ohmic contact (through nickel siiicide formation) and as a barrier to copper
diffusion. Copper Is the best low cost conductor évailable; It is.élso
readily solderable in solder reflow interconnection schemes.

,.Coppef, however, may be subject to oxldafldn during any thermal cycles

at interconnection. Moreover, the amount of copper sufface oxidation,
- sulfation or ofher corrosion during solar cell fleld service will depend on
the extent and type of cell encapsulation. Copper sulfation and oxidation are
assumed To‘be undesirable, since the feac+ed copper will be less conductive than
pure copper, caUsing ohmic losses. Such ohmic losses may lead to solar cell
degradation and eventual fallure. | o

There are two ways to breVenf copper surface reactions. The.possiﬁilify of
oxidation dufing interconnection can be elihinéfed by choosing the proper soldéring}
Technique, such as soldering under an {nerf ambient Iikelargon. The
possibility of reaction durfng field service can be minimized wifﬁ an

effective encapsulation system. However, there is little knowledge of the
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effects of 20 years service life on today's encapsulation systems. Tﬁefefore,
it would be prudent to seek an ékffa degree of insurance agains+ éopper
degradation.

Additional protection of the copper suhface again§+ oxidation can be
provided by using a +hird metal layer as a profecffve cap on top of the
nickel-copper_me+a|Iizafioﬁ. Such a protective cap could consfsf of tin,

a nickel-tin alloy, a lead-tin alloy, nickel or nickel cbmpounds, palladium,
~gold, chrome, etc. All these layers could minimize or prévent coppér
oxidation. Obviously gold or palladium could’bé very costly and are to.
be avoided. | |

" The layer which fs moszeaéily.achieved'isAfin. A protective tin cap'can'
be formed in a simple immersion fin solution. There are numerods commercial
baths available, all developed to plate tin Tatcopper. A Tih'layér of Eeasonaﬁle,
Thickneﬁs, say 50 miqroinches (i.ZS'micfomefers) wiil_proVide éxcetlenf' |
corrosion profecfidﬁ and mafnféinlsﬁrface soldérabili*y, However, there are:
some bofen*iaf disadvantages with tin. Tin is a loﬁlmelfing poinT“ﬁeTal
(232°C). . It's use would preclude any heat stress tests after it was applied
To.The copper. Pofehfial stress tests woufd include metal sinfering‘or
Tésfing The fnfegri+y of Thé_nfckel contact copper barﬁier; Furfhermbre; if the
entire cell is heated during 501der inTerconnecTién, the total tin surfacé hai'
be melted. The potential dangeF of melting Thé(+iﬁ §urface is that.the -
molten tin will readily dfssolvelinfo The‘copper, forming an élloy and
negéTLng the profecfivé surface coating.

Another po%énfial'difficulfy wiTh“a proecfiVe Tin'layef,as well as wifhw
bare copper itself is that copper can readi]y dissolve into the solder during
interconnection. This can be troublesome if fine grid lines are used forlfﬁe

metal grid pattern and if the conductive copper is dissolved away just at the
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point where the grid lines join the buss. fhis could introduce. further ohmic
losses.

The next mosf easily applled metal cap is probably nickel from an
electroless nickel bath. The proper chofce of elecfrbless nickel could be
'plafed direct!y to the copper surface. Nickel solutions using boron reducing
agents are known to plate copper without any special sensitization. The
smal | bercen*agé of boron Iﬁcorporafed in such a nicke!l layer encourages an
additional degree of solderabflify compared to pure nickel or phosphorus-nickel.g
However, minimizing nickel oxidation before solder interconnection remains the '
principal concern. Once inferconnecfe&, nickel oxlidation is self-passivating
and the nickel layer cén prbvide excellent long term protection to the copper.
In addition, a4nickel-copper-61ckel metallization system should be capable of
wi+hsfanding thermal stress withd+ degrading its bgneficié] properties. A
.profecfivé top layer of nickel wéulq remafn virfuélly<unaffec+ed by a
solder interconnection proéess, since the nicke! will not inferdiffuse with
the copper and since the dissolufion,rafe‘of nickel into lead-tin solder is
much slower than aﬁy other hefal-ﬁﬁder consideration. |

" Other possible protective top layer choices are nickel-tin or lead-tin
alloys. These combine some of the individual advantages andjd!sadvanfages of
tin and nickel. One processing difference is that such alloy layers are
formed by electrolytic plating, which requires special jﬁggfng and fixturing.

Whichever metal is chéseh as a top Iayer p}ofecfanf, iTlis'believed
important to use‘such a layer for the additional margfn of insurance it brovides
toward extending the service life of photovoltaic cells. Many of the
combinations listed above.have beeh‘invesfigafed duriﬁg the course of Thfs

~contract. Two that have been sfudied in some detail are tin and nickel. An
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electroless tin solution (Cu Tech ST 240) manufactured by Coppertech, Inc., of
Al lentown, Pennsylvania was used to provide an experimental tin layer. This
proved to be readily solderable, even after weeks 6f storage. However, the low
temperature melting point problems discussed earlier were evident. Experiments
with nickel top surface layers were performed using an electroless nickel
solution consisting of nickel sulfate, 25 g/%, Sodem pyrophosphafe, 50 g/l,
ammonium hydroxide, 25 ml/%, and dimethylamine borane, approximately 2 g/%.

The resulting nickel deposit contains on the order of 1% or less boron. It

has been noted that this composition seems. to maintain solderabflify even after

15 minutes exposure fo air at 325°C on a hot plate. This was not the case

-for .electroless nickel-phosphorus compounds that were studied. Thé.phosphorus-

nickel layers are most difficult to solder after short exposures to elevated
temperatures in“afr,
In summary, an eIecTrolesS nickel top surface protective Iéyer'over the

copper conductor layer of the so]ar'cell metallization seems to make the right

'comprqmise and provide both processing compatibility and long ferm protection

when produced with an electroless nickel solution using a boron compound reducing

agent.



4.0 CONCLUS IONS

While numerous conclusions can be drawn from the work performed on this

contract, there are several signlficaﬁt copciusions which overshadow the
others. |

1. The,Thiék.elecffoJess pal fadium Iéyer in the Motarola PNS
metallization sysfem can'be.elihinafed through the use of
suiféb}e nickel plafihg ba+h compositions for both electrolytic
and electroless Techniqués. | |

2.. Copper can be successfully used as the primary conductor layer for
silicon solar cells. Niéke] is é suitable silicon contact and
barrier to copper dlffuslon._ Further, electroless nickel, utitizing
a. boron compound as the bath reducing agent, provides a good top
surface protection to the cdpper.

3. '-Mechanically masked pilasma paTTerniﬁg of silicon nitride on a
silicon surface :is capable of Qpening-lines with widfhs‘of‘one mi |
(25 pm). Excellénf mask repfoducfion of fi;e mil (125 um) lines
occurs even with Spaces as greaf,as Ten.mils (250 M) Setween the
the mask and substrate.

4, Plasma etching ot thick surtace layers to rémové saw damage4or TO
-perfofm surface texturing is. not cost-effective due fo the long etch

" t+imes and resulting slow throughput.:

5. lon implantation using high current unanalyzed beams can be used
to fabricate high quality solér cells. This can significantly reduce
The cablfal cosf'of equlbmenf and floorspace required.for ion implantation.

6. A.SAMICS analysis of‘fhe Motorola procéss sequencé was performed. |
Tncluding formation of the initial silicon sheef; ribbon-to-ribbon (RTR)
regrowth, cell processing, and encapsulation, the SAMICS calculafions

show a price of $0.6609 $§ (1980)/watt (for a 100 megawatt factory)

with an energy payback time of 0.767 years.
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5.0 ___RECOMMENDAT IONS

No specific recommendations can be made at this time.

6.0 CURRENT PROBLEMS

No current problems have been identified.

7.0  WORK PLAN STATUS.

The work plan is complete.

8.0 “LIST OF ACTION ITEMS -

No items requiring unusual action have come.to light during this report

period.
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