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1.0 SUMMARY 

Following a substantial delay in funding, this contract was again fully 

funded in Apri I. This report covers the reduced efforts during the end of 

1978 and work initiated in Apri I, 1979. 

During this period, alI tasks progressed according to scheduled plans. 

This report highlights the process verification efforts, ion ·implantation 

investigations, plasma etching, and cost factors in the metal I ization processes. 

Specifically, several items were discussed. Completed modules were delivered to 

JPL to demonstrate the process sequence. A surface film has been observed on 

ion implanted wafers which has tentatively been associated with break-down 

of the vacuum pump oil during implantation. A baseline process for plasma 

patterning of si I icon nitride on a si I icon substrate has been specified. In 

;•ddition, copper has been shown to have strong cost advantages over other metals 

for~ conducto~ layer; and nickel has been identified as a desirable barrier 

between copper and si I icon. 
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I. 0 I ~JTRODUCT I ON 

There is a high probabi I ity that flat plate solar photovoltaic modules 

wi I I become a ~jor source of electricity generation throughout most of the 

world, Gnd that the si I icon solar eel I wi I I be the preferred generating element. 

In ord~r to provide a realistic framework on which to build an effective 

program of R&D and demonstration for si Iicon solar eel I modules, a series 

of objectives has been established to lead to a 1986 goal of 50¢/peak watt. 

At this price, solar-generated electricity wi I I be able to compete with 

electric power generated by any other means, provided the solar eel I moduleS 

nrA c;tdficiently relial>le (e.g., have a moan life of 20 yenrs). 

To reach the 1986 JPL goal wi I I require several advancements: 1) a 

ct1eaper source of pure si I icon, 2) a much more economical way of transforming 

the ~ource si I icon into large, thin, (essentially) single crystal substrates 

h0ving a control led geometry, 3) an economical, large module package that 

wi I I protect the interconnected solar eel Is it contains for at least 20 years 

from degradation caused by exposure to the weather, 4) an automated process 

sequence that produces high efficiency, rei iable, cheap solar eel Is, tests 

them, interconnects them, and encapsulates them, and 5) a large market, of the 

order of 500 Mw/year. 

When the JPL/ERDA LSSA Project started, the Motorola Solar Energy R&D 

~0partmont participated in the Phase I of the Automated Array Assembly Task. 

The Ph~se I study identified a few potentially powerful process sequences 

for si i icon solar eel I production, and experimentally verified the overal I 

consisiency of the process sequence. It concluded that no basic technological 

innovations were necessary for solar cell fdb1·ication or encapsulation in . 

order to meet the long range LSSA Project goals. Detailed economic analyses 
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were performed, based on today's technologies, and showed that it should be 

·possible to meet the JPL cost projections for solar panels. 

The overal I 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 process sequence) leading to a compietely specified solar eel I <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 I I program, feasibi I ity of the process 

sequence and its individual process steps were confirmed. This, the second part 

of the Phase I I program, is concerned with specification of process control 

parameters and I imits which wi I I allow progress toward automation of the process 

sequence. The main objective of this contract is sufficient process control 

I imit definition to permit advanced equipment prototypes to be designed for 

incorporation into an advanced pi lot I ine faci I ity. 
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3.0 TECHNICAL DISCUSSION 

3. 1 DEMONSTRATION MODULES 

Variations of the Phase I I process sequence were used to fabricate two 

demonstration modules. The modules were of the standard Motorola design with 

low-iron glass front covers, staintess steel backs, and si I icone gel encapsulation. 

Thirty-six eel Is were series connected with flexible interconnects for each 

module~ Under pulsed xenon AM1 simulation, the modules delivered a maximum 

power of approximately 18 watts with open circuit voltage cv0c> of 20 volts 

and short circuit current ( lsc> of 1.2 amps. Characteristic curves for the modules 

are shown in Figures 1 and 2. 

Up to the point of forming the metal contact pattern in the front surface 

antireflective Si 3N4 coating, the eel Is for each module were processed in the 

same manner. Three inch wafers were first textured on both sides. Then a boron 

implant was performed on the back surface, followed by a phosphorus implant on 

the front surface. Both implants were perpendicular to the substrate (zero angle) 

at an energy of 35 KeV. The boron dose was 3.48 x 10 15 cm-
2

.and the phosphorus 

1') -? 
dose was 1.74 x lU em . Since these Implants wen~ ~er·funut:lu u11 l~xlu1'8d 

2 X 10 15 cm-2 and surfaces, the machine doses above correspond to actual doses of 

15 -2 
1 x 10 em , respectively, on the (111) facets of the textured surface 

pyramids. This results because of the increased surface area of a textured 

surface over that of a smooth surface. 

After I on I m~ I e::111l d 1· i un, boron ~nd phosphorus e I ectr I Ci:'ll act I va"l"i on w1:w~ 

achieved during the same 45 minute cycle during which the antireflective 

layer of si Iicon nitride CSi 3N4 > was deposited by a low pressure chemical 

vapor deposition <LPCVD) process at approximately 780°C. This simultaneous 

implant activation anneal and dielectric deposition cycle has been proven 

effective. 
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At this point, the eel Is used in module 1 were subjected to a photo-

1 ithographic process to form the desired metal grid pattern in the front surface 

Si
3

N4 layer. This process requires co~ting with photoresist and then aligning, 

exposing, developing, and etching to open the met~l contact areas. This is 

·standard "semiconductor" procedure. On the other hand, the eel Is used in module 

2 were patterned using.the plasma etch process being developed for Phase I I. This 

process requires simply placing a metal shadow mask over the eel I front s~rface 

such that the patterned areas to be etched are exposed to the plasma. The 

entire etching process is accomplished in about three minutes with no 

expendable materials other than the gas (such as CF4 > used to create the 

reactive plasma. 

AI I eel Is were then metal plated and soldered using the palladium-nickel­

solder mettal ization process. CelIs were soldered to the flexi'ble 36-cel I 

interconnects by hand. 

3.2 SILICON SURFACE LAYER CONTAMINATION DURING ION IMPLANTATION 

It has been noted in the I iterature (1) that the ion implantation process can, 

·in itself, be a source of surface contamination. Although the process is done 

in vacuum, residual partial pressures of hydrocarbons from diffusion pump oi I can 

result in polymerized hydrocarbon films because of bombardment by the ion beam. 

~uch films may change the etching properties of the si I icon surface and, ultimately, 

may affect the quality and integrity of metal-semiconductor electrical contacts. 

<1 )K. A. Pikar, "ion Implantation in Si I icon", Applied Solid State Science, Volume 5, 

R. Wolfe, ed., Academic Press, N. Y., 1975. 
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lon impl~ntation using large ion beam currents (in the mi I I lamp range) 

may be especially susceptible to this surface contamination effect. In using the 

Varian/Extrion model 200-1000 high current machine to form solar eel I junction and 

back surface enhancement layers, an etch resistance phenomenon has been repeatedly 

observed. Normally, clean si I icon surfaces are hydrophobic, and rinse water wi I I 

immediate I y run off the surface or w i II "bead-up" once the natIve s i I icon oxide 

layer has been stripped. However, wafers Implanted with high doses in this high 

current machine wi I I not display this tendency, [mplying that some su~face 

contamination is present. 

Such surface contamination may present ·production control problems, and a clean 

~I I Icon surface In the ohmic contact areas Is imperative if consistent metal-semi­

conductor contacts are to be J?.roduced. A recent paper in the I i terature ( 2) , has 

addressed this problem. It has found that ion-induced carbaceous layers could 

be removed from the si I icon surface by anodic oxidation with subsequent stripping 

in HF solution. This technique appears to satisfactorily restore the si I icon surface 

clean I !ness. (As long as the carbaceous layer and subsequent oxide growth are at 

most a tew hundred Angstroms thick, the properties of the original si Iicon surface 

may not be altered significantly.) 

We are investigating the use of thermal oxidation or plasma oxidation, 

fol lowerl by oxide stripping, to achieve the same cleaning effect. Oxide layers 

r.Jrown in the range from 250~ to 1000~ thick have been effective in restoring the 

hydrophobic nature of the si Iicon surface after stripping that oxide in dilute 

HF solutions. For a thermal oxide, growth can be accompi ished during or after 

a thermal activation anneal cycle. This can be done in the same furnace tube 

or in a separate furnace tube. As for a plasma process, the only plasma 

(2) M. Y. Tsai, et. al., ustudy of Surface Contamination Produced During 

hi qh Dose I on Imp I antat ion, " J. E I ectrochem. Soc.; So 1-St. Sci. and Tech. , 

Voi. 126, No. 1, Jan. 1979, pp 98- 102. 
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oxidation cycle considered to date provides about 40g of Si02 at most. Therefore, 

.this cycle must be repeated several times, stripping the oxide after each cycle, 

to effectively remove the carbonaceous layer. 

The fact that a polymerized hydrocarbon film or carbonaceous layer is 

resp6nsible for the unusual etching/cleaning characteristic~ of high dose, 

ion implanted wafers is assumed (but not proven) from the cited reports in 

"the I iterature and the observation that the oxidation/strip technique 

sucessful ly testores the surface. If thi~ assumption is correct, the best 

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

than to try to cure it afterwards. The possibi I ity of using a different 

vacuum pump fluid has been suggested (2) and that posslbi I ity is being 

~onsidered. This may substantially reduce the residual hydrocarbon content 

in the implanfer vacuum chambers and may preclude the formation of a harmful 

carbonaceous layer. 

'J •. ~ COMPARISON OF STARTING MATERIALs· THROUGH ION IMPLANTATION 

A comparison of different ingot-grown starting wafers for ion implanted 

solar eel Is has been initiated. Wafers cut from both float zone and Czochralski 

ingots have been ion implanted and activation annealed for comparison. Early 

r:xp8rimen1s indicated the possibi I ity that float zone material was superior to 

r;;r)r.;hri.lhki m<J-Iorial. Accordingly, a more defined experiment has been performed 

lo s-tudy the validity of the early results. 

To minimize possible proces~ing variables, bare, smooth, non-texture 

0~ched wafers have been uti I ized for the comparison~ ·While a number of lots 

have been run, three representative-groups are reported here. Each of the 

tnree groups consisted of 24 waf~rs. In ea~h lot, one half (·12) 

of -the wafers were float zone wafers purchased frnm Wacker. These wafers 
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wnro uti I iznrJ ~~~• controls for comparison between lots. The other half of 

(l~Ch lot was comprised of Czochralskl wafers from Wacker, Monsanto, and 

Motorola, respectively. AI I substrates were p-type, but various resistivity 

ranges were uti I ized. 

Wafers were front ion implanted at 35 KeV with phosphorus at a dose of 

2 x 1015/cm
2

. Back surface ion implants of 4 x 1015 boron were also performed. 

AI I wafers were then given a furnace activation anneal of 16 minutes at 850°C in a 

nitrogen ambient,.fol lowed by a 120 minute anneal in nitrogen at 550°C. 

Open circuit voltage readings were recorded for each wafer under both room 

(fluorescent) I ighting and a tungsten (ELH) simulation of 1-sun. The room 

I i~ht open circuit voltage gives an indication of the eel I fi I I factor -- high 

values of ro()m I ight Yoc indicate good fl I I. factor. For these wafers, short 

circuit current readings were implied by measurement of the i I luminated eel Is in 

reverse saturation. The results of these tests ~re shown in Table 1 as an average 

for each half lot. 

These measurements indicate that, within experimental variations, alI 

rn;;,terials give comparable values of 1-sun parameters. A statistical difference 

i~; seen for the Czochralskl material for r·oum I iyht open circuit voltage. Further 

processin~ of these eel Is through a si I icon nitride antireflection coating and 

prrJ-mdi:ll p;Jtternlng shows that thn variation disappears at this stage of cell 

f~bri~atinn: ror al! practical purposes, thus, no basic differences have been 

observed betwoen the various ion implanted materials. 

3.4 METALLIZATION AND COST ANALYSIS 

At the present time, two techniques for forming metal contacts on solar eel Is 

rernain potentialLy viable from both cost and technical considerations: plating and 

1 0 



TABLE 1 

C0~1PARISON OF ION 1!\lPLANTED, Sr~OOTH-SURFACED MATERIALS 

BEFORE AR Vi I Th :\R 

OPEN CIRCUIT SHORT CIRCUIT CURRENT OPEN CIRCUIT VOLTAGE 
VOLTAGE (VOLTS) ( m i I I i amps) ('vOLTS) 

LOT MATERIAL ROOM LIGHT 1-SUN 1-SUN ROQi.'L I GHT 

VRL voc 1sc \'RL 

$0019 Wacker FZ 
1.8- 3.0 !J-cm .308 .564 1050 .391 

Wacker CZ 
1.9- 2.6 !J-cm .276 .563 1050 .-+23 

. $0020 Wacker FZ 
1.8- 3.0 rl-cm .310 .573 1085 .420 

Monsanto CZ 
'~ 0.2 - 0.5 !J-cm .283 .573 1055 .440 
-.J 
(JI 

$0021 \-'Jacker FZ 
1.8- 3.0 f1-crn .338 .579 1115 .432 

Motorola CZ 
0.8 - 2.0 ro-cm . 145 .564 1125 .386 



printing (silk screening). The plated metal process has now shown distinct 

Hdvnntnqns over the printed process~ 

Thr: Prl2Si .- (Pel) - Ni - solder metallization system for si I icon solar cell·~~ 

has been ~eve loped at Mototola. This system can be considered the baseline system 

which alI other competing systems must strive to outperform. A. ful I description 

of the Pd 2Si-(Pd)-Ni-solder metal I ization is avai table in DOE/JPL Report Number 

954689-78/4, "Metal I ization of l-arge Si I icon Wafers," Final Report for JPL Contract 

954689. 

The minimum cost achievable for any metal I ization system is I imited by the 

cost of component materials. AI I printed metal I ization systems which have been 

satisfactorily uti I ized with solar eel I structures (for contact to the 

shallow jun~tinn areas) are based on si Jver as the pri~ary conductor. No 

printable base metal system has been reported to be satisfactory for 

uti I ization on solar eel Is. The Motorola plated metal system, discussed above, 

uti I izes solder as the pri~ary conductor. Whi Je solder can be broadly classed 

as a base-metal, it is relatively expensive. A conductor layer material such ~s 

copper would be much cheaper. 

Some pertinent properties of potentia I conductor I ayer rna h:~r' i a Is ~re 

presented in Table 2. Two important observations can be made. First, the 

r.nnrl11r.tivities of silver and copper are comparable, while solder is a relatively 

poor conductor. Second, in order to achieve a given conductivity for any ~iven 

conductor geometry, 11% more silver, and over 800% more solder, (by weight), 

would be required compared to copper. 

Th8 cost of metals varies significantly as a function of time in a manner 

determined more by supply and demand factors than by inflation. For the basts 

of this discussion, the prices for the three metals were identified on March 29, 1979 

and are presented in Table 3. On a weight basis, copper ·is significantly cheaper 

nan solder and less than 1% of the cost of silver. 
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TABLE 2 

COMPARISON OF SELECTED PROPERTIES OF METAL CONDUCTOR LAYERS 

RL~d S11 V ITY 
<r-1 i c ro. Ohm-em) 

·RELATIVE WEIGHT PER UNIT 
c;ONDUCTIVITY 

SOLDER 
(60SN-40PB> 

14.5 

8.53 

8.26 

1 3 

COPPER 

1.673 

8.96 

1.0 

2075 

SILVER 

1. 59 

10.49 

1 •. 11 



TABLE 3 

COST* OF CONDUCTOR METALS ON MARCH :LY, 1 Y I Y· 

COST PER POUND 

SOLDER** 
(60SN-40PB) . 

4.67 

*I'W;FIJ ON PURE METAL COMPONENT COSTS 

**DOLJ NOT INCLUDE ALLOY FORMATION COSTS 

14 

COPPER 

1.00 

2075 

SILVER 

104.22 



When the cost per pound of a metal is correlated wlth the weight 

roq~irement for a unit conductivity, the cost of a metal as a conductor can be 

determined. Uti I izing the 3-29-79 prices, solder.is about 40 times as expensive 

as copper, while silver is about 115 times as expensive as copper. On a cost basis, 

thus, copper is extremely attractive as the primary conductor metal on solar 

cells. 

Copper plating technology exists for metal I ic surfaces. In the Motorola 

~IDted metal system, 1t appears possible to replace solder with coppef. The 

effect of copper on eel I performance and rei iabi I ity must be examined, however, 

before substitution can be assured. 

3.5 METALLIZATION RELIABILITY 

Any solar eel I metal I ization for terrestrial applications must, in 

addition to being sufficiently economical, provide both excel lent electrical 

performance and ensure rei iabi lity under actu~l operating conditions. Numerous 

~nndidates exist which wl I I provide suitable electrical performance, but which 

fai I the rei iabi I ity criterion. In order to perform rei iably, the solar cell 

rnetal I izi:ltion must both maintain excel lent adherence to the solar eel I and, at 

the same time, not contribute to degradation of the electrical characteristics. 

A severe criterion would be that tho only ~ati~factory adherence te5t 

of a metal I ization system for solar eel Is Is a mechanical pul 1-test which 

shows no separation of metal layers and which guarantees that separation 

of the metal from the eel I is accomplished by si I icon fracture. (Motorola's 

palladium si I icide-nickel-solder metallization system satisfies this 

criterion.) 

During operation, for a minimum of a 20 year I ife, the metal I ization 

must not contribute to a significant loss in output power from the solar eel Is. 

Such a loss Could occur either from an increased series resistance, due to 

\ such phoenomenona as corrosion or metal migration, or from degradation of the 
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si I icon eel I behavior, s~ch as could occur by diffusion of the metal 

in1o the si I icon. Diffusion of .metal into the si I icon could cause degradation 

of minority carrier I ifetime in the si I icon, decreasing eel I efficiency. From 

nl I tests performed to date, the Pd 2Si-(Pd)-Ni-solder system appears suitable 

from these standpoints. 

The substitution of copper for solder as the primary conductor layer in the 

metal I ization system would result in substantial materials cost savings. Substitutic 

of copper for solder should have no impact on metal adhesion, but copper can have a 

degrading effect on eel I electrical performance if it accumulates near the 

p-n junction. 

The diffusion of copper in si I icon is extremely rapid at low temperatures. 

While copper present in si I Icon before device processing can be gettered or 

precipitated (3), copper penetration following any high temperature processing, 

~uch as from eel I metallization, can significantly degrade eel I efficiency (4). 

Diffusion kinetics can generally be described by an Arrhenius type 

rei<.~Tion, 

o = n 
'() 

P. 

-~ 
RT 

where D is the diffusion coefficient, D is the pre-exponential or frequ~ncy 
0 

factor, 0 is the activation energy, T is absolute temperature, and R is the 

~as constant. The penetration of a limited amount of impurity into another 

species at one temperature can be approximated by a gaussian distribution 

- x2 
nOt c -· co c 

<3) A.rJ;. Salama, "The Effects of Copper and Titanium on Si I icon Solar Cells," 
The Conference Record of the Thirteenth IEEE Photovoltaic Specialists 
Conference - 1978, p. 496, 1978. 

(4) T. Oaud and K~ Kol iwad, "Effect of Copper Impurity on Polycrystall ine 
S i I icon So I a r Ce I Is," Ibid, p. 503. 
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where C is the concentration of the impurity at distance x, C is the surface 
0 

concentration, D is the diffusion coefficient, t is the time of the diffusion, 

and n is a constant determined by the diffusion geometry. On the other hand, 

if the source of impurity is infinite, penetration is described by 

C = C eft 
0 

X 

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

distance ID-t. Further, at a distance of 10 ID-t, vanishingly smal I amounts 

of the impurity wi I I be found. A suitable diffusion barrier, thus, has a thick-

ness of at I east 10 ID-t. 

In operation, the solar eel I wi I I be subjected only to maximum temperatures 

near Unfortunately, no diffusion data exist for copper in si I icon for 

this temperature range, requiring extrapolation from higher temperature data. 

Such an extrapolation, however, does not appear unreasonable. 

Diffusion of copper in si liocn has been studied for the temperature range of 

400°C (5). These data are approximately reproduced in Figure 3 and extrapolated 

to the lower temperatures of interest. From this figure, diffusion coefficients 

for copper in si I icon in the range of 50°C to 120°C have been determined and are 

s hown in Table 4. These data have been uti I ized to calculate the distance ll5t 

for copper in si I icon at these temperatures for a time of 20 years, Table 5. 

These di stances are on the order of em in this time-frame, a distance which 

virtually ensu res copper throughout a si I icon solar eel I operating for 20 years. 

Thus, eel I deg radation is virtually ensured during the required operating I ife if 

co~ p er i s a: iov1ed d iJ"ec.t contacl lo si I icon. 

(5 ) R. M. Hal I, et. al., Final Report, AFCRL Report 62-533, Contract AF 19 
(604) -6623 , May , 1962, as quoted in Fundamentals of Si I icon Integrated 
Device Technoloqy, Volume l, Oxidation, Diffusion, and Epitaxy, Edited 
by R.M. Bu rger and R.P. DonovGn, p. 235, 1967. 
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TABLE 4 

·( 5) 
EXTRAPOLATED DIFFUSION DATA FOR COPPER IN SILICON 

TEMPERATURE 

T (°C) 

50 

80 

100 

120 

19 

DIFFUSION COEFFICIENT 
2 D (em /sec) 

-10 3.0 X 10 

1.35 X 10-9 

3. 15 X 10-9 

· 6. 7 X 10-9 

2075 



TABLE 5 

PENETRATION OF COPPER IN SILICON FOR A PERIOD OF 20 YEARS 

TEMPERATURE DISTANCE 

T (°C) rot <Cm> 

50 0.44 

80 0.92 

100 1.4 

120 2. 1 
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It is apparent, thus, that a barrier to copper diffusion into si I icon is 

r·t:quired to P.n<:.ure.cell rei iabi I ity. r.Jickel appears to be ideal for this 

r,r~r·r,(J';f:. IJi ffw;iorr datr.J for copper and nickel have br.:en compiled (G), and 

representative data are presented in Table 6. Again, extrapolation of high 

tomperature diffusion data is required. Both copper and nickel exhibit complete 

mutu~l solid sol ubi I ity, 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 ~he extreme dominance of 

diffusion by a single vacancy mechanism in these materials. The extrapolation 

is primarily dependent upon the accuracy of the _high temperature data. 

The diffusion data for copper and nickel, shown in Table 6, are 

reasonably self-consistent. There is, however, sufficient scatter to make 

precise extrapolations unreliable. Precise diffusion distances are not 

n(:Cf:~;'5ury to determine the suitabll ity· of nickel as a diffusion barrier for 

UJflfl!·:r·; ;J CJCnE:ra I range is satisfactory. Accord l ng I y, typ i ca I data, rather 

than specific high accuracy data, wi I I be utilized. 

Typical data for diffusion of copper into nickel and nickel rich allays 

of copper and nickel can be approximated from the data in Table 6. For this 

purpose, values have been chosen as follows: 

Q = 60 K cal/g. atom 

2 D = 1.5 em /sec. 
0 

!J·ti I izinJ these numbers, values for diffusion coefficients, D, and diffusion 

distances, lOt, have been calculated, Table 7. From these calculations, it 

can be seen that rnt ic. vanishingly small at 100°C. If 20 years ~lun::~ye 

0 ~ -7 -3 occurred ~-t 300 C, tOt would be 10 em or 10 micrometer. -This means that 

~t 300°C, 10/Dt would be only 100 angstroms in 20 years. Nickel is, thus, an 

Ui) John Aski i I, Tracer Diffusion Data for Metals, AI ioys, and Simple 
ijx i r) e ~,, 1 9 7 9. 
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N 
N 

Copper 

Copper + I wt% Ni 

Copper+ ~1.5 at% Ni 

Nickel + 45.4 at % Cu 

Nickel + 13 at % C~ 
Nickel 

Copper 

Copper+ 21.5 at% Ni 

Nickel + 45.4 at % Cu 

Nickel + 13 at % Cu 

Nickel 

r:;.EFRE S::t\ TAT I\ t: 

0 IFFL:S: ~G 
SPECIES 

Cu64 

Cu64 

Cu64 

Cu64 

Cu64 

Cu
64 

Ni63 

Ni63 

Ni63 

Ni63 

Ni63 

TA6LE c 

C· I =-FuSION DATA FOR COPPER AND 

ACT I VAT I ON ENERG'i 
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 

NICKEL 
·C.:·) 

FREQ·JENCY FACTOR TEt-1PERATURE 
D (cml/sec) RANGE (oC) 

c 

0.33 863 - 1057 

1.86 780 - 890 

1.9 863 - 1112 

2.3 985 - 1210 

1.5 1054 - 1360 

0.65 850 - 1360 

2.22 900 1200 

0.063 930 - 1113 

2.3 985 - 1210 

35 1054 - 1360 

9.96 1000 - 1400 



t = 

t = 

TABLE 7 

CALCULATED DIFFUSION DATA FOR COPPER INTO NICKEL, 
UTI Ll Z I NG ASSUMED VALUES OF Q = 60 k ca I I g. atom AND 

D
0 

= 1 .5 em /sec 

20 :tears 

T (oC) 2 D (em /sec) IDt (em) 

100 7.0 X 10-36 7 X 10- 14 

200 2.2 X 10-28 3. 7 X 10-lQ 

300 · 1. 6 X 10-23 1 X 10-7 

30 min 

300 1.6 X 10-23 1.7 X 10- 10 
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extremely effective diffusion barrier to copper. If processing interconnection 

r;r onc~psulation requires times as long as 30 minutes at a temperature near 

() 

',!)() C, "thfJ nicl<f-JI is sti II an extremely effective barrier. Copper substitution 

for solder in the Motorola plated metal system appears both technically and 

nconomical ly ~ossible. Experimental efforts are continuing. 

3.6 PLASMA ETCHING PROCESSES 

A baseline process sequence has been established for the plasma patterning 

process, and appl ie~ to textured surfaces. From this baseline, variations wi I I 

be performed to improve producjbi I ity, reproducibility, and control of the 

plasma patterning technology. That technology is aimed at selectively and 

simultaneously etching ohmic contact patterns into the si I icon nitride on bot~ 

sides of a si I icon substrate without significantly etching the si I icon surface 

IH!nn;:d·h H1osr3 ohmic areas. 

To date, 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 wafer to be patterned is placed on top of the same electrode 

to which RF energy is appl led. A plasma is struck between that electrode and 

rhc surrounding wal Is of the vacuum chamber, which is at ground potential. The 

rlasma is established at low pressure, less than 0.1 Torr. The RF electrode 

is capacitively coupled to the RF power supply and wi I I float to a negative 

• DC hias with respect to the plasma potentia1. This establishes an electric 

field which can accelerate ions from the plasma to the surface ot the wafer 

".up:1ortr;d on the RF electrode. This effect enhances the anisotropy of the plasma 

8tchinq reaction and helps promote good I ine definition and mask opening 

rep I ication without. etching beneath the masked areas. 

A baseline plasma patterning process sequence is described in the 

fo1 lowing paragraphs. 
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A steel shadow mask with openings where the si Iicon nitride is ·to be 

rdched away Is mechanically aligned to the front surface of a si I icon nitride 

coated solar eel I. The eel I and mask are placed on a sheet of flat ceramic 

magnets which serve to hold the steel mask in registration with the eel I 

surface. 

The magnetic plate, eel I, and mask assembly is positioned in a vacuum 

c~amber on the RF electrode plate. 2 (Plate area is 196 em.) 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 

nbout 30 seconds. 

When pump-down is complete, RF power (100 watts at 13.56 MHz) and etchant 

~as flow (~pproximately 1 cm3/min.) are started simultaneously to generate the 

plasma. In work to date, a gas mixture of 8% oxygen in Freon 14 (CF 4 > has been 

used. The 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 with nitrogen, and the wafer removed. 

This process yields excel lent rep I ication of the etch mask openings. 

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

the I ine openin~JS etched in the si I icon nitride are typically a few tenths 

rni I smaller than the I ine openings in the steel mask. Presently, the masks 

l,rJin:J u~,_,ecJ for experiments have approximately 5 mi I I ine openings. 

This process can be performed without degrading solar eel I electrical 

characteristics. This has been shown by direct comparison of solar eel Is 

whose only rlifference in processing was the ohmic patterning step. Plasma 

patterned eel Is have been compared with those patterned by conventional 

photo: ithographic techniques using photoresist to protect against buffered 

HF etching. Both f)ntterning processes can yield high quality solar cells. 
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ll1i~ mu~t imply that even though the CF4-o
2 

gas mixture is capable of etching 

c;i I icon as well as si I icon nitride, any si I icon etching which occurs while 

clearing (patterning) the si I icon nitride is not significant. 

This implication is confirmed by the etch rate data presented in Figure 4. 

These data were taken at the same pressure, temperature, and flow rate as 

~ivcn above for the baseline process. Both etch time and RF power were varied. 

B~re si I icon wafers were protected with photoresist so as to expose si I icon 

areas in the shape of a metal grid pattern. After plasma etching, etch depths 

into the si I icon were measured with a mechanical instrument similar to a 

rrofi lomP.tP.r. It can be noted that, under these conditions, si Iicon etch 

r~tAs at 100 W RF power are smal I enough so that even for the ~ase of 100% 

(>verctching (etching to clear Si
3

N4 in 4 min., then etching Si for an 

udditional 4 min.), on~y 0.08 ~of si I icon surface would be lost. Note that 

"ttiw;n dat~ imply that the etch rates for Sf and for Sf3N11 are very similar 

for ·t-his particular process. Of course, such a large amount of overetchinq 

is not required in the actual process. 

Altho''CJh tn rlntP. o CF4 + 02 mixture has been used satisfactorily, there 

are other gas mixtures available which promise greater selectivity of etch 

rates for Si 3N4 over Si. Two particular gases, CHF3 and a mixture of SiF4 + 02 , 

have been obtained and may prove to be more desirable than CF 4 mixtures for the 

r~tternin~ process. Evaluation of these gases wi I I ~~reported in the future. 
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FIGURE 4 : SILICON ETCH RATE DATA FOR BASELINE REACiiVc 
ION ETCHING MODE. 
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4.0 CONCLUSIONS 

Several conclusions can be drawn from the progress during this period. 

1. The basic process sequence and its critical steps have been verified 

through the fabrication of flat plate modules. 

2. Observation of the existence of surface contamination on si I icon 

following ion implantation has been made, indicating a potential 

control problem. The surface contamination appears to be carbonaceous 

and related to the vacuum pump oi I. 

3. Cost analysis coupled with process compatabi I ity indicates that 

copper must be investigated as a potential primary conductor layer 

for solar eel I contacts. 

4. A barrier for diffusion of copper ·into si I icon is necessary for 

substitution of copP,er for solder as the primary metal I ization conductor . . 
layer. Nickel appears to be an excel lent barrier metal. 

5. Plasma technology has been demonstrated to satisfactorily pattern si I icon 

nitride on silicon wafers. Patterned I inewidths are slightly smaller than 

mask dimensions, allowing excel lent mask repl lcation. Further, etching of 

si I icon does not appear to be significant, defining a broad control 

range for this process. 
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).0 RECOMMENDATIONS 

No specific recommendations can be made at this time. 

G.O CURRENT PROBLEMS 

No current problems have been identified. 

7.0 WORK PLAN STATUS 

Work is progressing according to plan. 

8.0 LIST OF ACTION ITEMS 

No items requi~ing unusual. acti6n have come to I ight during this report 

pnriod. 

9.0 MILESTONES 

Status Of program is shown in the Milestone Chart. 
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STUDY 1: :\Jete; I I i zat ion 

El imina·te Electroless Pa I I ad i um 

Copper Plating 

Copper ~1igration and Barrier Studies 

Re I i a b i I i t y anj Protect i ''e Coatings 

STUDY 2: PI asma Si I icon Etch 

Czochralski wa."'ers 

Po I yc·rysta I I i ne t'-1ateri a Is 

STUDY 3: PI asma Te:o<ture Etcr.i ng. 

STUDY ~·: : I on lmplntation 

STUDY 5: PI asn1a Pattern Etching of 
S iIi con ~litride 

STUDY 6: Cost Anaivsis 

Study 7: Process Ve r i f i cat i c n 
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DOCL1~1ENT AT I ON 

1. Revised Program Plan 

2. Prooram -· Integration Meetings 

3. Pro~1ram Review Meetings 

4. J PL Workshops 

5. SAMICS Cost Analysis 

6. Monthly Technical Progress P.eport 

7. Quarterly Technical Progress Report 

s. Final Report <Draft) 

9. Final Report I.Di stri but ion) 

I ·' \.. Financial Management Report 
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