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SUMMARY
 

This report presents the results of work performed under
 
research contract No. NAS 5-11595 during the period 28 June
 
1968 through 28 June 1969 and during a 2-month extension of
 
this contract from 1 January 1970 through 1 March 1970 for
 
NASA-Goddard Space Flight Center, Greenbelt, Maryland. Con­
tract objectives were twofold: (1) to identify the cause of
 
Ti/Ag contact degradation as observed on Si solar cells cur­
rently in use, and (2) to determine whether contact deposi­
tion by sputtering is compatible with present solar cell con­
figurations.
 

Contract work during the first and second quarters was
 
directed at the problem of contact degradation. Degradation
 
was characterized by examining a number of degraded cells.
 
The results of this study strongly suggested that contacts
 
degrade by diffusion of corrosive species through the Ag

overlayer with the eventual corrosion of the underlying
 
layer of Ti. The general porosity of thin Ag films was dem­
onstrated by exposing Ti/Ag contacts to various corrosive
 
environments. Also, the effectiveness of various environ­
ments in producing contact degradation was qualitatively

evaluated. In addition to water vapor, which was previously
 
known to degrade contacts, environments included oxygen at
 
elevated temperatures, electrolytes of NaOH, KOH, and NaCI,
 
and vapors of HCl, HF, and C12 . This work clearly demon­
strated that these corrosive species are capable of pene­
trating through thin Ag films at normal temperatures and,
 
furthermore, Ti/Ag contact degradation proceeds rapidly
 
when their concentration is high.
 

In a later phase of this contract, sputtering was ap­
plied to the deposition of Ti/Ag and Ti-Pt/Ag contacts onto
 
Si wafers and the properties of these contacts were evaluat­
ed. Finally, Ti/Ag and Ti-Pt/Ag contacts were sputter de­
posited onto Si solar cell blanks. IAitial attempts were
 
unsuccessful in preparing durable contacts. However, modi­
fications in cell blank cleaning procedures resulted in
 
the successful preparation of 40 cells for evaluation by

NASA-Goddard. Limited tests conducted in our laboratory
 
have indicated the importance of prefiring cell blanks in
 
forming gas just prior to the deposition of cell contacts.
 
This predeposition treatment gave highly durable contacts
 
by sputtering and were significantly more resistant to
 
degradation in a high humidity/temperature environment.
 
Prefiring apparently removes residual impurities which
 
otherwise remain on the cell blank and subsequently en­
hance the degradation process. Sputtered contacts are
 
believed to be at least equal to, if not better than,
 
conventional evaporated contacts in regard to degrada­
tion in a high humidity/temperature environment.
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SECTION I
 

Introduction
 

A serious problem currently experienced with conven­
tional Si solar cells which use vacuum evaporated Ti/Ag

contacts is the degradation in power output with storage

time. Degradation has been attributed to a deterioration
 
of the Ti/Ag contacts. Contacts frequently lose their
 
initially high bond strength and electrical continuity
 
to the cell with the result, that the internal resistance
 
of the cell is increased. Catastrophic failure has at
 
times occurred when contacts literally separate from the
 
cell. This problem is aggravated by stresses exerted by

cell interconnections and thermal cycling. Degradation

generally is found to be a slow process under normal en­
vironmental conditions and not all cells degrade to the
 
same extent. An accelerated degradation test, developed
 
at Goddard Space Flight Center, consists of exposing cells
 
to a high humidity and temperature environment. This en­
vironment can produce contact degradation in a period of
 
several weeks. Significantly, degradation is known to be
 
much more pronounced for the solderless Ti/Ag cell than
 
for the solder-coated Ti/Ag cell. (l) Yet, the solderless
 
cell has several advantages over the solder-coated cell
 
such as a wider temperature excursion capability and lower
 
weight. Hence, it is important to understand the physical
 
or chemical mechanism of contact degradation withthe goal

of reducing or possibly eliminating the degradation problem

altogether. This was one of the objectives of this re­
search program. A second objective was to prepare Ti/Ag

and possibly other contact systems by sputtering the con­
tact material in a noble gas discharge of argon. The pur­
pose of this work was to develop an improved contact. It
 
was important in this connection to determine whether or
 
not sputtering is a feasible process for applying contacts
 
to Si solar cells using established solar cell fabrication
 
procedures.
 

Recent work was directed at sputter depositing contacts
 
to Si and this subject is treated in Section II. Here, the
 
physical properties, electrical characteristics, and corrosion
 
behavior of these contacts areJiven. Sputtering was later
 
applied to the fabrication of Si solar cells and the results
 
are given in Section III. Serious problems were encountered
 
in our initial attempts to prepare durable contacts and our
 
approach to solve these problems is described. Also, typical

I-V characteristics and contact degradation results in a
 
water;vapor environment are presented. Section IV summarizes
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the main findings of our degradation studies on evaporated

Ti/Ag contacts and these results are discussed in terms of
 
various degradation mechanisms. Finally, the main results
 
of this program are summarized in Section V and some re­
commendations in regard to solutions to contact degradation
 
are given.
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SECTION II
 

Contact Deposition by Sputtering
 

Introduction
 

Our approach to the deposition of contacts by sputtering

consisted of first depositing Ti/Ag and Ti-Pt/Ag contacts
 
onto n- and p-type Si wafers having resistivities similar to
 
those used for Si solar cells. These contacts were subse­
quently characterized before solar cells were fabricated
 
using sputtering. It should be noted that the limited time
 
precluded a detailed investigation various sputtering para­
meters have on contact properties and the eventual optimiza­
tion of the sputtering process.
 

The "triode" system of sputtering was used throughout

this work. A schematic of the initial 8 in. systemAsi.

given in Figure 1. Ti/Ag contacts were prepared by sequen­
tially sputtering Ti and Ag in an Ar plasma supported by a
 
tungsten thermionic cathode as described previously.( 2 ) Ar
 
pressure was in the 2 to 3 micron range. Ti-Pt/Ag contacts
 
were similarly prepared except for the addition of approxi­
mately 1% Pt to Ti. Pt was simultaneously sputtered with
 
Ti by winding a Pt wire around the Ti target. The purpose
 
of adding Pt was to note its effect on contact corrosion
 
since even small quantities are known to substantially re­
duce the reactivity of Ti.( 3)
 

The sputtering procedure consisted of first exposing the
 
Si substrates and targets to a general plasma scrub for times
 
ranging from several minutes to one hour. Next, with the
 
shutter protecting the substrates, each target was given a
 
5 to 10 min sputter cleaning treatment for the purpose of
 
removing strongly adherent surface impurities. Theoshutter
 
was then removed and a Ti film of from 500 to 1000 A thick
 
was deposited at a rate of ,40 A/min. Without interrupting

the dischhrge, the target assembly was rotated 1800 and an
 
overlayer film of Ag was sputtered at a rate of %,400 A/min.

No attempt was made to blend these d *o-materials. Typical

background pressure during sputtering was in the low 10-6
 
Torr range. The partial pressure of reactive gases such as
 
oxygen is believed to be much less due to the strong getter­
ing action of the discharge.
 

Initial Deposition Study
 

Contacts were initially deposited onto 1-1/4 in. dia­
meter Si wafers and these contacts were evaluated in regard

to adhesion, electrical characteristics, and corrosion be­
havior. Resistivity of the n-type wafers was 10-3o-cm
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and p-type wafers, \10 -cm. Wafers were generally etched
 
in concentrated HF acid, rinsed in distilled water, and
 
blown dry with N2 gas before mounting in the sputtering
 
system. A tantalum mask was used to give approximately
 
one dozen small area contacts in addition to one large
 
area contact on each wafer as shown in Figure 2. 
It can
 
be seen here that the nominally 3 mm diameter small area
 
contacts were not always well-defined. Poor definiition
 
results from material deposited under the mask and oc­
curred when the mask was not in intimate contact with the
 
Si wafer. Two factors are known to contribute to poor
 
contact definition. First, the relatively large angle

subtended by the sputtering target on the substrate pro­
duces a wide angular distribution of incident Ti and Ag

atoms. 
 Second, sputtered atoms have a certain probability

of being scattered by the Ar plasma gas and results in
 
further broadening the angular distribution. Gas scat­
tering was evident from thin coatings that developed on
 
surfaces not facing the target. Good contact definition
 
was observed only when the mask made good contact to the
 
Si wafers such as at the edge of the large area contact.
 

Current-voltage characteristics were measured between
 
the large area contact and one of the various small area
 
contacts. Two probes were placed on each contact, one
 
carried the current while the second sampled the potential

of the contact. This was done in---oder to exclude the
 
resistance of probe wires and resistance appearing between
 
the probe and contact. Voltage applied across the con­
tacts was displayed on the x-axis of an x-y recorder and
 
current on the y-axis. Typical I-V characteristics of
 
contacts sputtered onto n- and p-type Si are shown in
 
Figure 3. Both characteristics are non-ohmic or rectify­
ing. Rectification is particularly strong in the case of
 
p-type Si.
 

The d.c. equivalent circuit for the I-V characteris­
tics is given by three resistance elements in series:
 
namely, the resistance of the small area contact, the
 
large area contact, and the resistance of the bulk Si
 
separating the two contacts. Generally the bulk resist­
ance was very small in comparison to contact resistance.
 
The resistance of the large area contact can be neglected
 
to a first approximation because its contact area is
 
roughly 20 times greater than the small area contacts.
 
Hence, the measured I-V characteristics principally re­
flect the electrical characteristics of small area con­
tacts.
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Figure 3 (a) 	Typical I-V characteristics of
 
Ti/Ag contacts on n-type Si
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Figure 3 (b) 	Typical I-V characteristics of
 
Ti/Ag contacts on p-type Si
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2
Contact resistance in 9 cm was derived from the slope

of I-V characteristics at V = 0. These are listed in Table
 
I along with other data of the various sputtering runs. Re­
sistance values were obtained by averaging over a number of
 

2
the small area contacts and normalizing to 1 cm .
 

It was assumed in these calculations that all contacts
 
were 3 mm in diameter because of the inability to precisely
 
measure contact area (due to poor contact definition). Re­
sistance values of Table I then represent a lower ijmit of
 
contact resistance while corrected values probably lie 20
 
to 30% higher. It is noted that resistance to n-type Si is
 
0getnrally in the 10-2 n cm2 range while tens of ohm cm2 for
 
p-type material. Some consistent dependence of contact re­
sistance on plasma scrub time for HF etched n-type wafers
 
was observed and this is plotted in Figure 4. A long plasma
 
exposure has the beneficial effect of reducing contact re­
sistance to n-type Si. Although the data is limited, plasma
 
exposure appears to have the opposite effect for p-type Si.
 
These data suggest that plasma treatment has the effect of
 
cleaning the Si surface by partially removing the ever-pre­
sent Si oxide layer, in addition to weakly absorbed gases.
 
It also suggests that even lower contact resistance values
 
to n-type Si might result if the Si substrates were inten­
tionally sputter cleaned just prior to contact deposition.

Si wafers which were not precleaned by HF etching gave,

with one exception, higher resistance values when compared
 
to etched wafers of the same run.
 

Contact adhesion was checked by tape testing. Good ad­
hesion was almost invariably observed except for some peeling
 
at the periphery of some of the more poorly defined contacts.
 
This region was just outside the area defined by the mask.
 
Also, contact peeling occurred on several solar cell blanks
 
which were included in Runs 5-22 and 6-10. This observation
 
was not fully appreciated at the time, as will become evident
 
below. More quantitative measurements of adhesion were at­
tempted by soldering wires to contacts and measuring the ten­
sile force required to remove the contact. Each time the Si
 
substrate fractured before the Si contact interface failed.
 
This occurred at a tensile force of approximately 20 kg/cm 2
 

and hence this value represents a lower limit to the actual
 
adhesive strength of these contacts.
 

Some sputtered contacts on Si were heat treated in form­
ing gas (85% N2 , 15% H2 ) and also in Ar at 6050C for 10 min.
 
These sintering treatments always reduced contact resistance
 
to both n- and p-type Si and the I-V characteristics became
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Table I
 

Contact Deposition Data and Contact Resistance Values
 

Plasma Contact 
Run Contact Si Predeposition Scrub Resistance 
No. System Resistivity and Type Treatment - Time 2 cm2 

3.3 x 10-2,
HF Etched 2

20 min. 3.5x10


5-12 Ti/Ag 0.001 a cm-N 

x 10-2
Noe2.7 


-
None 6.0 x10


HF Etched 4.7 x 10-2
 

14 min. 5.8 10
 
5-13 Ti/Ag 0.001 q cm-N 


2.3 x0-1
 
None. 7.6 x 10-2
 

2.0 x 10-1
HF Etched
0.001 n cm-N ­10 min. 9.4 x 10 2
5-22 Ti/Ag 


2.8 x 101
1 a cm-P HF Etched 


2.1 x l-
HF Etched 14 

6-7 Ti-Pt/Ag 0.001 2 cm-N 


0.001 Q cm-N HF Etched 5.2 x 10-3
 
-
67 min. 7.7 x 10 3


6-10 Ti-Pt/Ag 

1 (2cm-P HF Etched 1.4 x 102
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linear. For n-type material, the contact resistance became
 
negligible in comparison to the resistance of the bulk Si
 
separating the contacts. It can therefore be concluded
 
that contact resistance to n-type Si became substantially


3 2
less than 2.5 x 10- g cm . Resistance to p-type material
 
2
of Run 6-10 decreased on sintering to 9 a cm . This is
 

roughly a factor of 20 less than the unsintered contacts.
 

Sintering had, on the other hand, a detrimental effect.
 
Blisters frequently developed during the sintering process

and occurred mainly at the periphery of some of the more
 
poorly defined contacts. Some blisters nevertheless devel­
oped in the central region of contacts and these could not
 
be attributed to poor contact definition. Also, some dis­
coloration developed at the edge of poorly defined contacts.
 
We suspected that some impurities in the sintering gas, such
 
as oxygen or water vapor, produced these undesirable results.
 
Yet, bulk Ti did not develop a visible oxide film under simi­
lar sintering conditions. Hence the discoloration is be­
lieved to be due to the reaction of Ti with the Si substrate,
 
i.e., through the dissolution of a thin Si oxide layer.
 

Some sputtered contacts were exposed to water vapor at
 
700C for the purpose of evaluating their susceptibility to
 
degradation. Smaller samples were preparing having three
 
small area contacts and a larger area end contact by scrib­
ing the above Si wafers. Contact resistance was determined
 
from I-V characteristics after various exposure times. Re­
sults of water vapor exposure for an unsintered Ti/Ag con­
tact of Run 5-12 are shown in Figure 5. Degradation is ex­
pressed by the ratio Ro/R where R is the contact resistance
 
at t = o. The other two contactsofrom the same sample de­
graded similarly. It is evident that a one-week exposure

seriously degraded these contacts.
 

Similar measurements were made for three samples pre­
pared from one wafer of Run 5-13. In this case one sample

each was placed in separate beakers containing ordinary tap
 
water, distilled water, and high purity deionized water at
700C. The degradation results are given in Table II. R
 
is again the initial contact resistance and R --is the re­
sistance when the humidity tests were terminated after 3
 
weeks. The percentage increase in contact resistance is
 
indicated in the right column and ranges from 5.6 to 16%.
 
Note that the degradation was not as severe for these sam­
ples and that the amount of degradation depended, to some
 
extent, on the purity of thrw water. This finding is be­
lieved to reflect the effect of impurities in the water on
 
contadt degradation since all samples were taken from the
 
same wafer.
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Table II 

Ti/Ag Contact Degradation by Tap Water, 
Distilled Water, and Deionized Water 

Environment Contact No. Ro(z) Rt (x) Ro 

Tap Water 
Vapors 

1 
2 
3 

0.88 
0.72 
1.01 

0.96 
0.87 
1.15 

9% 
16% 
14% 

Distilled 
Water 
Vapors 

1 
2 
3 

0.90 
0.73 
1.13 

D,95 
0.81 
1.25 

5.6% 
11% 
11% 

Deionized 
Water 
Vapors 

1 
2 
3 

0.84 
0.74 
1.15 

0.91 
0.80 
1.25 

7.7% 
8.1% 
8.7% 
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One sample each from Runs 5-12, 5-13, 6-7, and 6-10 were
 
sintered in forming gas and, afterwards, were placed in HCi
 
vapors in a covered beaker. This environment is known to
 
cause a rapid degradation of Ti/Ag contacts when prepared
 
by vacuum evaporation.(2) Consequently, it was of interest
 
to note its effect on sputtered contacts. We expected to
 
find Ti-Pt/Ag contacts more resistant to HCi vapors;(3) how­
ever, the data of Figure 6 show the opposite result, i.e.,

Ti-Pt/Ag contacts degraded more rapidly than Ti/Ag contacts
 
in HC1 vapors.
 

Sputtered contacts were also observed to develop blis­
ters during water vapor and RCi exposure. Blistering was
 
generally more severe for contacts whose electrical charac­
teristics showed the most pronounced degradation. Some con­
tacts actually lifted off the Si when exposed to HCi vapors.
 

15 



0.2 

Ti/Ag 
1.0 __5-12 

Ti-Pt/Ag
 
0.8
 

:5-13 

0.6 

0.4
 

6-7
 

0
 
2 4 6 8Exposure Time in HC1 Vapors (hrs.)
 

Figure 6 Degradation in contact resistance
 
bv ECI vnnnr­





SECTION III
 

Fabrication of Si Solar Cells with
 
Sputtered Contacts
 

The objective of this effort was to determine the feasi­
bility of fabricating Si solar cells using sputtering to apply

cell contacts and, if successful, to prepare 40 cells for eva­
luation by NASA-Goddard. Before this task was undertaken, the
 
original 8 in. diameter sputtering system was increased to 18
 
in. in order to accommodate the mask fixture used for defining

cell contacts.* A different target support arrangement was
 
later installed and the final system is illustrated in Figure

7. Ti and Ag targets were rotated into position using a bellow­
type rotary feedthrough. An O-ring seal was used ' initial
 
cell fabrication runs, but problems were sometimes encountered
 
with electrical shorting. We also suspected a small air leak
 
at the O-ring.
 

Phosphorus diffused 2 x 2 cm cell blanks were processed

according to the following procedure:
 

1) Washed in near boiling distilled water for 1/2

min and subsequently dried.
 

2) Etched in concentrated HF acid for 2 min, re­
peatedly rinsed in distilled water, and dried
 
with N2 gas.
 

3) 	Mounted in a fixture for deposition of the
 
ohmic strip contact and grid lines.
 

4) Ti and Ag were sequentially sputter deposited
 
onto the active cell face.
 

5) Removed from the fixture and waxed cells to an
 
Al plate with the active face protected.
 

6) Etched in CP4 for 15 sec to remove the diffused
 
n-type layer from the back face.
 

7) Repeatedly washed in distilled water, dried,
 
and removed from the Al plate with moderate
 
heating.
 

8) Dissolved wax in benzene using repeated solu­
tions and then dried with N2.
 

9) Mounted in fixture for deposition of back con­
tact.
 

i'17
 
*Mask fixtures were kindly furnished by Centralab
 
Semiconductor Divis&on and Texas Instruments, Inc.
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10) 	Sputtered Ti and Ag to the back face.
 

11) 	Sintered in forming gas at 605 0C for
 
10 min.
 

12) 	Finally, cells were inspected and I-V
 
characteristics were recorded.
 

Approximately 20 cells were prepared in each of 3 runs. 
Ti was deposited to a thickness of t500 K and Ag to 5 to 8 p
The results of the first three runs were discouraging. Con­
tacts frequently lifted in Steps 5 and 8. Only 2 out of
 
some 60 cells exhibited I-V characteristics typical of Si
 
solar cells. Characteristics of one of these cells are shown
 
in Figure 8a.* Most cells gave characteristics of Figure 8b
 
which indicated a high series resistance. A few cells were
 
shorted and exhibited characteristics of Figure 8c.
 

-Again sintering had a detrimental effect on contacts.
 
Besides blistering, some contacts actually lifted from the
 
cell. The extreme ends of the ohmic strip contact were
 
particularly affected. Also, poor definition of contacts
 
was observed for many cells. The mask was not making good
 
contact with cell blanks.
 

At this point in the program it appeared questionable

whether sputtering was a technically feasible method of apply­
ing contacts to solar cells. Yet, it was felt that better
 
contacts could be made by modifying certain process steps

and 	improving the sputtering system.
 

Six additional fabrication runs were made in the two­
month contract extension and led eventually to the fulfillment
 
of the contract objectives. Forty cells were delivered to
 
NASA-Goddard for evaluation, 20 had Ti/Ag contacts, the re­
mainder, Ti-Pt/Ag. Six cells were subjected to high humidity­
temperature tests in our laboratory, the results of which are
 
given below.
 

The first two runs employed basically the same cell pro­
cess steps as previously noted. They differed from previous
 
runs in that the new target support arrangement with the
 
metal bellow-rotary feedthrough and an improved front mask
 
fixture were used.** Also, Al was first sputter deposited
 

*All I-V characteristics were taken by adjusting the light
 
level of a W lamp to give approximately 100 mA short cir­
cuit current. No significance should therefore be placed
 
on variations in the circuit current among the different
 
cells.
 

**The mask fixture was kindly furnished by Centralab Semi­
conductor Division. 
 19 
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.in si-u on tne back race or cell blanks before Ti and Ag
 
were sputtered in order to reduce contact resistance to
 
p-type Si. The new mask gave good contact definition.
 
Sintering nevertheless produced blisters as before and the

back contact lifted on all but a few cells when they were
 
removed from the sintering furnace.
 

The effect of various pretreatments given to cell
 
blanks just prior to contact deposition was investigated

in the third run. It was suspected that some residual im­
purities remaining on the cell blanks after chemical clean­
ing were causing the contacts to blister. Pretreatment
 
followed Process Step 2 above and included:
 

1) 02 glow discharge for 15 min.
 

2) Ar glow discharge for 30 min.
 

3) 150'C in air for 30 min.
 

4) HF:HNO3 etch for 2 sec.
 

5) 600*C in forming gas for 15 min.
 

6) 800 C in forming gas for 15 min.
 

7) HF etch for 15 min.
 

8) NaOH etch for 5 min.
 

9) NaOH etch for 5 min. followed by HF
 
for 2 min.
 

10) No pretreatment.
 

Cell blanks were processed as before except that the
 
diffused n-layer on the back face was removed by sandblast­
ing instead of etching. Etching was omitted in order to

avoid contaminants from the etchant and the wax used in
 
masking.
 

The above pretreatment had strikingly different re­
sults on the durability of sintered contacts. Some contact
 
lifting and/or blistering was noted for pretreatments 1, 2,

7, 8, and 10. Also, pretreatments 1, 3, 4, 7, 8, 9, and 10
 
produced some non-uniformity in contact appearance. Often
 
areas of the contact on the outer periphery of the cell blank
 
looked more reflecting than areas in the interior. It was
 
mainly these outer areas that had blistered and peeled pre­
viously. Additionally, I-V characteristics of unsintered
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and sintered cells found that pretreatments 7, 8, and 9 pro­
duced much more leakage currents than the average cell and,
 
in fact, increased on sintering for 7 and 9. Pretreatment
 
4 produced a shorted cell, undoubtedly because the HF:HNO3
 
etchant removed the diffused n-layer from the cell blank.
 
These observations, together with adhesion tests, indicated
 
that preheating cell blanks in forming gas at 6000 to 8000C
 
gave the most durable contacts and therefore this procedure
 
was adopted in following runs. Also, the n-skin was removed
 
by sandblasting instead of masking and etching in CP4.
 

The final three runs, which included both Ti/Ag and
 
Ti-Pt/Ag sputtered contacts, were highly successful. Blis­
tering or peeling was not observed on any of the 36 cells
 
fabricated. All but three cells gave acceptable I-V charac­
teristics. All three cells were sintered at the same time
 
and were believed to be sintered at a temperature somewhat
 
above 6050C.
 

Most cells exhibited some excess leakage current; this
 
was particularly apparent for cells in the unsintered condi­
tion. Sintering had the effect of reducing the leakage and
 
the series (contact) resistance. This tendency is shown in
 
one extreme case in Figures 9a and 9b. Cell series resist­
ance decreased from approximately 0.45Q to 0.l8Q on sinter­
ing. Other cells initially exhibited a relatively low series
 
resistance in the unsintered condition and sintering mainly

reduced the leakage current. Figures 10a and 10b give an
 
example of this. Series resistance in this case is around
 
0.23 &2.
 

It is not surprising that some leakage currents were
 
noted for these cells because they were not chemically
 
etched to remove the surface damage produced by sandblast­
ing. Yet it was of interest to find that edge leakage was
 
substantially reduced by sintering.
 

Figure 11 is an enlarged photograph of a cell with
 
sputtered contacts. Good contact definition is noted.
 

A photomicrograph of a sputtered contact is shown in
 
Figure 12. Single crystalline grains or grain boundaries
 
are not evident, although the surface is very rough in
 
appearance. Surface roughness is not caused by the sput­
tering process but is due to the original roughness of the
 
Si blank.
 

X-ray diffraction of sputtered Ti/Ag and Ti-Pt/Ag con­
tacts shows that the Ag layer is fine grained and has only
 
a small degree of preferred orientation. In contrast, the
 
evaporated Ag layer on commercial solar cells invariably
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exhibits a relatively large grain size of the order of 50
 
microns in lateral dimensions and a high degree of preferred

orientation. This can be seen from typical forward scatter­
ing x-ray diffraction patterns shown in Figure 13. The
 
grain size can be estimated from the nature of the diffrac­
tion -arcs. For sputtered Ag, the grain size is believed to
 
be in the 0.1 to 1.0 micron range.
 

Six cells with sputtered contacts were simultaneously

subjected to a high humidity, 800C temperature environment."
 
Contact degradation was studied by recording dark current
 
I-V characteristics under forward bias conditions. Data on
 
the four cells with Ti/Ag contacts and two with Ti-Pt/Ag
 
contacts are given in Table III. Here predeposition treat­
ment and initial series resistance are shown for each cell.
 
Included in this group are three cells which were not pre­
fired in forming gas prior to contact deposition and there­
fore are not the most durable sputtered cells. Also, cell
 
5 which exhibited excessive leakage current was included.
 

I-V characteristics were reporded initially and at
 
various times during humidity exposure. Figure 14 shows
 
initial dark characteristics (curve i) and characteristics
 
after 1224 hr in the high humidity environment (curve f).
 

In Figure 15 the resistance ratio R /R is plotted as
 
a function of exposure time where R is ?he initial series
 
resistance and R the resistance at S given exposure. Re­
sistance values were determined from the maximum slope of 
I-V characteristics at around 0.7 V forward bias.
 

It is evident from Figure 15 that cejls 1 and 2, which
 
were not given a special predeposition treatment after etch­
ing in HF, degraded rapidly over the first one to two-hundred
 
hours of humiditiy exposure whereas cells 4 and 6 did not.
 
Cell 5, which was sintered at a higher than normal tempera­
ture, degraded most seriously. Cell 6, with Ti-Pt/Ag con­
tacts, was particularly stable and degraded at most by 10%
 
over the long exposure time. 'Many,small blisters were ob­
served to develop on cells 2 and 5 during humidity_ tests;

i.e., on the two most seriously degraded cells. A few small
 
blisters developed on cells 1 and 3. No blisters developed
 
on cells 4 and 6.
 

Two "aged" commercial cells with evaporated Ti/Ag con­
tacts were included in the humidity tests for the purpose
 
of comparing degradation results. Both cells developed
 
blisters soon after exposure and contact resistance on one 
cell seriously degraded] Contact- reslstance on-the second 
Cell was, essentially unaffected by humidity, at least for 
an exposure time of 400 hr.
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4(b) 

'igure 13 Typical x-ray diffraction pattern of
 
(a)sputtered con~tact and (b)evaporated


tact
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Table III
 
Data of Cells Exposed to High Humidity/Temperature Testing
 

Initial 

Cell No. Contact System 
Predeposition
Treatment 

- Series 
Resistance 

1 Ti/Ag 2 min HF 0.142 

2 Ti/Ag 15 min HF 0.19.7 

3 Ti/Ag 2 min HF, prefired 0.155 
in forming gas 

4 Ti/Ag 2 min HF, 1/2 hr 0.145 
Ar glow* 

5 Ti-Pt/Ag 2 min HF, prefired 0.209 
in forming gas 

6 Ti-Pt/Ag 2 min HF, prefired 0.138 
in forming gas 

*This cell blank was exposed-sto an rf
 
excited glow discharge of Ar.
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The above findings, although limited in extent, clearly
 
demonstrate the importance of predeposition treatment of
 
cell blanks on the quality of sputtered Ti/Ag and Ti-Pt/Ag
 
contacts. In addition, this fabrication step has a signi­
ficant effect on the degradation of contacts in humid environ­
ments. The exact reason for this is not known although we
 
believe it is due to an effect of impurities remaining on or
 
in the cell blank after HF etching, even though cell blanks
 
were thoroughly washed in deionized water after etching.
 
Some insoluble phosphide or fluoride compounds may possibly

remain on the surface after etching. Or, HF or F may pene­
trate into a thin surface layer of Si and later diffuse to
 
the surface and attack the Ti layer. In any event, heat
 
treating cell blanks in forming gas in the 600 to 800'C
 
temperature range just prior to contact deposition gave much
 
improved contacts. Additionally, an Ar glow discharge pre­
treatment also appears reasonably effective as seen in Figure
 
15.
 

Although cell 6 was superior to other cells in respect
 
to degradation, the limited data is insufficient to conclude
 
that Ti-Pt/Ag contacts are superior to Ti/Ag contacts. Also,
 
it is not clear that sputtered contacts are superior to eva­
porated contacts from the limited data. More extensive ex­
amination of cells with sputtered contacts are being con­
ducted by NASA-Goddard.
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SECTION IV
 

Ti/Ag Contact Degradation
 

Experimental
 

The objective of this study was to determine the cause
 
or origin of contact degradation as it has been frequently

observed on Si solar cells with evaporated Ti/Ag contacts.
 
Solderless-type contacts have been found to be particularly

susceptible to degradation whereas solder-coated contacts
 
are not noticeably affected.(1) While degradation proceeds
 
at a slow rate under normal environmental conditions, it is
 
greatly accelerated in a high humidity temperature environ­
ment. Degraded contacts generally result in a reduction in
 
contact adhesion and cell efficiency. Contacts frequently

develop blisters when exposed to high humidity and, at times,
 
partially or wholly separate from the cell. Stress exerted
 
by cell interconnections and thermal cycling is furthermore
 
known to aggravate the problem. Cell efficiency is affected
 
because degraded contacts almost invariably produce a higher
 
internal series resistance. And, of course, a catastrophic
 
loss of efficiency occurs when a contact separates from a
 
cell.
 

The main results of our contact characterization study(2,4,5)
 
are briefly summarized. Most cells supplied to us by NASA-

Goddard were degraded and exhibited poor contact adhesion.
 
Adhesion was checked by tape testing or by physically peel­
ing contacts with a tweezer. Sometimes the entire ohmic
 
strip contact with grid lines was removed from the cell in­
tact. A few cells had good adhesion; i.e., their contacts
 
could not be removed.
 

Examination of cells with an optical microscope revealed
 
that evaporated Ag films possess a large grain size, typically

in the 30 to 60 micron size. Single crystal grains could be
 
inferred from ridges that develop at grain boundaries. The
 
silicon monoxide antireflection coating used on these cells
 
was readily detected on the active face, but it does not
 
generally cover the Ti/Ag grid lines uniformly and, at times,
 
not at all. In some cases, the coating appeared to have
 
chipped off the contacts while in others a web structure of
 
SiO was evident. Some stress release was also evident at
 
the edge of some contacts where characteristic snake features
 
were noted. The first batch of degraded cells, which were
 
removed from RAE flight panels, did not show blisters, al­
though subsequent cells which were subjected to the acceler­
ated humidity test chamber almost always exhlbited some
 
blisters.
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The interface exposed by peeling contacts from cells
 
invariably exhibited profuse colors. A wide variation was
 
observed among cells, some showing predominantly one color
 
while others showed a variety of colors. Colors included
 
various shades of black, brown, blue, green, yellow, and
 
red. These findings suggested that Ti exists in a chemi­
cally combined state. Ti oxides are known to exhibit many

of these colors.
 

X-ray diffraction analysis of Ti/Ag contacts showed Ag

is in its normal crystalline state and has a large grain

size of around 50 microns. Some streaking was also observed
 
in the pattern and suggests that the contact is under stress.
 
However, streaks may also arise from other effects. Diffrac­
tion lines characteristic of metallic Ti were not observed,
 
apparently because sufficient Ti does not exist in its ele­
mental state.
 

Electron microprobe analysis of the peeled interface
 
revealed that contact failure generally occurs within the
 
metallized contact and in the vicinity of the Ti/Ag transi­
tion region. Some variations in the amount of Ti and Ag

remaining on cells were observed and indicates that contact
 
separation is not always limited to the thin transition re­
gion.
 

Electron mirror microscopy examination revealed a di­
electric charging behavior on the surface of the Ag film.
 
This unexpected result was later traced to the Sic anti­
reflecting coating which partially coated the contact.
 
Contact discontinuities, due to grain boundary or physical
 
cracks, were not detected.
 

Potential probing of contacts when cells were biased
 
in the forwa:d direction also did not reveal any gross po­
tential discontinuities along Ti/Ag contacts. Additionally,

these measurements showed that the resistivity of the Ag

overlayer is not substantially different from bulk Ag.
 

Auger spectroscopy measurements detected several im­
purities in Ti/Ag contacts. In one case, a significant
 
quantity of Cl was noted and, in another, oxygen. The un­
explained Auger peak at "127 eV is very likely due to phos­
phorus, the n-type dopant material. Other impurities, such
 
as hydrogen or fluorine, could not be detected by our Auger
 
system.
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The above finding clearly suggests that Ti/Ag contacts
 
degrade by a corrosion or oxidation process and that Ti is
 
the element that corrodes. Studies were subsequently di­
rected at determining what possible agents, besides high
 
humidity, cause contact degradation. Also, it was of im­
portance to determine the means by which corrosive agents
 
attack the Ti. For example, do they diffuse through the
 
Ag layer or do they propagate from the edge of the contact?
 

The reactive nature of Ti and the porosity of Ag were
 
investigated by exposing test samples to various gaseous
 
environments and aqueous media. It is not surprising that
 
oxygen and water vapor were found effective in producing
 
visible oxide films on Ti at elevated temperatures. Addi­
tionally, it was observed that evaporated films of'Ag on
 
Ti do not adequately protect Ti from oxidation. This was
 
concluded by noting that interference colors on the front
 
and back face of a Ti test sample were similar even though
 
one face was coated with a Ag film. However, oxygen and
 
water vapor (at low concentrations) do not produce visible
 
oxide films on Ti at temperatures of less than several hun­
dred degrees centigrade. Yet, high humidity tests on solar
 
cells definitely show Ti/Ag contacts degrade at temperatures
 
less than 1000C.
 

Oxide growth on Ti was subsequently found to proteed
 
at room temperature when Ti was immersed in aqueous solu­
tions of NaOH and KOH. In concentrated solutions, oxida­
tion occurs at a high rate and thick oxide films develop.

Lower concentrations also produce an oxide but the oxida­
tion rate is less and the final film thickness is less.
 
Ordinary tap water and seawater at 800 to 900C were also
 
found effective in producing visible films on Ti. NaCl
 
solutions did not, on the other hand, form a visible sur­
face film.
 

Concentrated solutions of NaCl, NaOH, and KOH were
 
found to degrade Ti/Ag contacts at room temperature on
 
specially prepared test specimens and also on solar cells.
 
Blisters generally developed over the contact and adhesion
 
was seriously impaired. Degradation was particularly rapid
 
for the test specimens, apparently because the thickness
 
of the Ag film in this case was around one micron and com­
pares to around ten microns on solar cells. Hence thick
 
Ag coatings on solar cells appear to provide some protection

but, even at room temperature, is far from complete. In
 
one experiment the edges of a large area Ti/Ag contact were
 
masked with Apiezon wax and, after exposure to KOH, it was
 
observed that the contact degraded only in the unmasked
 
region. Hence the corroding species must have diffused
 
through the Ag film.
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Ti and also Ti/Ag contacts were also found to be highly
 
susceptible to an additional number of corrosive environments
 
at room temperature. Among these include vapors of HF, HCl,
 
wet Cl^, and wet C02. Again these findings reaffirm the
 
general porosity of Ag films and the reactivity of Ti.
 

Discussion of Results
 

We have seen that electrical contacts on Si solar cells
 
often undergo degradation. This degradation manifests it­
self by an increased contact resistance, which results in
 
reduced efficiency, and/or actual physical separation of con­
tacts from solar cells.
 

The process which causes the degradation has not been
 
definitely established. It does appear that there may be
 
more than one mechanism which can lead to unsatisfactory
 
cell performance.
 

There are strong indications that the degradation mech­
anism is chemical in nature. Furthermore, an external agent

generally appears necessary for the resulting cell failure.
 
A standard accelerated degradation test is to expose cells
 
to elevated temperatures in a high humidity environment. It
 
has also been found that cells heated in vacuum or by nitro­
gen do not appear to undergo degradation.(6) This suggests

that an external agent, such as water, is instrumental in
 
the degradation process. However, not all cells degrade

under this treatment. In those cases either the water is
 
not able to reach a contact interface, or another essential
 
ingredient within the cell is missing. For example, un­
desirable residue may remain from a faulty cleaning proce­
dure. In fact, the deleterious effects of impurities on
 
contacts is demonstrated in Section II.
 

Our studies on contact degradation, described earlier
 
in this section, also demonstrated that other external agents
 
can cause contact degradation. These studies plus the high

humidity tests raise two questions: (1) How can the external
 
agent reach one of the interfaces? and (2) What effect could
 
the agent have once it reached an interface? These points
 
will be considered in the following discussion.
 

Initially, it seems somewhat surprising that a chemical
 
agent can penetrate the relatively thick silver coating at
 
low temperatures. However, as noted earlier in this section,
 
various chemical agents readily penetrate evaporated Ag films
 
of these thicknesses. Burns and Bradley state that commer­
cial Ag plates are porous for coating thicknesses less than
 
one mil. (7) The porosity of Ag films can also explain why

solder-coated cells are less susceptible to degradation when
 
compared to solderless cells.
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Consider the means by which a chemical agent can pene­
trate Ag films. Possible processes include bulk diffusion,

grain boundary diffusion, and microcrack conductance. These
 
processes will be generally described first and then dis­
cussed in terms of the Ag films used for contacts on solar
 
cells.
 

Bulk diffusion through Ag appears to be much too slow
 
at 100'C to account for the observed effects. For example,

consider the diffusion of oxygen through Ag. Even by assum­
ing that the diffusion constants at higher temperatures are
 
applicable at lower temperatures, a simple calculation shows
 
that, at 1000 C, it would take about two years to get an equi­
valent monolayer of oxygen through an Ag film one micron
 
thick. If the coating was 5 microns thick, it would take
 
ten years. Thus it appears that bulk diffusion can be ruled
 
out.
 

It is well-known that grain boundary diffusion can in
 
some cases proceed much more readily than bulk diffusion.
 
However, this does not always appear to be the case. LeClaire,
 
for instance, suggested that activation energies for grain

boundary and volume diffusion may not differ appreciably.(8)
 
Others, however, have found higher diffusion rates along

grain boundaries.(9) Such experiments are difficult to per­
form. The diffusion of Th in W has been utilized for such
 
experiments.(I0) Th is essentially insoluble in W, except

along grain boundaries. A W filament containing Th was first
 
flashed to rid the surface of Th. Then the filament was
 
maintained at a lower temperature and the thermionic emission
 
was used to detect the Th which had diffused to the filament
 
surface. The diffusion rate (the diffusion constant, actually,

and not the activation energy) was-thown to be dependent on
 
grain size. The rate was lower for W composed of large grains.

Fine grains resulted in more grain boundary surface area and
 
hence higher rates. This would suggest that fine-grained Ag

should be more porous than coarse-grained Ag.
 

Diffusion through thin films could obviously proceed even
 
more rapidly if microcracks occurred in the films. Microcracks
 
in films would most likely tend to develop in films which were
 
deposited under tensile stress.
 

Now let us consider the evaporated Ag films used for solar
 
cell contacts. These films, as normally deposited, have a
 
typical grain size of about 50 microns. For most metals the
 
grain size is usually smaller. The relatively large grain size
 
for Ag is probably a consequence of the high mobility of depo­
sited Ag atoms. The films show some fiber texture (preferred
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orientation). The intrinsic stress of the deposited films
 
has not been measured, but it is typically tensional for
 
evaporated Ag.(ll) Furthermore, it should be realized
 
that evaporated films usually exhibit a pronounced columnar
 
growth generally in the direction of atom deposition. In
 
fact, Wade and Silcox suggested that films grown at low
 
deposition rates at normal incidence ( 1 A/sec) consist
 
of separated parallel rods with their long axis perpendi­
cular to the film.(12) Such a structure would suggest a
 
strong anisotropy in diffusion rates, with the highest rate
 
being parallel to the rod axes. At higher deposition rates
 
this effect was less pronounced. Furthermore, this effect
 
is less important when deposited atoms have higher mobility.
 
For instance, Ag films deposited at elevated temperature
 
show little anisotropic growth.
 

The growth conditions just discussed are concerned basi­
cally with amorphous substrates. In the solar cell contact,
 
however, this is tht the case. The Ag is deposited onto a
 
polycrystalline Ti film of some preferred orientation. The
 
structure of the Ag film would be expected to be influenced
 
by the Ti. For instance, Ag coatings for the protection of
 
steel must be at least 1 mil thick before they are pore free.
 
The quality of the Ag coating, however, is strongly influenced
 
by the initial layers, which are often applied over an inter­
mediate film of a material like Ni.(7)
 

Another possibility for enhanced diffusion through Ag

films could be the existence of microcracks. We have al­
ready indicated that evaporated Ag films have an intrinsic
 
tensile stress. Conceivably, these stresses could cause
 
the films to crack. This could be more pronounced when the
 
Ag is heated above the recrystallization temperature, as
 
it is during the sintering process. In fact, grain growth
 
in Ag has been observed above r 1000C. The possibility of
 
microcracks causing the Ag film porosity was suggested by

Morrison.(13)
 

At this time it is not possible to state unequivocably
 
what mechanism is responsible for the porosity of Ag films.
 
It would appear, however, that the high room temperature
 
porosity of the films is probably due to film defects. A
 
more perfect film would be expected to be more protective.
 
Morrison, et al., for example, have reported that Ag films
 
evaporated onto solar cells maintained at 00C have superior

properties to those deposited on substrates at 1000C.(13)
 
Generally speaking, films deposited at higher substrate
 
temperatures have larger grains and therefore less grain

boundary area. Since grain boundary diffusion would be
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expected to increase with decreasing grain size, these
 
results suggest that the porosity is not simply a matter
 
of grain boundary diffusion. Furthermore, the columnar
 
growth discussed earlier should also be less pronounced

at higher temperatures, especially for Ag at these deposi­
tion temperatures. This would leave microcracks as being

the predominant likely cause of the porosity. It has
 
already been indicated that evaporated Ag films typically

have a tensile intrinsic stress. This would tend to re­
sult in film cracking. The effect of a cooler substrate
 
during deposition is not known. However, the difference
 
in thermal expansion coefficients between Ag and Si is
 
such as to put the Ag in tensile stress. Even for the
 
same tensile stress, it would seem that larger grains might

result in wider cracks, since there are fewer boundary re­
gions available for stress relief. Again, as mentioned
 
earlier, grains are larger for higher deposition temper­
atures. These considerations suggest that microcracks
 
are responsible for the observed porosity.
 

Ag films deposited by means other than evaporation
 
would be expected to have quite different properties. For
 
instance, it appears that sputtering may have certain ad­
vantages. One advantage is that sputtered films typically

have compressive intrinsic stress. This would act to re­
tard the formation of microcracks. Furthermore, the grain

size for sputtered films is much less than for evaporated
 
films. A careful study of the porosity of sputtered Ag

films compared with evaporated Ag films could be very in­
formative.
 

Now consider what effect a chemical agent could have
 
on the electrical contact. Studies performed in this pro­
gram have demonstrated that considerable oxidation of Ti is
 
observed generally in regions of contact failure.
 

Ti is chemically a highly reactive metal. It is extre­
mely resistant to corrosion by most solutions because of a
 
thin, inert, protective oxide film which forms on its sur­
face. When this film has formed, the Ti is said to be
 
passive. An oxide film of sufficient thickness to exhibit
 
interference colors does not form in air unless the Ti tem­
perature is raised above '300 0C. In fact, at 3000C the oxide
 
film which forms is just 100 X. (14)
 

Some substances, such as hydrofluoric, hydrochloric,
 
and sulphuric acid, severely attack Ti. The reason is that
 
these substances can break down the protective oxide film.
 
The resulting dissolution of Ti is electrochemical in nature.
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The rate of attack is determined by the activity of loca­
lized cells on the metal surface.(15)
 

Galvanic corrosion of an electrically conductive mate­
rial can occur when it is in electrical contact with anoth­
er conductive material in the presence of an electrolyte

which allows current to flow. When Ti is coupled to Ag,

the corrosion rate of Ti is quite high. However, when Ti
 
is coupled with Pt, the corrosion rate of Ti is dramati­
cally reduced.(16,17) The Ti corrosion for this couple

is reduced since the Pt promotes the formation of a pro­
tective oxide film on the Ti surface.(17,18) In fact, it
 
has been shown that alloying small amounts (< 1%) of noble
 
metals like Pt to Ti is also very effective in reducing

the corrosion rate of Ti.(3) Alloying of Ag with Ti is
 
very detrimental.(19)
 

The relatively low temperature (< 100*C) involved in
 
the deterioration of the solar cell contacts suggests an
 
electrochemical mechanism. Furthermore, dry chemical gases

generally do no cause contact deterioration, whereas wet
 
chemicals do. However, for such a process to occur, an
 
electrolyte must be in the reaction zone. 
We have already

suggested how an electrolyte could penetrate porous Ag.

If certain ions, such as Cl 
, are added to water, the re­
action proceeds more rapidly. It has also been shown that
 
contact degradation on expsoure to water depends on the
 
water used. The degradation process decrease in the order
 
tap water, distilled water, and deionized water (see Sec­
tion II). It is significant, however, that the degradation

does not cease with deionized water. This suggests that
 
some impurity atoms, which could become ionized in water,
 
are already present in the contact region. This could be
 
material present from the dopant diffusion process or resi­
due from cell cleaning.
 

If an electrolyte is able to reach the interface, quite

active corrosion of Ti would be expected to occur. 
 If gal­
vanic corrosion in an aqueous media occurs, hydrogen gas

would be expected to be released at the cathode. Hydrogen
 
gas has been observed in the blisters commonly observed.(20)

As the reaction proceeds, the hydrogen pressure would build
 
up and eventually could lead to blistering of the film-

This could expose more Ag-Ti interface with further corro­
sion. Since Pt is known to reduce the corrosion of Ti,

Telefunken proposed adding a layer of Pt (or Pd) between
 
the Ti and Ag. (21) This contact is still being investigated.

Some studies have indicated that this combination is super­
ior to the Ti/Ag contact. I-:rZs&interesting to note that
 
Pt layers have been used between Ti and Au layers for con­
tacts to Si for a long time.(22) The purpose of the Pt layer
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in this case is to separate Ti and Au, which react chemi­
cally at relatively low temperatures to form undesirable
 
compounds.(23)
 

An interesting and relevant study on contact adhesion
 
was recently made by Haq, et al.(24) It is well-known that
 
Au and Ag do not bond well to oxides. Therefore, metallic
 
underlayers which do bond well to oxides are often used.
 
They studied intermediate layers of Ta, Cr, Ge, and Si to
 
bond Au to oxides. For Au-Si and Au-Ge, alloying and diffu­
sion problems result in unsatisfactory contacts. For Ta,
 
exposure of the combination tp air resulted in oxidation of
 
the Ta with the resulting lifting of Au. The Au was ob­
viously not able to protect the Ta. The Cr underlayer be­
haved completely differently. Even exposure of the combina­
tion to high temperatures in air did not result in oxida­
tion of the Cr. Apparently the affinity of Cr for oxygen

is not sufficient to replace the metal-metal bond by a
 
metal-oxide bond. Cr alone, of course, would have readily

formed an oxide surface.
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SECTION V
 

Conclusions and Recommendations
 

We conclude that sputtering can be successfully employed
 
in the deposition of electrical contacts to Si solar cells
 
and that durable contacts result with proper cell fabrication
 
procedures. Most important is the cleaning procedure of the
 
cell blank prior to contact deposition. Heat treating in form­
ing gas after etching in HF was very beneficial. It was also
 
desirable, but perhaps not essential, to ex~lude chemical etch­
ing in subsequent fabrication steps. Apparently residues re­
maining on the cell blank after etching had a detrimental effect
 
on cell contacts.
 

Long-term exposure of several sputter coated cells to
 
high humidity at 800C showed that cells can be quite resistant
 
to contact degradation provided that a proper cell blank clean­
ing procedure is used. However, the limited data precludes
 
any conclusion concerning whether sputtered contacts are, in
 
general, an improvement over evaporated contacts in regard to
 
contact degradation. A distinguishing feature of sputtered

Ti/Ag contacts is the fine grain size of the Ag film and this
 
might be advantageous insofar as film porosity is concerned.
 

One likely contact degradation mechanism is the penetra­
tion of water vapor through the Ag film and an electrolyte,

formed by foreign impurities, attacks the underlying layer
 
of Ti. Hydroxyl ions may possibly form at the Ti/Ag inter­
face by dissociation and these ions have been shown to readily
 
oxidize Ti. Furthermore, the adhesion of the Ag film is at
 
the same time reduced because the chemical bond strength of
 
Ag to a metal oxide is known to be substantially less than
 
to the metal itself. Blisters develop from the generation
 
of H2 gas and contacts lift or separate from the solar cell
 
when adhesion is impaired.
 

There are also indications that chemical impurities ori­
ginating withinthe cell can promote degradation. These impuri­
ties can be removed by adequate cleaning procedures, which may
 
not be presently established. The most reliable surface clean­
ing procedure would be sputtering, which acts like a universal
 
etchant since all materials can be sputtered.
 

It is apparent that one solution to the degradation pro­
blem is to develop a relatively non-porous Ag coating since
 
the coating would prevent water vapor and/or other corrosive
 
species from reaching the Ti/Ag interface. The success of
 
producing such a coating does not appear likely unless, for
 
example, a much grqater film th ickness is used or if sputter

coatings are substantially less porous.
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A second solution is to add an additional layer either
 
on top or intermediate the Ti and Ag. Both approaches have
 
been used with some success, i.e., solder-coated contacts
 
and the Ti/Pd/Ag (or Ti/Pt/Ag) contact system, respectively.
 

If the existing contact cannot be improved by these
 
means, then other contacts become necessary. Other contact
 
systems could be considered, such as Cr underlayers. This
 
could be of value if Ag-Cr behaves as Au-Cr does. Sputter­
ing might also be used to remove the natural oxide layer

from the Si immediately prior to contact deposition. This
 
could eliminate the necessity of using a material like Ti,
 
which is used to reduce the silicon oxide.
 

4.7 



SECTION VI
 

New Technology
 

All the research tools and techniques employed in this
 
study program are not new technology developed under this
 
contract and therefore there is none to report here.
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